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Proteins consist of linear chains of amino acids with a specific sequence that differs
per protein. In order to become functional, proteins usually fold to a compact three-
dimensional structure that is dictated by the amino acid sequence. This 3D-structure is
thermodynamically the most stable of all conformations that a protein chain can adopt under
native circumstances. The precise details of the 3D-structure of a protein, and thus ultimately
its sequence, determines its function. Proteins are involved in virtually all processesin living
organisms. For example, proteins can catalyse a chemical reaction, sense the invasion of a
hostile organism, maintain the cell structure or control the expression of certain genes.

The function of most proteins involves interactions with other molecules like
cofactors, substrates, proteins, DNA or RNA. To be able to interact with these molecules,
most proteins have to be dynamic in their native state. Consequently, proteins are only
marginally stable and a dynamic equilibrium between folded, unfolded and partially folded
protein states constantly exists. These states are populated according to Boltzmann's
distribution law. In addition, the marginal stability of proteins is also required as many
proteinsin acell are only required for arestricted period of time. A cell needs to dispose such
proteins when their functions are no longer required and degrades them by using proteolytic
enzymes. The latter process is facilitated when the target proteins have a not too high
stability. This may be another reason why nature has selected proteins that are only
marginally stable under native conditions.

Protein folding in vitro

In vitro, under native conditions most unfolded proteins spontaneously fold within
milliseconds to seconds to their native state without any assistance. Despite more than forty
years of research, it is still not well understood how proteins are able to fold so rapidly.
Various small proteins (< 100 amino acids) are shown to fold in vitro in a single step to the
native state (Jackson 1998). However, many small proteins populate transient intermediates
(Tanford et a. 1973; Kuwajima et al. 1987; Matouschek et al. 1990; Jennings and Wright
1993). Some of these intermediates are obligatory structures on the direct folding route to the
native state, whereas other intermediates are off the direct folding route. The latter
intermediates have to unfold to produce native protein. Unfortunately, in most cases the
kinetic role of the observed intermediate can not be determined (Baldwin 1996; Roder and
Colon 1997).

Protein folding in vivo

The interior of a cell is a crowded environment. The effective protein concentration
inside a typical cell is estimated to be approximately 300 mg/ml (Zimmerman and Trach
1991). Because of the high concentration of proteins and other macromolecules, the interior
of a cell does not behave as an ideal solution, which influences the folding behaviour of
proteins (Minton 2000). Compactly folded states are stabilised relative to (partially) unfolded
states due to the limited space available in the cell (van den Berg et al. 2000). Another
consequence of the high protein concentration in a cell is the increased probability of
aggregation of (partialy) unfolded proteins (van den Berg et al. 1999).
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The synthesis of atypical protein in a cell lasts several minutes (Thulasiraman et al.
1999), whereas its folding takes place on a time-scale of milliseconds to seconds. As a
conseguence, the N-terminal part of the protein, which is synthesised first, may start to fold
while the C-terminal part is still being synthesised. This may lead to misfolding (Creighton
1990; Jaenicke 1991), a problem that is not faced during in vitro folding studies. Cells have
developed a system to avoid the formation of protein aggregates (Frydman 2001), allowing
misfolded proteins to fold correctly. This system consists of protein chaperones which are
able to bind either nascent polypeptides on the ribosome or misfolded proteinsin the cell.

Folding-related diseases

Despite the presence of chaperones in cells, aggregation of (partially) unfolded
proteins still occurs. Such protein aggregates play an important role in a number of diseases,
like Alzheimer's disease, Parkinson's disease, type |1 diabetes and prion-related diseases like
Scrapie, Creutzfeldt-Jakob disease, and bovine spongiform encephalopathy (BSE) or mad
cow disease. These diseases are characterised by the deposition of fibrillar structures of
proteins known as amyloids (Dobson 2002).

Generally, amyloids consist of a single type of protein and are stabilised by an
extended B-sheet structure formed by the protein backbone. Consequently, proteins with a
wide variety of amino acid sequences can form amyloid structures, and the structure of an
amyloid is independent of the amino acid sequence of the protein it is made of. In fact, the
fibrillar form can be regarded as the intrinsic polymer form of a polypeptide chain. Evolution
has selected proteins that are able to avoid aggregation by rapidly forming a stable
monomeric structure, i.e. the native state. However, even partial unfolding will expose
significant parts of the protein's interior, allowing the protein to aggregate and convert into
amyloid fibrils under appropriate conditions. The strong hydrogen bonds between protein
moleculesin the fibril make this process effectively irreversible (Dobson 2002).

Amyloid diseases are generally related to a mutation that either makes the protein less
stable or enhances the propensity of a partially folded form of the protein to aggregate. As a
consequence of evolutionary selection and the presence of chaperones, aggregation of
proteins in vivo is extremely slow. One of the characteristics of amyloid-related diseases is
the late onset, generally after the age of reproduction. Until less than a century ago, most
people did not live long enough to develop amyloid diseases. Hence, evolution was unable to
completely cancel out amyloid diseases.

Protein unfolding can be biologically important

In general, the unfolding of proteins in vivo for an extended amount of time is
undesirable due to the risk of aggregation. However, in some specific cellular processes
unfolding of a protein is required. One such process is protein translocation across
membranes. Many proteins present in organelles or in the exterior of cells are produced in the
cytoplasm. These proteins need to be translocated across one or more membranes by specific
protein transport systems. In most cases, the substrate protein needs to be unfolded to be
transported (Matouschek 2003). Another cellular process that involves protein unfolding is
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degradation of proteins by proteases, like the proteasome. In both translocation and
degradation, the unfolding of the substrate protein appears to be induced by a pulling force
acting at a specific location in the protein molecule. Consequently, the resistance of a protein
against unfolding is in this case not determined by its global stability, but is instead
determined by the local stability at the location where pulling takes place (Matouschek 2003).

For some proteins, an unfolding reaction is an essential part of their function.
Photoactive yellow protein for example is a light-sensing protein present in photosynthetic
bacteria. It has been demonstrated that the signalling state of the protein is partially unfolded.
When photoactive yellow protein folds, this signalling state is an intermediate on its folding
route (Lee et al. 2001). In this specific case, afolding intermediate, and not the native state, is
the functional state of the protein.

An even more extreme example of non-native states that are biologically important is
formed by a group of natively unfolded or intrinsically unstructured proteins that do not form
a compact, stable and unique structure under native conditions. The evolutionary persistence
of such proteins is strong evidence in favour of their biological importance, although not
much is known about their function (Uversky 2002). Many of these proteins are believed to
fold only upon binding to a specific ligand.

The energy landscape of protein folding

Ever since Anfinsen and co-workers demonstrated that proteins can fold rapidly and
spontaneously to their native state (Anfinsen 1973) it was realised that protein folding does
not take place via a random sampling of the conformational space. Even for small proteins
this process would take longer than the lifetime of the universe. To explain the fast folding
behaviour of proteins, the concept of protein folding pathways arose, i.e. aprotein folds along
a defined pathway from the fully unfolded to the fully folded state. More recently, an
important breakthrough was the realisation that there is not a single protein folding pathway,
but that instead, a multidimensional energy landscape (Figure 1) better describes the folding
process (Bryngelson et al. 1995; Dill and Chan 1997). In principle, there are many routes to

Figure 1. Schematic representations of folding free energy landscapes. (A) An idealised funnel landscape. (B)
An energy landscape for the folding of a protein via akinetic trap (i.e. an intermediate). (C) A rugged landscape
with kinetic traps, energy barriers, and some narrow throughway paths to the native state. N represents the native
state of aprotein. The figures are taken from (Dill and Chan 1997).

10
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the native state and which pathway will be populated depends on the details of the system
under investigation.

Although much has been learned about protein folding in the past decade, many
mechanistic and dynamical aspects of this process remain uncharted. To further the
theoretical insight into the principles that govern protein folding more experimental data are
required. The study presented in this thesis aims to obtain insight into the free energy
landscape for folding of a specific protein by using various spectroscopic techniques. The
protein chosen is flavodoxin from Azotobacter vinelandii.

Flavodoxin

In 1964, a Flavin Mononucleotide (FMN) containing protein was isolated from the
obligate aerobe bacterium Azotobacter vinelandii (Shethna et al. 1964). Due to the initial
difficulty to demonstrate the function of the protein, it has been know by several names, such
as Shethna protein (Edmondson and Tollin 1971), Azotobacter free-radical protein (Hinkson
and Bulen 1967) and Azotoflavin (Yoch et a. 1969). Based on structural similarities, the
protein was believed to be a flavodoxin. However, it took several years before it was
demonstrated that this protein could replace ferredoxin in the photosynthetic reduction of
NADP" by spinach chloroplasts, the activity assay for flavodoxins used at the time (Van Lin
and Bothe 1972). In contrast to the other flavodoxins known at the time, A. vinelandii
flavodoxin's main function is not to replace ferredoxin under low iron conditions, but it is
involved in the transport of electrons to nitrogenase, a nitrogen fixating enzyme (Y och et al.
1969). Later, it was demonstrated that A. vinelandii produces three flavodoxins, with
flavodoxin Il being the most abundant under nitrogen fixating conditions (Klugkist et al.
1986).

Flavodoxins are small monomeric proteins (15 to 20 kDa). They adopt the o-3
parallel or doubly-wound topology that consists of a central five-stranded parallel [3-sheet
surrounded on either side by o-helices, as shown in Figure 2. This topology is the third most
populated topology in the protein structure data bank (Brenner et al. 1997). In contrast to
most other protein folds, it is shared by many (i.e. nine) protein superfamilies. These nine
superfamilies exhibit little or no sequence homology and comprise a broad range of
evolutionary unrelated proteins with different functions, like catalases, cutinases, esterases,
chemotactic proteins and flavodoxins. The o-3 parallel proteins offer a unique opportunity in
the field of protein folding. Comparison of folding data of different members of this
structural family enables the dissection of the influence of protein structure, which is
conserved among members, and of protein sequence, which is highly divergent, on the
folding behaviour of these proteins. Furthermore, as flavodoxins contain a tightly but non-
covalently bound cofactor, the study of the influence of cofactor binding on the folding and
stability of these proteinsis possible.

11
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Figure 2. Molscript cartoon drawing (Kraulis 1991) of the X-ray structure of Azotobacter chroococcum
flavodoxin (Thorneley et al. 1994), the sequence of which is 95 % identical to A. vinelandii flavodoxin. The
FMN cofactor is shown in dark grey ball-and-stick representation.

Outline of thethesis

This thesis describes a study of the folding of Azotobacter vinelandii (strain ATCC
478) flavodoxin I1. Flavodoxin is chosen as the representative of the group of o-f parallel
proteins because the backbone 'H-, **C- and *N-NMR resonances of both holo- and
apoflavodoxin have been assigned (Steensma et a. 1998; Steensma and van Mierlo 1998).
This allows the use of NMR spectroscopy to study its folding and stability. Furthermore,
apoflavodoxin, i.e. flavodoxin lacking the FMN cofactor, is known to populate a relatively
stable folding intermediate during its equilibrium unfolding (van Mierlo et a. 1998; van
Mierlo et a. 2000). Thisfacilitates the study of the role of intermediates in protein folding.

Chapter 2 of this thesis describes a detailed study of the denaturant-induced
equilibrium and kinetic (un)folding of apoflavodoxin, using fluorescence emission
spectroscopy, fluorescence anisotropy and circular dichroism spectroscopy. Apoflavodoxin is
shown to kinetically fold via two intermediates, according to the scheme: |, < unfolded < 1,
< native. One of these intermediates, |, is off-pathway and populates heavily during
refolding and also populates during denaturant-induced equilibrium unfolding of
apoflavodoxin. It is shown that |, has to unfold before native apoflavodoxin can be formed. A
minority of the folding apoflavodoxin molecules manages to circumvent this kinetic trap and
folds more rapidly on a direct route to the native state. Intermediate I, is shown to be on this
direct folding route from unfolded to native apoflavodoxin. Its free energy is so high that it

12
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never significantly populates, neither at equilibrium nor during kinetic folding. All folding
apoflavodoxin molecules pass through this intermediate before reaching the native state.

The topology of a native protein is known to influence the rate with which it is
formed. Does topology affect the appearance of folding intermediates and their specific role
in kinetic folding as well? This question is addressed in Chapter 3 of this thesis by comparing
the folding data obtained on apoflavodoxin from A. vinelandii with those available on two
other a-B parallel proteins, i.e. a flavodoxin extracted from Anabaena and CheY from
Escherichia coli, which is a chemotactic protein that is sequentially unrelated to flavodoxin.
In addition, the results presented in Chapter 2 are compared to those obtained during a
folding simulation of a protein that also adopts the o-p parallel topology. Based on the
comparisons mentioned, it is shown that the appearance of folding intermediates in the class
of a-f parallel proteinsis apparently governed by protein topology.

In Chapter 4, amide hydrogen deuterium (H/D) exchange results detected by two-
dimensional heteronuclear NMR spectroscopy are reported with A. vinelandii apoflavodoxin
as the protein under investigation. It is shown that under native conditions the stabilities
against local unfolding of all residues within apoflavodoxin are lower than the one
determined for global unfolding of the protein. Only at denaturant concentrations exceeding
0.5 M, afew of the backbone amide protons of apoflavodoxin exchange via global protein
unfolding. The use of native state H/D exchange leads to the identification of four partially
unfolded forms of apoflavodoxin that are occasionally adopted by apoflavodoxin. In contrast
to what has been generally proposed for partially unfolded forms, it is shown in Chapter 4
that these structures do not reside on productive folding and unfolding routes. Native state
H/D exchange and classical denaturant-induced equilibrium and kinetic folding experiments
together provide detailed information about the free energy landscape for protein folding, as
is shown in Chapter 4 for apoflavodoxin folding.

In Chapter 5, the influence of the presence of the non-covalently bound flavin
mononucleotide (FMN) cofactor on the global stability and on the kinetic folding of A.
vinelandii holoflavodoxin are reported. It is shown that the stability of holoflavodoxin equals
the sum of the global stability of native apoflavodoxin and the free energy associated with
FMN binding to native apoflavodoxin. FMN binding to native apoflavodoxin occurs with two
kinetically observable rate constants at all denaturant and protein concentrations studied.
These two rate constants arise from two conformationally differing apoflavodoxin species,
which most likely exist due to the binding of inorganic phosphate to the FMN phosphate
binding site of afraction of the A. vinelandii apoflavodoxin molecules. It is shown that excess
FMN does not accelerate flavodoxin folding and that FMN does not act as a nucleation site
for flavodoxin folding. During kinetic folding of holoflavodoxin formation of native
apoflavodoxin precedes ligand binding. Even under strongly denaturing conditions, it is
shown that global unfolding of holoflavodoxin occurs only after release of its FMN.

Finally, in Chapter 6 native state H/D exchange detected by NMR spectroscopy is
used to probe the influence of FMN binding on the stability of flavodoxin against local,
subglobal and global unfolding. It is shown that ailmost the entire flavodoxin backbone is
substantially more rigid in holoflavodoxin than in apoflavodoxin. Only afew local unfolding

13
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processes that occur at the periphery of flavodoxin opposite the FMN binding site are not
affected by FMN binding. At least three out of the four partially unfolded forms that
apoflavodoxin occasionally adopts under native conditions are inaccessible to
hol oflavodoxin. Holoflavodoxin can form these partially unfolded conformations only when
FMN is released. Thus, it is shown that ligand binding influences the conformational
dynamics of virtually the entire protein molecule.

Taking all observations together, a schematic representation of the free energy
landscape of folding of A. vinelandii flavodoxin is presented that is consistent with the
experimental data obtai ned.
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2 Formation of on- and off-pathway
intermediates in the folding kinetics of
Azotobacter vinelandii apoflavodoxin

Yves J.M. Bollen, Ignacio E. Sénchez?, and Carlo P.M. van Mierlo

The folding kinetics of the 179-residue Azotobacter vinelandii apoflavodoxin, which
has an o-B parallel topology, have been followed by stopped-flow experiments
monitored by fluorescence intensity and anisotropy. Single jump and interrupted
refolding experiments show that the refolding kinetics involve four processes yielding
native molecules. Interrupted unfolding experiments show that the two slowest
folding processes are due to Xaa-Pro peptide bond isomerisation in unfolded
apoflavodoxin. The denaturant dependence of the folding kinetics is complex. Under
strongly unfolding conditions (> 2.5 M GuHCI), single exponential kinetics are
observed. The slope of the chevron plot changes between 3 and 5 M denaturant and
no additional unfolding process is observed. This reveals the presence of two
consecutive transition states on a linear pathway that surround a high-energy on-
pathway intermediate. Under refolding conditions, two processes are observed for
the folding of apoflavodoxin molecules with native Xaa-Pro peptide bond
conformations, which implies the population of an intermediate. The slowest of these
two processes becomes faster with increasing denaturant concentration, meaning
that an unfolding step is rate-limiting for folding of the majority of apoflavodoxin
molecules. It is shown that the intermediate that populates during refolding is off-
pathway. The experimental data obtained on apoflavodoxin folding are consistent
with the linear folding mechanism I & U < lon & N, the off-pathway intermediate
being the molten globule one that also populates during denaturant-induced
equilibrium unfolding of apoflavodoxin.

" A modified version of this Chapter is accepted for publication in Biochemistry.
* Department of Biophysical Chemistry, Biozentrum der Universitét Basel, Basel, Switzerland



Chapter 2

I ntroduction

It is still not well-understood how an unfolded protein finds its unique native tertiary
structure amongst an astronomically large number of possible conformations. The topology
of a protein is proposed to control folding. A strong correlation has been found between
topological characteristics and folding rates (Plaxco et al. 1998). In addition, the structure of
the folding transition state can to some extent also be predicted from topology (Grantcharova
et al. 2001). However, little is known about whether topology controls the formation of
intermediates and the role they play in the kinetic folding mechanism (Clarke et al. 1999;
Gunasekaran et a. 2001).

Various single-domain proteins form an intermediate structure before they fold to
their native state (Tanford et al. 1973; Kuwajima et al. 1987; Matouschek et al. 1990;
Jennings and Wright 1993). Whether folding intermediates are productive forms on the
folding route or misfolded off-pathway species has been a subject of discussion for along
time (Baldwin 1996; Roder and Colon 1997). An evaluation of experimental data on 23
proteins that apparently fold in a two-state manner and display non-linear activation free-
energy relationships has gained evidence for the involvement of obligatory high-energy on-
pathway intermediates in protein folding (Sanchez and Kiefhaber 2003a). Recent insight
suggests that whether an intermediate appears to be on or off the direct folding route depends
to some extent on the experimental conditions used. There may be several parallel routes
towards the native state, and relatively small changes in the environment or in the sequence
of the protein may drastically ater the population of different paralel pathways (Kiefhaber
1995; Wildegger and Kiefhaber 1997; Bieri et al. 1999).

The study of the role of intermediates during folding is facilitated when these
intermediates populate both kinetically and at equilibrium. Equilibrium population of an
intermediate facilitates the determination of its structure, which can clarify why it is on or off
the direct folding route under certain circumstances. This population is more likely to happen
for large proteins (>100 residues), which therefore offer a special opportunity to study the
role of intermediates in protein folding mechanisms.

The relatively large, 179-residue apoflavodoxin from Azotobacter vinelandii
populates an intermediate with molten-globule like characteristics during denaturant- and
thermally-induced equilibrium unfolding of the protein (van Mierlo et a. 1998; van Mierlo et
al. 2000). Flavodoxins are flavoproteins that function as low-potential one-electron carriers
and contain a noncovalently bound Flavin Mononucleotide (FMN) cofactor (Mayhew and
Tollin 1992). Apoflavodoxin from A. vinelandii (i.e. flavodoxin in the absence of the FMN
cofactor) is structurally identical to flavodoxin except for some dynamic disorder in the
flavin-binding region (Steensma et al. 1998; Steensma and van Mierlo 1998) .
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Apoflavodoxin folding mechanism

Figure 1. MOLSCRIPT cartoon drawing (Kraulis 1991) of the X-ray structure of Azotobacter chroococcum
flavodoxin (Thorneley et al. 1994), the sequence of which is 95 % identical to A. vinelandii flavodoxin. The side
chains of the three tryptophan residues of A. vinelandii flavodoxin (dark grey) and of phenylalanine 117 (light
grey) are shown in ball-and-stick representation.

Flavodoxins adopt the so-called doubly-wound or o~ parallel topology. They are all
characterised by afive-stranded parallel B-sheet surrounded by o-helices at either side of the
sheet (Figure 1). The doubly wound topology is a rather popular fold: it belongs to the five
most common observed folds, together with the TIM-barrel, Rossman, thiamin-binding and
P-loop hydrolase folds (Gerstein 1997). In contrast to most protein folds, this topology is
shared by many (i.e. nine) protein superfamilies (Brenner et al. 1997). These nine
superfamilies exhibit little or no sequence similarity and comprise a broad range of unrelated
proteins with different functions like catalases, chemotactic proteins, lipases, esterases, and
flavodoxins.

Here, we present the experimental results of a kinetic folding study of Azotobacter
vinelandii apoflavodoxin and discuss the influence of protein topology on the occurrence of
kinetic folding intermediates. It is shown that kinetic folding of apoflavodoxin involves two
intermediates. The change in denaturant accessibility upon unfolding of the first intermediate
IS 29 % of that of native apoflavodoxin, and the intermediate has to unfold before formation
of the native state can occur. Instead, the second intermediate lies on a direct route from the
unfolded to the native state of the protein and the change in denaturant accessibility upon
unfolding of the second intermediate is approximately 80-90 % of that of native
apoflavodoxin. It is shown that the off-pathway intermediate is the one that populates during
equilibrium unfolding of apoflavodoxin. The kinetic results presented on apoflavodoxin
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folding lead to the first experimental identification of both intermediates predicted
theoretically to exist during the folding of an -3 parallel protein (Clementi et al. 2000).

M aterials and methods

Materials
Guanidine hydrochloride (GuHCI, ultrapure) and potassium pyrophosphate were from
Sigma (Bornem, Belgium).

Protein expression and purification

The single cysteine residue 69 in wild-type A. vinelandii (strain ATCC 478)
flavodoxin 11 was replaced by an alanine to avoid covalent dimerisation of apoflavodoxin.
The mutant protein is largely similar to wild-type flavodoxin regarding both redox potential
of the holoprotein and stability of the apoprotein (Steensma et a. 1996; van Mierlo et al.
1998). Recombinant A. vinelandii C69A holoflavodoxin was obtained and purified as
described previously (Steensma et al. 1998; van Mierlo et al. 1998). Apoflavodoxin was
subsequently prepared by trichloroacetic acid preparation (Edmondson and Tollin 1971; van
Mierlo et al. 1998). Finally, apoflavodoxin molecules in an oligomeric state were removed
via gelfiltration on a Superdex 200 prep grade column (Pharmacia, Uppsala, Sweden).

Fluor escence spectr oscopy

Steady-state fluorescence measurements were done on a Cary eclipse fluorimeter
equipped with a peltier accessory (Varian, Palo Alto, CA, USA). Excitation was at 280 nm
with a dlit of 5 nm; emission spectra were recorded from 320 to 360 nm in steps of 0.5 nm,
using a slit of 2.5 nm. The temperature was 25 °C in all experiments; the protein
concentration was 5.6 uM in 100 mM potassium pyrophosphate, pH 6.0. All samples were
equilibrated overnight at 25 °C.

Circular dichroism (CD) spectroscopy

Steady-state CD measurements were performed on a Jasco J715 spectropolarimeter
(Tokyo, Japan) equipped with a PTC-348WI peltier temperature control system. GuHCI
unfolding samples were measured in a 1 mm quartz cuvette (Starna, Hainault, England) at
222, 225 and 255 nm, and averaged over 3 minutes per wavelength at a temperature of 25 °C.
The ellipticity at 255 nm was subtracted from the other ellipticities as a baseline value.
During al experiments the cell chamber was purged with dry nitrogen gas at a flow rate of 5
I/min. All samples were equilibrated overnight at 25 °C; the protein concentration was 5.6
uM in 100 mM potassium pyrophosphate, pH 6.0.

Fluor escence anisotr opy

Fluorescence anisotropy was measured on a home-built fluorimeter equipped with
two photomultipliers arranged in a T-format (Thorn EMI 9863QA/350, operating in photon-
counting detection mode). Excitation light was generated by a 150 W short arc Xenon lamp
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and the excitation wavelength of 300 nm was selected in a monochromator (Bausch & Lomb,
Rochester, NY, USA) with a bandpass of 4.8 nm. Polarisers were used in both the excitation
light path (rotable Glan Taylor polariser) and the emission light path (Polaroid, sheet). The
emission light was selected with a 335 nm cut off filter (Schott). A blank measurement,
containing all components except apoflavodoxin, was subtracted from each sample, and five
measurements were averaged for each sample. The measurement chamber was thermostated
at 25 °C by a circulating waterbath. All samples were equilibrated overnight at 25 °C; the
protein concentration was 5.6 uM in 100 mM potassium pyrophosphate, pH 6.0.

Stopped-flow fluor escence spectr oscopy

Stopped-flow folding and unfolding experiments were performed on an Applied
Photophysics (Leatherhead, UK) SX18-MV instrument with a 5 or a 20 ul cell. The
pathlength of the observation chamber was 2 mm. Excitation was at 280 nm with a slit of
1.85 nm and a cut-off filter of 320 nm was used to select the emitted light. In unfolding
experiments apoflavodoxin in 100 mM potassium pyrophosphate pH 6.0 was mixed 1:10 into
the same buffer containing varying concentrations of GUHCI. In refolding experiments
apoflavodoxin was first unfolded in 5.0 M GuHCI in 100 mM potassium pyrophosphate pH
6.0 for at least 30 minutes, and subsequently diluted 1:10 or 1:25 into the same buffer with a
varying concentration of GUHCI. The final concentration of apoflavodoxin in the observation
cell was 1 pM in all cases. At least four curves were averaged for each final denaturant
concentration. The syringes and observation chamber were thermostated at 25 °C by a
circulation waterbath.

a. Refolding kinetics of freshly unfolded apoflavodoxin

The influence of the presence of cis proline isomers on the faster folding rates was
examined by refolding freshly unfolded protein. The same experimental set-up as described
for the stopped-flow measurements was used, but now in the sequential mixing mode.

Apoflavodoxin was first unfolded at 3 M GuHCI in 100 mM potassium
pyrophosphate, pH 6.0 by a 1:6 mixing step. After 622 ms, refolding was initiated by 1.6
mixing into the same buffer containing various concentrations of GUHCI. The final protein
concentration in the observation chamber was always 1 uM. At least four curves were
averaged for each final denaturant concentration.

b. Interrupted unfolding of apoflavodoxin

Interrupted unfolding was used to examine the origin of the different refolding
processes. Apoflavodoxin was first unfolded at 3 M GuHCI for a varying time t;, and then
refolded by 1:6 mixing into native buffer, to yield afinal GUHCI concentration of 0.5 M and
afinal protein concentration of 1 uM in 100 mM potassium pyrophosphate, pH 6.0. At least
four curves were averaged for each t;. The t-dependent amplitude of each individual
refolding process gives the rate with which the species causing the respective refolding
process is formed during the unfolding step at 3 M GuHCI.

Anaogously, interrupted unfolding by manual mixing was used to examine the origin
of the slowest folding process. A volume of 0.4 ml of a 30 uM apoflavodoxin stock solution
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was mixed into 0.6 ml of a5 M GuHCI solution. After a varying time t;, 0.4 ml of this
solution was mixed into a 3 ml fluorescence cuvette containing 2 ml of stirred buffer to result
in afinal protein concentration of 2 uM and a final GUHCI concentration of 0.5 M in 100
mM potassium pyrophosphate, pH 6.0. Refolding traces of 100 seconds were recorded. All
solutions were pre-equilibrated at 25 °C. Fluorescence traces were recorded on a Varian Cary
Eclipse fluorimeter using an excitation wavelength of 280 nm, an excitation slit of 5 nm and
an emission wavelength of 330 nm with a 20 nm dlit.

c. Interrupted refolding of apoflavodoxin

Interrupted refolding was used to examine whether all rates observed in refolding lead
to native protein. Unfolded apoflavodoxin at 5 M GuHCI was first alowed to refold at 0.83
M GuHCI for a varying time t; and subsequently unfolded at 5 M GuHCI. The buffer used
was 100 mM potassium pyrophosphate pH 6.0. The amplitude corresponding to the observed
unfolding process was used as a measure for the formation of native apoflavodoxin during
the refolding timet;. At least four curves were averaged for each t;.

Stopped-flow fluor escence anisotr opy

Stopped-flow fluorescence anisotropy measurements were done on a BioL ogic (Claix,
France) SFM4 equipped with a 2x2 mm cuvette (FC-20), with the additional use of a photo-
elastic modulator (Canet et a. 2001; Engel et al. 2002). Excitation was at 297 nm with a dlit
of 1 mm, resulting in a bandpass of 8 nm. A cut off filter of 335 nm (335FG01-25, Andover
Corporation) was used to select the emission light. The solutions in the syringes as well asin
the observation chamber were thermostated at 25 °C by a circulating waterbath. In the
refolding experiment 10 uM apoflavodoxin at 5 M GuHCI in 100 mM potassium
pyrophosphate pH 6.0 was diluted ten fold into the same buffer without GUHCI, resulting in a
final protein concentration of 1 uM at 0.5 M GuHCI. The dead time was 14.8 ms and 14
curves were averaged. In the unfolding experiment 10 uM apoflavodoxin in 100 mM
potassium pyrophosphate pH 6.0 was diluted ten fold into the same buffer containing 5.0 M
GuHCI, which resultsin a final protein concentration of 1 uM and a GUHCI concentration of
4.5 M. 25 Curves were averaged.

Data analysis

Equilibrium (un)folding data

Apoflavodoxin equilibrium (un)folding data as monitored by fluorescence emission
intensity (at 340, 350 and 360 nm), circular dichroism (at 222 nm and 225 nm), and
fluorescence anisotropy were globally fitted to a three-state model for equilibrium unfolding
(equation 1), according to equations 2-6, using ProFit (Quantum Soft, Zurich):

U=—>= 1] ==N (1)

Ky =[1/[U], Ky =[N]/[1] (2)
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K; (D) = K; exp(m{*[D]) 3)

f, =1/Q+ K, + K, Ky)
fl = KU| /(1+ KU| + KU| KIN) (4)
fN = KUI KIN /(1+ KUI + KUIKIN)

YObS :(aN +bN[D])' fN +(a| +b|[D])’ f| +(aU +hJ[D]) fU (5)

U, I, and N represent the unfolded, intermediate and native state of the protein, respectively,
K;; the equilibrium constant of the i-j equilibrium, Ki? the i-j equilibrium constant at zero

concentration denaturant, [D] the denaturant concentration, m the constant that describes

the denaturant concentration-dependence of the equilibrium constant K;;, f; the fractional
population of state i at a certain denaturant concentration, Y™ the observed spectroscopic
signal, a; the spectroscopic property of state i at zero concentration denaturant, and b, the
constant describing the denaturant concentration-dependence of the spectroscopic signal of
state i. Each individual data point was weighted by the square of the corresponding standard
error during the global fit procedure.

To incorporate the fluorescence anisotropy data in the global analysis procedure, a
modification of equation 5 is required. Unlike fluorescence emission intensity and circular
dichroism signals, fluorescence anisotropy signals do not linearly track the mole fractions of
the three states of apoflavodoxin. This is due to the anisotropy signals being weighted by
both the fraction of states involved and by the fluorescence quantum yield of each individual
state (Eftink 1994). To describe the anisotropy signal adequately, the fraction of each species
was multiplied with its intrinsic anisotropy (with corresponding denaturant concentration
dependence) and weighted by its fluorescence intensity at 360 nm, according to equation 6.

(aN,FI + bN,FI[D]) ’ (aN,anis + bN,anis[ D]) fN (aN,FI + bN,FI[D])
Ya%?:otropy = +(a'I,FI + bI,FI[D]) ’ (al,anis + bl,anis[ D]) : f| +(aI,FI + bI,FI [ D]) (6)
+(au,|:| + l:b,Fl[D]) ’ (aU,anis + QJ,anis[ D]) fu +(aU,FI + hJ,FI[D])

with g , being the intrinsic fluorescence intensity of speciesi at 360 nm, b, ;, the denaturant

concentration dependence of &, and &; ., and b, ., the intrinsic anisotropy of state i and its
corresponding denaturant concentration dependence, respectively.

The fluorescence emission spectrum of the equilibrium intermediate was calcul ated
by fitting the equilibrium unfolding curves at all fluorescence emission wavelengths
measured (320 — 360 nm) to equations 2 to 5 with the equilibrium constants K, and K, fixed
to the values determined in the global fit mentioned before, using the program MatLab
(Mathworks).
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Kinetic (un)folding data

All kinetic fluorescence data and the t,-dependent refolding and unfolding amplitudes
in double-jump experiments were fitted to sums of exponential functions using ProFit
(Quantum Soft, Zurich).

Of the four observed rate constants in stopped-flow (un)folding experiments, rate
constant A2 was fitted to the four-state linear folding mechanism described in Scheme 1.

k| k| kIN

kUI1 kIZU 2 kNIZ

In this linear scheme, U corresponds to unfolded protein, N to native protein, I, and I, to the
off-pathway and on-pathway folding intermediate, respectively, and k; to the microscopic
rate constant from state i to state j. Use is made of the analytical solution of a four-state
folding mechanism as described by Ikai & Tanford (lkai and Tanford 1973), and an
exponential dependence of the microscopic rate constants on the denaturant concentration is
assumed, as described by equation 7:

k; = kj exp(my[D]) (7)

with k; being the intrinsic rate constant for the transition from state i to j at a certain
denaturant concentration [D], K? the rate constant k;; at zero concentration denaturant, and
m; the constant that describes the denaturant concentration dependence of k. The rate
constant k, ,, and the corresponding m,_, were fixed to 10° and O, respectively (see results for
explanation).

Results and Discussion

Equilibrium (un)folding of A. vinelandii apoflavodoxin involves a populated
intermediate

The equilibrium unfolding of A. vinelandii apoflavodoxin with GuHCI is followed by
both circular dichroism (CD) and fluorescence emission spectroscopy. In Figure 2A the
fluorescence emission data at 340 nm and the ellipticity values at 222 nm are shown, each
analysed with a two-state model (Schmid 1992) for unfolding. The fit of the fluorescence
data results in a global apoflavodoxin stability of 6.24 + 0.25 kcal/mol, with a corresponding
m-value of -4.07 + 0.16 kcal/mol M, resulting in a GUHCI concentration at the midpoint of
unfolding (C,) of 1.533 + 0.007 M. The fit of the CD data results in a global apoflavodoxin
stability of 2.91 + 0.30 kcal/mol, with a corresponding m-value of —1.69 + 0.14 kcal/mol M™,
resulting ina C,, of 1.72 + 0.05 M GuHCI, values that are all significantly different from
those determined on basis of the fluorescence data. The unfolding curves obtained by CD and
fluorescence spectroscopy do not coincide, which is characteristic for the population of an
intermediate in equilibrium apoflavodoxin unfolding, as reported previously (van Mierlo et
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al. 1998). Analogously, thermal unfolding of apoflavodoxin results in apparent midpoint
temperatures of 48.6 + 0.1 °C (fluorescence) and 64.9 + 0.4 °C (CD), a difference of 16.3°C
(van Mierlo et al. 1998).

The anisotropy of tryptophan fluorescence can also be used to monitor the
equilibrium unfolding transition of a protein, and often gives quite different results compared
to fluorescence intensity measurements (Otto et al. 1994; Beechem et a. 1995; Canet et al.
2001). The apoflavodoxin unfolding curve measured by anisotropy shown in Figure 2B is
clearly biphasic, which illustrates the need of a folding intermediate to describe the
equilibrium unfolding data of apoflavodoxin.

A three-state model (equations 1 to 6) is fitted globally to all apoflavodoxin
equilibrium unfolding curves recorded, i.e. at two CD wavelengths (222 and 225 nm) and at
three fluorescence intensity wavelengths (340, 350 and 360 nm) and obtained by fluorescence
anisotropy. The denaturant-dependence of the spectroscopic parameters of the intermediate
(b, in equation 5) can not be accurately determined because the intermediate populates only in
asmall range of GUHCI concentrations and never populates for 100 %. Therefore, b, is set to
zero in the global fit procedure. The global fit of the three-state model to all apoflavodoxin
(un)folding data is excellent (see e.g. Figures 2B and 2C) and the results are summarised in
Table 1. In Figure 2C the results of the global fit to the denaturant-induced equilibrium
unfolding data of apoflavodoxin as observed by CD at 222 nm and fluorescence intensity at
340 nm are shown. As can be judged from the residuals (Figure 2D) the equilibrium data
shown in Figure 2C are well described by a three-state fit. In conclusion, at least one
intermediate state populates in the transition zone of denaturant induced apoflavodoxin
unfolding.

The stabilities against global unfolding of both native apoflavodoxin and of its
equilibrium folding intermediate as presented in Table 1 are higher than those reported
previously (van Mierlo et al. 1998). Thisis mainly caused by differences in the assumptions
made about the spectroscopic properties of the apoflavodoxin equilibrium folding
intermediate. In the previous analysis (van Mierlo et al. 1998), the fluorescence intensity of
the intermediate is assumed to be equal to the one of the unfolded state and the CD éllipticity
of the intermediate is set equal to the one of native apoflavodoxin. Due to the limited number
of data points, the origina data of van Mierlo et a. (van Mierlo et al. 1998) do not allow the
sophisticated analysis presented here in which fluorescence intensities and CD ellipticities of
the equilibrium folding intermediate are treated as free parameters.
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T T T T T T Figure 2. Guanidine hydrochloride-induced
equilibrium (un)folding of A. vinelandii
apoflavodoxin. The protein concentration is 5.6
UM in 100 mM potassium pyrophosphate pH 6.0,
and the data are recorded at 25 °C. (A) The
fluorescence emission intensity data recorded at
340 nm (@) and the circular dichroism data
recorded at 222 nm (O) are each separately
analysed according to a two-state model for
(un)folding, and the resulting fractions of native
apoflavodoxin molecules are shown. The curves do
not coincide, as a folding intermediate populates
during denaturant-induced apoflavodoxin
(un)folding. (B) Guanidine hydrochloride
unfolding profile of apoflavodoxin as measured by
fluorescence anisotropy. The curve is clearly
biphasic, due to the population of an intermediate
during denaturant-induced apoflavodoxin
(un)folding. (C) The fluorescence and CD data of
apoflavodoxin (un)folding at 340 and 222 nm,
T T T T respectively, are normalised such that the first data
- point has a value of 1 and the last data point has a
- value of 0. The solid lines in panels B and C
represent the result of a global fit of a three state
model for equilibrium (un)folding to the
fluorescence data at 340, 350 and 360 nm, to the
CD data at 222 and 225 nm, and to the anisotropy
data in panel B, according to equations 1-6 (see
PR IR T RN ST R materials and methods). (D) Residuals of the
global fit of a three-state model for apoflavodoxin
equilibrium (un)folding to the fluorescence data at
340 nm (@) and the CD data at 222 nm (O) shown
in panel C. (E) Normalised population of native
(N), intermediate (1) and unfolded (U)
apoflavodoxin molecules as a function of the
concentration GUHCI. (F) Computed fluorescence
emission spectrum of the equilibrium folding
intermediate of apoflavodoxin at 1.6 M GuHCI
based on the global fit of a three-state model
(equation 1) to the denaturant-induced equilibrium
unfolding data of A. vinelandii apoflavodoxin. The
fluorescence emission spectra of native
apoflavodoxin and of unfolded apoflavodoxin,
both at 1.6 M GuHCI, are shown in grey. The
fluorescence emission maxima are shown for all
! three species.
0 1 2 3 4 5 The thermodynamic parameters resulting from the
[GuHCI] (M) three-state fit to the apoflavodoxin (un)folding data
T T T T T T T are summarised in Table 1.
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To investigate whether the ionic nature of GUHCI causes the observed population of
an apoflavodoxin intermediate, the denaturant-induced equilibrium unfolding of
apoflavodoxin has also been measured using urea as the denaturant and fluorescence intensity
and CD as spectroscopic probes. The obtained urea-induced (un)folding curves are similar to
the ones presented here (data not shown). As the urea-induced equilibrium unfolding curves
of apoflavodoxin measured by fluorescence and CD also do not coincide, it is ruled out that
the apoflavodoxin folding intermediate is observed due to a stabilisation caused by the salt-
effect of GUHCI.

Spectroscopic properties of the intermediate observed during equilibrium unfolding of
A. vinelandii apoflavodoxin

In this section a low-resolution structural description of the equilibrium folding
intermediate of apoflavodoxin is constructed based on the avail able spectroscopic data.

The fitted denaturant concentration dependencies of the stability of both native
apoflavodoxin and of its equilibrium folding intermediate, together with the recorded
fluorescence emission spectra between 320 and 360 nm at all GuHCI concentrations used,
enables the calculation of the fluorescence emission spectrum of the equilibrium intermediate
(Figure 2F). Despite the emission spectrum of the intermediate being quite similar to the
emission spectrum of unfolded apoflavodoxin, which is shown in Figure 2F as a reference,
they are not identical. The limited blue shift of the fluorescence emission maximum (5 nm)
and increased fluorescence intensity of the intermediate relative to unfolded apoflavodoxin
indicates that the tryptophan residues experience on average some shielding from the solvent.
The change in denaturant accessibility upon unfolding of the equilibrium intermediate can be
calculated from the reported equilibrium unfolding m-values (Myers et al. 1995) in Table 1
and is 29 % of that of the native protein.

The difference in ellipticity between the intermediate and the unfolded state of

Table 1. Thermodynamic parameters obtained from a three-state fit (N & | & U) to
the GuHCI-induced equilibrium unfolding data of A. vinelandii apoflavodoxin®

AG, (kcal/mol) 3.74+0.49 m;' (kcal/mol M) -1.83+0.19
AG, (kcal/moal) 6.70+ 0.17 my (kcal/mol M) -4.40+ 0.11
AGy,, (kcal/mal) 10.45+ 0.52 m, (kcal/mol M™)  -6.23+0.23

@ Equlibrium unfolding curves of A. vinelandii apoflavodoxin as obtained by CD at 222 and 225 nm, by
fluorescence intensity at 340, 350, and 360 nm and by fluorescence anisotropy. The errors shown are standard
deviations. U, | and N represent the unfolded, intermediate and native state of apoflavodoxin. AGyy is the

difference in free energy between species X and Y at zero molar denaturant, and m;ﬁ is the dependence of
AG,y 0on the denaturant concentration.
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apoflavodoxin at 0 M GuHCI is 65 % of the corresponding ellipticity difference between
native and unfolded apoflavodoxin at both 222 and 225 nm. Consequently, approximately 65
% of the native o-helical content of apoflavodoxin is probably present in the equilibrium
intermediate, as at these wavelengths the CD spectrum is especialy sensitive to o-helical
structure.

Notably, the anisotropy of the apoflavodoxin folding intermediate (Figure 2B), which
populates significantly between 1 and 3 M GuHCI is much higher than the anisotropy of the
native state. Fluorescence anisotropy informs about the rotational freedom of the fluorophore
involved. Tryptophan sidechains that can rotate freely, like in an unfolded protein, have an
anisotropy value of approximately 0.06, depending on the wavelength of excitation and
emission. The anisotropy of an immobilised tryptophan sidechain in afolded protein depends
on the size of the protein. In case of apoflavodoxin, an anisotropy of 0.10 — 0.12 is expected
when all of its three tryptophan sidechains are immobilised (Otto et al. 1994; Beechem et al.
1995; Canet et al. 2001). The observed fluorescence anisotropy of native apoflavodoxin is
surprisingly low (i.e. 0.04, Figure 2B). In case of apoflavodoxin, no indications for a high
tryptophan sidechain mobility in the native state are observed, since the hydrogen exchange
rates of the tryptophan sidechain amides of apoflavodoxin correspond to local stabilities of 5
— 7 kcal/mol (Steensma and van Mierlo 1998). Apparently, a specific tertiary interaction
involving one or more tryptophans causes the low anisotropy of native apoflavodoxin.

The fluorescence of A. vinelandii apoflavodoxin arises from its three tryptophan
sidechains, which are shown in Figure 1. Trp 74 is located in o-helix 3, and is 3.3 A away
from the sidechain of Phe 117 in a-helix 4 of apoflavodoxin. The orientation of these
aromatic rings relative to one another is close to perpendicular. The fluorescence of Trp 74 is
probably quenched by the close-to-perpendicular phenyl ring, as observed in a similar
situation for the protein FKBP59-1 (Rouviere et al. 1997). Consequently, the emission
spectrum is probably dominated by the two remaining tryptophans. The distance between Trp
128, which is close to B-strand 5a, and Trp 167, which is in helix 5, is 4.5 A, and their
relative orientation in apoflavodoxin is close to perpendicular as well. The two indole rings
are well within the Forster distance for resonance energy transfer (RET) of one another (10 —
15 A for tryptophans in a hydrophobic protein environment). RET between two tryptophans
reduces the fluorescence anisotropy (Lakowicz 1999). Since the two indole rings are in close
proximity and almost perpendicular to each other, this reduction in anisotropy would be
efficient, explaining the low anisotropy observed for native apoflavodoxin. As a
consequence, the equilibrium folding intermediate, as well as other compact structures
formed during the folding of apoflavodoxin, are expected to have a higher anisotropy than
both native and unfolded apoflavodoxin. In such intermediates the tryptophan side chains can
be immobilised but the highly specific native tertiary interactions that cause the low native
anisotropy are not likely. This feature explains the remarkable unfolding profile of
apoflavodoxin as observed by fluorescence anisotropy (Figure 2B).

In summary, the apoflavodoxin equilibrium folding intermediate has a fluorescence
emission spectrum which shows that its tryptophan sidechains are little shielded from the
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solvent. As can be inferred from fluorescence anisotropy data, these tryptophan sidechains
are immobilised but their immediate environment is not fully native. Based on CD data,
approximately 65 % of the o-helical content of native apoflavodoxin is present in the
intermediate. The NMR cross peaks of the equilibrium folding intermediate of apoflavodoxin
are extremely broadened, which suggests that this intermediate is highly dynamic on a
millisecond to second time-scale (van Mierlo et al. 2000). All spectroscopic data put together
show that the apoflavodoxin equilibrium folding intermediate has molten globule-like
structural characteristics (Ptitsyn 1992).

Kinetic characterisation of A. vinelandii apoflavodoxin folding by stopped-flow
fluor escence shows the presence of an on-pathway and an off-pathway inter mediate

a. Refolding and unfolding kinetics of apoflavodoxin monitored by intrinsic Trp fluorescence
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Figure 3. Stopped-flow refolding kinetics of A.
vinelandii apoflavodoxin at 0.56 M GuHCI as
observed by tryptophan fluorescence emission
intensity. (A) Fluorescence data recorded for a period
of 100 seconds (left) and 10 seconds (right).
Residuals of a fit of a sum of three exponential
equations to both data traces are shown in B. In C,
the residuals of a global fit of a sum of four
exponential functions to both the 100 s and 10 s data
are shown, with A1 =23.6 + 1.6 s*, A2 = 1.16 + 0.01
s', A3 =0.33+0.01 s, and A4 = 0.025 + 0.001 s*.
The data are plotted on a logarithmic time scale. The
final protein concentration is 1 uM in 100 mM
potassium pyrophosphate pH 6.0, at 25 °C.

To investigate the role of the
molten-globule like equilibrium
intermediate in the kinetic folding of
apoflavodoxin, a stopped-flow folding
experiment is performed in 100 mM
potassium pyrophosphate, pH 6.0, at 0.56
M GuHCI. Figure 3A shows the refolding
of apoflavodoxin recorded by fluorescence
spectroscopy for a period of 100 seconds
and 10 seconds, respectively. The
fluorescence emission increases with time,
because unfolded apoflavodoxin has a
lower emission than native protein (Figure
2F). Figure 3B shows the residuals of afit
of a sum of three exponentials to the data.
Three exponentials suffice to describe the
observed signal in the 100 s trace.
However, the 10 second trace is not
properly fitted with these three
exponentials, which indicates that an
additional process is present. As a
consequence, a sum of four exponential
curves is globally fitted to both 10 s and
100 s folding traces. The corresponding
residuals of both curves at 0.56 M GuHCI
(Figure 3C) show that the data are now
correctly described by four folding
processes (with folding rate constants A1 to
).
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b. Formation of native molecules during apoflavodoxin folding

To determine whether all four observed processes produce native apoflavodoxin or
whether some of the observed processes represent the formation of partially folded
intermediates, an interrupted refolding experiment (Kiefhaber 1995) is done. In such an
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Figure 4. Formation of native molecules during
refolding of A. vinelandii apoflavodoxin. The
normalised amplitude of the unfolding process
of apoflavodoxin in an interrupted refolding
experiment at 0.83 M GuHCI (A) and at 0.42 M
GuHCI (B) is shown as a function of the
refolding delay timet,. All data are shown on a
logarithmic time scale except in the insets, in
which the data obtained during the first 0.2
seconds of interrupted refolding are shown on a
linear time scale. The dashed line is the result of
a fit of a sum of two exponentials to the data,
and the solid line is the result of afit of a sum of
three exponentials to the data. The inset shows
that the data are best described by three
exponentials, and that in this fit the amplitude of
the unfolding processis 0 at t; = 0, as required.
The rate constants and corresponding
amplitudes are listed in Table 2. The final
protein concentration is 1 uM in 100 mM
potassium pyrophosphate pH 6.0, at 25 °C. For
further details see the Materials and Methods
section.
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experiment, unfolded apoflavodoxin is allowed
to fold for a certain time t;, and is subsequently
unfolded in 5 M GuHCI and followed by
fluorescence spectroscopy. The observed
amplitude of the unfolding process, with a rate
constant of 48 s* in case of A. vinelandii
apoflavodoxin, is then used as a measure for the
amount of native apoflavodoxin that is formed
during the refolding time t,. Generally, folding
intermediates unfold much faster than native
proteins (Schmid 1992), and thus the
apoflavodoxin folding intermediates formed
during t; are assumed not to contribute to the
observed kinetic trace.

Figure 4 shows the amplitudes of the
unfolding processes as a function of the delay
timet; at two different GUHCI concentrations. A
fit of a sum of two exponential equations to
these data extrapolatesto 1.8 + 0.6 and 4.4 £ 0.4
% of all molecules being native at t; = 0,
respectively, which would mean that an
additional route to the native state is not
accounted for in the fit. The data are best
described by three exponentials, including a fast
process. This fit extrapolates, within
experimental error, to 0 % of all molecules
being native at t = 0. The two fastest rate
constants of the latter fit correspond to the
folding rates A1 and A2 observed during
conventional apoflavodoxin refolding at the
respective GUHCI concentrations. This shows
that native apoflavodoxin is formed in the two
fastest processes observed. The third rate
constant observed in the interrupted refolding
experiment isin between A3 and A4 observed in
the conventional refolding experiment. The low
sensitivity of the interrupted refolding
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experiment compared to the direct refolding traces prevents discrimination of the latter two
slow processes. The interrupted refolding data at both GuHCI concentrations can be
described well using the four respective rate constants observed in direct refolding of
apoflavodoxin. We interpret this to imply that indeed native apoflavodoxin is formed in all
four processes observed in the conventional refolding experiment.

All four apoflavodoxin folding processes observed represent aroute to the native state
without intermediates populating to a significant extent on the timescale investigated. This
can be concluded as no lag is observed in the formation of native molecules during
apoflavodoxin folding (Figure 4) (Kiefhaber 1995). The observed rate constants A1 to A4 and
corresponding amplitudes that characterise apoflavodoxin folding, as observed by either Trp
fluorescence changes during direct refolding experiments or by the time course of formation
of native apoflavodoxin in interrupted refolding experiments, are summarised in Table 2.

Table 2. Rate constants (A1 to A4, in units of s*) and corresponding amplitudes (A1 to
A4, in percentages) obtained for the direct refolding and the interrupted refolding of A.
vinelandii apoflavodoxin at 0.42 M and 0.83 M GuHCI (for further details see Materials
and Methods).?

0.42 M GuHCl 0.83 M GuHCl
Direct ref. Interrupted ref. Direct ref. Interrupted ref.
Al 12+1 22+ 3 95+16 56+11
Al 59+0.3 84+0.3 32+03 91+15
A2 1.06+0.01 097+0.01 122+0.01 1.04+0.03
A2 76+1 71.0+ 0.6 742+ 0.5 73.8+14
A3 0.32+0.01 029+ 0.01
A3 13.6+ 0.6 150+ 0.3
A3-4 0.048 + 0.001 0.076 + 0.004
A3-4 206+ 0.3 17.4+ 05
A 0.021 + 0.001 0.034 + 0.001
A4 4.24 + 0.07 74+01

@ 1n case of the interrupted refolding experiments, 3 exponentials describe the time-course of the data, with the
third rate constant (A3-4 with amplitude A3-4) being in between rate constants A3 and A4 observed in the
conventional apoflavodoxin kinetic folding experiments. The errors shown are standard deviations. Refolding
conditions are 1 uM apoflavodoxin in 100 mM potassium pyrophosphate, pH 6.0, at 25 °C.
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c. Origin of the parallel apoflavodoxin folding routes

The most common origin of parallel folding routes in proteins is heterogeneity in the
unfolded state caused by isomerisation around Xaa-Pro peptide bonds (Hagerman and
Baldwin 1976; Schmid 1992) or Xaa-nonPro peptide bonds (Pappenberger et al. 2001).
Proline peptide bond isomerisation islikely to play arolein A. vinelandii flavodoxin folding,
because it contains five proline residues. All of the Xaa-Pro peptide bonds are in the trans
conformation in the native structure. The percentage of cis peptide bonds of a certain proline
residue in equilibrium unfolded protein depends mainly on the preceding amino acid (Reimer
et al. 1998). In case of apoflavodoxin, based on its amino acid sequence, 33 % of the
molecules are predicted to have at least one cis proline peptide bond in the equilibrium
unfolded state.

To investigate the origin of the parallel folding routes during apoflavodoxin folding
an interrupted unfolding experiment has been performed. Native apoflavodoxin is first
unfolded in 3 M GuHCI for a varying delay timet;, and subsequently refolded at 0.5 M
GuHCI and followed by fluorescence spectroscopy. The dependence of the amplitudes of the
four observed refolding processes (with rate constants A1 to A4) ont; clarifies whether a
specific refolding process originates from the folding mechanism of apoflavodoxin or from
secondary processes in the unfolded protein, like Xaa-Pro peptide bond isomerisation. In the
former case, the dependence of the amplitude of a specific refolding process on t; equals the
unfolding rate (9 s?), whereas in the latter case the t,-dependence of the amplitude is much
slower (Reimer et al. 1998). Due to the large difference between the A1 and A4 rate constants
it is not possible to resolve al refolding processes in one kinetic trace in the interrupted
unfolding experiment. Traces of 5 seconds are recorded to sample A1, A2 and A3, and the
fourth process is examined separately in a manua mixing experiment, as the rate constant A4
is sufficiently slow to do so.

In Figure 5 the refolding amplitudes corresponding to the refolding rate constants A1,
A2, and A3 obtained in the interrupted unfolding experiment are shown as a function of the
unfolding time t;. Both refolding amplitudes corresponding to A1 and A2 appear with rate
constants that are in good agreement with the apoflavodoxin unfolding rate constant of 9 s*
under these conditions. This shows that the two faster folding processes represent two
parallel folding routes accessible to apoflavodoxin molecules with all prolyl peptide bondsin
the native trans conformation. In contrast, the refolding amplitude corresponding to rate
constant A3 appears with arate of only 0.14 s*, which is a very likely rate for proline peptide
bond isomerisation (Reimer et al. 1998). The manual interrupted unfolding experiment shows
that the A4 refolding amplitude appears with a rate of 0.015 s* (data not shown), which is
compatible with proline peptide bond isomerisation as well.
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Figure 5. Dependence of the amplitudes associated with A. vinelandii apoflavodoxin folding rate constants
Al to A3 on the unfolding time t; in an interrupted unfolding experiment. In this experiment, native
apoflavodoxin is first unfolded in 3 M GuHCI for a varying time t;, and the subsequent refolding at 0.5 M
GuHCl is followed by fluorescence spectroscopy. Dependence on t; of the refolding amplitude corresponding
to folding rate constant A1 (7.44 s (A), folding rate constant A2 (1.21 s%) (B), and folding rate constant A.3
(0.30 s (C). A single exponential equation is fitted to all data and the corresponding fit is represented by a
solid line. The amplitude corresponding to A1 builds up with arate of 10.6 + 0.8 s*; in case of A2 the rate of
appearance of the corresponding amplitude is 9.60 + 0.06 s*; in case of A3 the rate of appearance of the
corresponding amplitude is 0.137 + 0.005 s*. The final protein concentration is 1 uM in 100 mM potassium

pyrophosphate, pH 6.0, 25 °C.
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d. GuHCI dependence of the apoflavodoxin folding and unfolding kinetics

To obtain more insight into the origin of the observed complexity in apoflavodoxin
folding we performed kinetic refolding and unfolding experiments followed by fluorescence
spectroscopy at different GUHCI concentrations. Three or four exponentials are required to
describe the observed apoflavodoxin refolding kinetics up to 2 M GuHCI. In contrast,
apoflavodoxin unfolding traces are in most cases described by a single exponential. Only in
the transition zone of (un)folding, where both folding and unfolding processes significantly
contribute to the observable rates, the slower folding processes are observed in kinetic
unfolding traces. The fastest step observed in kinetic folding is not observed in the kinetic
unfolding traces. The four observed rate constants for apoflavodoxin folding and unfolding
are shown in Figure 6A as a chevron plot. Figure 6B shows that the complete difference in
fluorescence intensity between native and unfolded apoflavodoxin is observed at all
concentrations denaturant used in the kinetic experiments. This means that all processes with
a significant corresponding change in fluorescence are observed in the stopped-flow
experiments.
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Figure 6. (A) GuHCI-dependence of the natural logarithm of the observed rate constants (O = A1, 0 = A2, ¢ =
A3, A = A4) for A. vinelandii apoflavodoxin unfolding (filled symbols) and refolding (open symbols). (B)
Initial (OO) and final (O) fluorescence intensity of the kinetic traces obtained for apoflavodoxin stopped-flow
refolding (filled symbols) and unfolding (open symbols). The final protein concentration is 1 uM in 100 mM
potassium pyrophosphate pH 6.0, at 25 °C.

Of the four rate constants observed during apoflavodoxin folding (Figure 6) only A1
and A2 inform about the mechanism that describes apoflavodoxin folding, as the

corresponding molecules are shown to have all peptide bonds in the native trans
conformation. As discussed, folding rate constants A3 and A4 originate from Xaa-Pro peptide

bond isomerisation and do not inform about the apoflavodoxin folding mechanism. Figure 6
is consistent with the latter as both A3 and A4 have alow GUHCI concentration dependence.
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As aresult, only the denaturant concentration-dependence of the A1 and A2 rate constants can
be used to decipher the apoflavodoxin folding mechanism.

e. Involvement of an on-pathway inter mediate during apoflavodoxin folding

Under strong denaturing conditions (> 2.5 M GuHCI), a single unfolding rate constant
is observed, which displays a smooth curvature as a function of the GUHCI concentration
(Figure 6A). This curvature is explained by the presence of two consecutive transition states
on one linear apoflavodoxin (un)folding route. At any denaturant concentration the transition
state with the highest free energy determines the observed rate of folding and unfolding. At
low concentrations GUHCI the most unfolded-like transition state TS1 is rate limiting for
folding and unfolding. However, the free energies of both transition states have differing
dependencies on the concentration denaturant. The transition state TS2 that is most native-
like is destabilised most by the denaturant. As a consequence, upon increasing the denaturant
concentration an interchange of the transition state that determines the rate-limiting step in
apoflavodoxin unfolding occurs. As a result, the slope of the unfolding limb of the chevron
plot alters (Figure 6A).

The presence of two transition states, the free energies of which have differing
denaturant concentration dependencies, that are each positioned on a separate apoflavodoxin
folding route cannot explain the observed curvature in the unfolding limb of A2. In this
situation, an upward curvature of the unfolding limb would be observed as the unfolding
molecules would follow the route with the lowest free energy barrier at all concentrations
denaturant (Bachmann and Kiefhaber 2001; Sanchez and Kiefhaber 2003a). This is clearly
not the case (Figure 6A).

Another aternative explanation for the observed curvature in the A2 unfolding limb of
the apoflavodoxin chevron plot could be a transition state, which separates N from U, that
shifts gradually as a function of denaturant concentration. However, this phenomenon has
been studied in detail recently and is shown to be highly unlikely (Sanchez and Kiefhaber
2003b).

Two consecutive transition states on a linear apoflavodoxin (un)folding route that
links unfolded and native apoflavodoxin molecules explains the curvature of the A2 unfolding
[imb. A minimum in the free energy between these two transition states must exist. In this
minimum an on-pathway folding intermediate resides. The rate-limiting step during
apoflavodoxin unfolding changes between 3 and 5 M GuHCI from the unfolding of this
intermediate (i.e. | to U) at low denaturant concentrations to the formation of this
intermediate (i.e. N to 1) at high denaturant concentrations. Consequently, at intermediate
denaturant concentrations (i.e. 2 to 4 M GuHCI) this intermediate is expected to transiently
populate during kinetic apoflavodoxin unfolding. However, only a single unfolding processis
observed at all denaturant concentrations above 2.5 M GuHCI (Figure 6A), and the
fluorescence intensity does not change during the dead-time of the experiment (Figure 6B).
No population of the on-pathway apoflavodoxin folding intermediate is thus observed. In
case the fluorescence intensity of the on-pathway intermediate is very similar to the
fluorescence intensity of unfolded apoflavodoxin, transient population of this intermediate
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could be overlooked. However, the latter is unlikely as fluorescence anisotropy aso shows no
additional kinetic phases or dead-time processes during kinetic apoflavodoxin unfolding (data
not shown).

In conclusion, the intermediate that causes the curvature observed in the unfolding
limb of the A2 chevron plot of apoflavodoxin must be a high-energy on-pathway folding
intermediate, as it is not populated to a significant extent. Such high-energy on-pathway
intermediates appear to play arole in the folding kinetics of many proteins (Bachmann and
Kiefhaber 2001; Sanchez and Kiefhaber 2003a). The unstable, not detectably populated
apoflavodoxin folding intermediate is surrounded by two transition states. One transition
state separates the on-pathway intermediate from the native state and the other one separates
the intermediate from the unfolded state of apoflavodoxin.

f. Involvement of an off-pathway inter mediate during apoflavodoxin folding

Under conditions where apoflavodoxin is fully native (< 1 M GuHCI), two folding
rate constants (i.e. A1 and A2) are observed that do not originate from Xaa-Pro peptide bond
isomerisations. The observation of these two folding rates implies that an intermediate
populates significantly during refolding of apoflavodoxin. Is the intermediate that populates
during refolding the same species as the one that causes the curvature in the unfolding limb
of the chevron plot? If that would be the case, a three state protein folding model would be
able to describe the observed apoflavodoxin A2 chevron plot. However, the denaturant-
dependence of A2 can not be described by any three-state folding mechanism, be it linear
with an on-pathway intermediate involved (U < | < N), or linear with an off-pathway
intermediate involved (I & U < N), or triangular, with all three species (U, I, N) being
connected (results not shown). Thus at least two folding intermediates must play arole during
kinetic (un)folding of apoflavodoxin.

Additional evidence that the on-pathway intermediate does not populate significantly
during apoflavodoxin refolding comes from the interrupted refolding experiment. In case
formation of an on-pathway apoflavodoxin intermediate during folding is more rapid than its
conversion to the native state, the intermediate accumulates and formation of native
molecules is delayed. The kinetic formation of native molecules is then characterised by the
presence of alag phase, which is clearly not observed during the interrupted apoflavodoxin
refolding experiment (Figure 4). The lack of an observable lag in the formation of native
molecules implies that the on-pathway folding intermediate does not significantly populate
during apoflavodoxin folding (Kiefhaber 1995). The on-pathway intermediate is besides
being unstable under denaturing conditions (> 2.5 M GuHCI) thus also unstable under native
conditions. The intermediate that populates during apoflavodoxin refolding must be a
different one than the on-pathway intermediate already discussed.

The folding limb of the A2 chevron plot curves to such an extent that at low
denaturant concentration the observed folding rate actually increases with increasing GuHCI
concentration (Figure 6A). The latter is characteristic for an unfolding process. Dissociation
of dimers or higher oligomeric states that may be transiently formed during apoflavodoxin
refolding can be excluded as a source for the observed curvature, since variation of the final
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protein concentration from 0.2 to 3.4 uM did not significantly alter the observed rate
constants nor their relative amplitudes during refolding (Figure 7).
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Figure 7. Dependence of the natural logarithm of the observed rate constants (O = A1, O = A2, 0 = A3, A = A4)
(A) and of the corresponding amplitudes (B) on protein concentration at 0.27 M GuHCI (filled symbols) and at
0.59 M GuHCI (open symbols) for A. vinelandii apoflavodoxin folding. Folding is started from equilibrium
unfolded apoflavodoxinin 3.0 M GUHCI. The buffer used is 100 mM potassium pyrophosphate pH 6.0, at 25 °C.

The curvature of the folding limb of the A2 chevron plot is explained by the transient
population of afolding intermediate which is off the productive folding route. The unfolding
of this off-pathway intermediate is the rate-limiting step in the formation of native
apoflavodoxin via the process corresponding to A2. In principle, the partial unfolding of an
on-pathway intermediate could also be the rate-limiting process during protein folding.
However, if such an intermediate transfers to native apoflavodoxin with rate constant A2, a
delay in the formation of native apoflavodoxin would be observed, which is not the case.

The interrupted refolding experiment confirms that an off-pathway intermediate
populates during apoflavodoxin folding. In case an off-pathway intermediate that needs to
unfold en route to the native state populates, native protein forms kinetically with a sum of
two exponentials. The latter is exactly asis observed in the interrupted refolding experiment,
besides the observation of rate constants associated with peptide bond isomerisation
processes. At low denaturant concentrations (< 0.75 M GuHCI) A2 represents the kinetic
formation of native apoflavodoxin via an off-pathway intermediate, whereas A1 at these
concentrations reflects the direct kinetic formation of native apoflavodoxin by those
molecules that circumvent the off-pathway intermediate. From the interrupted refolding
experiment (Table 2) it can be inferred that 10.6 + 0.4 % and 11 £ 2 % of the molecules with
native proline peptide bonds fold via the direct path to the native state at 0.42 and 0.83 M
GuHClI, respectively (as determined via A1/(A1+A2) (Table 2)). The majority of the
apoflavodoxin molecules thus folds via the off-pathway apoflavodoxin folding intermediate.
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0. Kinetic role of the equilibrium (un)folding inter mediate of apoflavodoxin

Are the intermediate that populates during equilibrium unfolding of apoflavodoxin
and the kinetic on-pathway intermediate the same species? To answer this question, kinetic
folding and unfolding experiments that start with apoflavodoxin in 1.6 M GuHCI are done.
Under these conditions the A. vinelandii apoflavodoxin equilibrium intermediate is near to
maximally populated (for 55 %, Figure 2E).

As discussed, the apoflavodoxin on-pathway intermediate is surrounded by two
transition states: TS1 separates the on-pathway intermediate from the unfolded state and TS2
separates the intermediate from the native state of apoflavodoxin (Figure 8A). Below
approximately 4 M GuHCI TS1 has the highest free energy of both transition states involved.
TS1 is less structured than TS2. Consequently, an increase of the denaturant concentration
stabilises TS1 more than TS2 and above approximately 4 M GuHCI TS2 becomes the rate-
limiting transition state for apoflavodoxin unfolding. This causes the curvature in the
unfolding limb of the chevron plot (Figure 6). Of the two transition states involved, TS2 can
not be the one having the highest free energy below 4 M GuHCI, because if that would be the
case increasing the GUHCI concentration above 4 M would not result in the observed change
of the rate-limiting unfolding process.

In case the apoflavodoxin on-pathway intermediate is the equilibrium intermediate,
what folding and unfolding kinetics are expected starting with apoflavodoxin in 1.6 M
GuHCI? Below afina GuHCI concnetration of approximately 4 M, the rate constant for
folding of the on-pathway intermediate to native apoflavodoxin is determined by TS2 and the
rate constant for folding from globally unfolded apoflavodoxin to native apoflavodoxin is
determined by TS1 (Figure 8A). As under these circimstances TS1 has a higher free energy
than TS2, the on-pathway intermediate folds faster to the native state than unfolded
apoflavodoxin does. The latter kinetic behaviour is clearly not observed when starting with
the equilibrium intermediate of apoflavodoxin populated: the observed folding rate constants
are identical to the folding rate constants observed in the classical chevron experiment
already discussed (Figure 8B). In addition, the total amplitude of the folding reaction is the
same in both experiments (Figure 8C), as well as the relative amplitude of each of the four
folding processes (Figure 8D).

Above a final GUHCI concentration of approximately 4 M, the rate constant for
unfolding of the on-pathway intermediate is determined by TS1, whereas the rate constant for
unfolding of native apoflavodoxin is determined by TS2, which at these denaturant
concetrations has a higher free energy than TS1 (Figure 8A). Consequently, under these
circumstances the on-pathway intermediate needs to unfold faster than native apoflavodoxin
does. No such fast unfolding process is observed when the equilibrium folding intermediate
Is populated (Figure 8B). However, the equilibrium intermediate still could be the kinetic on-
pathway intermediate but the unfolding of this equilibrium intermediate could be too fast to
be detected. In that case, the amplitude associated with this unfolding process should
decrease between 3 and 5 M GuHCI (asin this GUHCI concentration range the free energy of
TSI gradually becomes lower than the one of TS2), and then level off horizontally. However,
no such change in amplitude is observed as well (Figure 8C). Rather, Figure 8C shows that
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the amplitude of the unfolding process starting with the equilibrium intermediate populated is
constant and drastically reduced compared to the situation in which unfolding starts with
native apoflavodoxin. Both below and above 4 M GuHCI, unfolding of the equilibrium
intermediate occurs within the dead-time of the stopped-flow unfolding experiment, and thus
is faster than unfolding of native apoflavodoxin.
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Figure 8. (A) Schematic free energy landscape for the folding of a hypothetical protein via an on-pathway
intermediate. The on-pathway intermediate (1) is surrounded by two transition states: TS1 separates | from the
unfolded state (U) and TS2 separates | from the native state of the protein (N). At low GuHCI concentrations
(solid line) TS1 has the highest free energy of both transition states involved. Above a certain GuHCI
concentration (dashed line) TS2 becomes the rate-limiting transition state for unfolding of the protein. (B)
GuHCI-dependence of the natural logarithm of the observed rate constants (O = A1, 00 = A2, 0 = A3, A = A4) for
A. vinelandii apoflavodoxin unfolding and refolding. Open symbols: folding and unfolding are both started with
apoflavodoxin in 1.6 M GuHCI, the concentration GUHCI at which 55% of the apoflavodoxin molecules is
present as the equilibrium folding intermediate (see Figure 2E). Filled symbols are the data presented in Figure
6, folding is here started with unfolded apoflavodoxin (at 5 M GuHCI) and unfolding is here started with native
apoflavodoxin (at 0 M GuHCI). The inset shows a zoom of A1 and A2 at GUHCI concentrations below 2 M. (C)
GuHCI-dependence of the total fluorescence intensity change (i.e. the initial minus the final fluorescence
intensity) during kinetic apoflavodoxin folding and unfolding starting with apoflavodoxin in 1.6 M GuHCI (O).
The GuHCI-dependence of the total change in fluorescence intensity during kinetic folding starting with
unfolded apoflavodoxin (at 5 M GuHCI) and during kinetic unfolding starting with native apoflavodoxin (at 0 M
GuHCI), is aso shown (@). (D) GuHCI-dependence of the relative amplitudes corresponding to each of the four
observed apoflavodoxin folding processes ( O = Al, O = A2, 0 = A3, A = A4). Open symbols represent
amplitudes of folding processes starting with apoflavodoxin in 1.6 M GuHCI, whereas filled symbols represent
amplitudes of folding processes starting with unfolded apoflavodoxin in 5 M GuHCI. The final protein
concentration is 1 uM in 100 mM potassium pyrophosphate pH 6.0, at 25 °C.
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In conclusion, the experiments described show that the intermediate that is observed
during denaturant-induced equilibrium unfolding of A. vinelandii apoflavodoxin can not be
the on-pathway intermediate observed during kinetic apoflavodoxin folding.

Is the intermediate observed during denaturant-induced equilibrium unfolding of
apoflavodoxin the kinetic off-pathway intermediate that populates during apoflavodoxin
folding? If this is the case, its unfolding should be observed at all GUHCI concentrations
above at which it maximally populates, i.e. above approximately 1.8 M GuHCI (Figure 2E).
Indeed, a loss of the amplitude of the unfolding process is observed when unfolding starts
with the equilibrium intermediate populated compared to when unfolding starts with native
apoflavodoxin (Figure 8C).

Further confirmation of the equilibrium intermediate being the kinetic off-pathway
intermediate comes from the following. The spectroscopic properties of the apoflavodoxin
equilibrium intermediate are remarkably similar to those of the kinetic off-pathway folding
intermediate. The intermediate that populates during denaturant-induced equilibrium
unfolding of apoflavodoxin has a low fluorescence emission (Figure 2F). The kinetic
apoflavodoxin off-pathway intermediate must also have a low fluorescence intensity, as is
discussed below. The interrupted refolding experiment shows that approximately 90 % (i.e.
A2/(A1+A2)%, Table 2) of the folding apoflavodoxin molecules with native Xaa-Pro peptide
bonds populate the off-pathway intermediate, and form native apoflavodoxin with rate
constant A2. The direct refolding experiment shows that the amplitude corresponding to A2 is
also approximately 90 % of the total amplitude caused by apoflavodoxin molecules with
native Xaa-Pro peptide bonds (as can be inferred from A1 and A2 shown in Figure 8D). In
this direct refolding experiment, the amplitude of A2 corresponds to the change in
fluorescence intensity. Consequently, the fluorescence intensity of the off-pathway
intermediate must be similar to the fluorescence intensity of unfolded apoflavodoxin as is
also observed for the equilibrium intermediate (Figure 2F). In addition, when kinetic folding
of apoflavodoxin is followed by fluorescence anisotropy, large anisotropy is observed
immediately after the dead-time of the experiment. This anisotropy subsequently decreases
with rate constant A2 (not shown). As the folding process with rate constant A2 represents the
unfolding of the off-pathway intermediate, the latter intermediate must have a high
anisotropy. As discussed, a high anisotropy signal is also observed for the equilibrium
(un)folding intermediate.

In conclusion, the results presented show that the A. vinelandii apoflavodoxin
equilibrium folding intermediate and the intermediate that appears kinetically off the
productive apoflavodoxin folding route most likely are the same species.

h. Quantitative kinetic model for apoflavodoxin folding
Based on the apoflavodoxin folding data presented here, a kinetic model for
apoflavodoxin folding is constructed:
kI1U kUIZ kI2N

e ey Scheme 1
E T S ( )
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with [, the off-pathway kinetic folding intermediate that is stable and also populates during
equilibrium unfolding of apoflavodoxin, I, the high-energy on-pathway kinetic folding
intermediate, U the unfolded state, and N native apoflavodoxin. Scheme 1 is the most ssmple
model containing two intermediates that is able to explain the observations made on
apoflavodoxin folding.

In case of any four-state kinetic folding model, three observable rate constants are
expected (Szabo 1969; lkai and Tanford 1973; Hagerman and Baldwin 1976). However,
since one of the four apoflavodoxin species is very unstable (i.e. the on-pathway
intermediate), only two rate constants that inform about apoflavodoxin folding are observed
(i.e. A1 and A2). The latter is highly homologous to the case of apparent two-state folding,
where a single rate constant is observed with a curvature of the unfolding limb of the chevron
plot, which is due to the presence of a high-energy on-pathway intermediate, as discussed in
detail recently by Sanchez and Kiefhaber (Sanchez and Kiefhaber 2003a).

Normally, a kinetic protein folding model is fitted to the GuHCI-dependence of all
observed kinetic folding rates and corresponding amplitudes that are not due to Xaa-Pro
isomerisations, i.e. A1 and A2 in case of A. vinelandii apoflavodoxin folding. However, the
fastest process observed during apoflavodoxin folding, with observed rate constant A1,
displays a lot of scatter (Figure 6), which is mainly due to its small amplitude. The scatter
may in part also be caused by contributions of additional processes with similar rates, like
e.g. the rapid formation of intermediates with non-native peptide bond isomers. To
investigate the influence of Xaa-Pro peptide bond isomerisation on A1, an experiment is
performed in which freshly unfolded apoflavodoxin (made by unfolding the protein for 622
ms in 3 M GuHCI) is refolded at different GUHCI concentrations. Refolding of freshly
unfolded apoflavodoxin leads to an
observed rate constant A1 which

AL | | | differs from the one obtained by
o~ -~ starting with equilibrium unfolded
2 r & ®e . apoflavodoxin, as is shown in Figure
g L .”°8%9. | 9. The observed rate constant A2 of
S o o 'o‘o . the major folding process obtained by
g T RR% . I refolding freshly unfolded
= 0'-"%4“ - n - apoflavodoxin is identical within

. | .- | . error to A2 obtained in the

0 1 2 3 conventional refolding experiment in
[GuHCI] (M) which equilibrium unfolded

Figure 9. GuHCI-dependence of the natural logarithm of the  apoflavodoxin is used. The observed

observed rate constants for A. vinelandii apoflavodoxin ; :
folding ( O = A1, O = 12) obtained by starting with g€ 1N rate constant A1 indeed
equilibrium unfolded apoflavodoxin (filled symbols) or by ~shows that in the conventional

unfolding apoflavodoxin for 622 ms in 3 M GuHCI (open

symbols). The final protein concentration is 1 uM in 100mM by the formation of intermediates
potassium pyrophosphate pH 6.0, at 25 °C. with incorrect proline isomers.
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Unfortunately, even the refolding process starting from freshly unfolded apoflavodoxin
results in a complex GuHCI-concentration dependence of the observed rate constant A1,
which curves downwards upon increasing the denaturant concentration. This curvature can
not be reproduced by a linear four-state model, and indicates further complexities in the
apoflavodoxin folding mechanism that can not be resolved accurately. As in case of A.
vinelandii apoflavodoxin A1 can not be resolved, only one rate constant (i.e. A2) is used in
our analysis.

Scheme 1 is fitted to the denaturant-dependence of folding rate constant A2. Folding
rate constant A2 is chosen as it is the most informative of the four rate constants observed, as
it has the largest amplitude, is observed at all denaturant concentrations, involves native
proline peptide bond isomers and thus informs about the apoflavodoxin folding mechanism.
It has a minimum around 1.55 M GuHCI and displays a complex denaturant-concentration
dependence (Figure 6A). The amplitude A2 corresponding to A2 is not used as it makes no
sense to fit afolding model to a single amplitude. The validation of Scheme 1 is obtained in
the previous sections by the qualitative analysis of the apoflavodoxin direct and interrupted
refolding and unfolding data. Similarly, in case of hen egg-white lysozyme interrupted
refolding experiments have also alowed the determination of a complex kinetic folding
mechanism without the use of the corresponding kinetic amplitudes (Kiefhaber 1995;
Wildegger and Kiefhaber 1997; Bieri et al. 1999).

Because only the GUHCI dependence of A2 can be analysed, additional information is
required (Ikai and Tanford 1973) to determine unambiguously all microscopic rates shown in
Scheme 1. As discussed, the apoflavodoxin equilibrium (un)folding intermediate and the
intermediate that appears kinetically off the productive folding route of apoflavodoxin most
likely are the same species. We therefore restrained the fit of Scheme 1 to the kinetic
apoflavodoxin (un)folding data by fixing K, and m,, tothevaluesfor K, and my, obtained

from the equilibrium (un)folding measurements (Table 1), according to equations 8 and 9:

AG,, =-RTInK,, :—RTln(@} (8)

U

nﬁ =m,, —My 9

Since |, is shown to never populate significantly during apoflavodoxin folding, k  in
Scheme 1 must be much larger than (k,, +k,, ), and thus the latter will always limit the
observed folding rate. Therefore k;  can not be determined. The kinetic data can only inform

about the relative free energies of the two transition states surrounding |, i.e. the ratio
between kIZN and kle. For technical reasons, the ratio is not fitted directly, but instead kIZN is
fixed to 10° to be sufficiently large not to influence the observable kinetics. With the
assumptions described above, the number of degrees of freedom of the model (Scheme 1) is
sufficiently reduced to yield non-redundant results when fitted to the A2 chevron obtained for
kinetic apoflavodoxin folding.
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The results of the fit of Scheme 1 to A2, using the above assumptions, are summarised
in Table 3 and are shown in Figure 10. The free energy landscape for apoflavodoxin folding
derived from the results of the equilibrium and the kinetic folding studies, is shown
schematically in Figure 11. Note that the on-pathway intermediate I, residesin avalley in a
region of high free energy at all denaturant concentrations, and that the time course of
formation of I, is always slower than the rate of its further conversion, either to the native or
to the unfolded state. As the experimental results show, I, never significantly populates,
neither kinetically nor at equilibrium, but its presence influences the observed kinetics.
Because it never significantly populates, I, is classified as a*high-energy” species.

Because in the fit of Scheme 1 to the apoflavodoxin folding data the rate constant k;
and the corresponding m-value m , are fixed to 100000 s* and 0 kcal/mol-M™, respectively,
the exact denaturant accessibility of 1, can not be calculated. However, the denaturant
accessibilities of both transition states surrounding |, can be calculated from the kinetic m-
values and are expressed as o-values, i.e. the ratio of the m-value of atransition state (TS)
and the m-value of the native state, both relative to the unfolded state. The o of TS1is0.75,
and the o of TS2 is0.94. Because |, must have a solvent accessibility that isin between those
of the two transition states, it follows that its o is approximately 0.8 - 0.9.

Table 3. Parameters obtained via the fit of the analytical solution to the linear four-state
folding scheme |, & unfolded & |, & native to the denaturant-dependence of rate constant
A2 of A. vinelandii apoflavodoxin.?

K. 0.733 + 0.002 m., 0.576 + 0.002
Ky 569 mg -1.83

K. 417+1 m, -1.256 + 0.002
K, (7.31 + 0.07)10* m,, -4.12+0.01

Ko /Ko (4.02 + 0.01)10° m, —m 1.064 + 0.001
K, 3.234 + 0.007 My, 0.3218 + 0.0002
AGyy 9.17 + 0.01 me, -5.508 + 0.001

& Ky is the equilibrium constant of the I-U equilibrium at zero concentration denaturant, nf,‘ﬂ is the constant which

describes the denaturant concentration-dependence of K, Ky is the intrinsic rate constant for the transition from state X
to Y at zero concentration denaturant, my, is the factor which describes the denaturant concentration-dependence of the

rate constant kyy, AGyy is the difference in free energy between N and U, and rrﬁL describes the denaturant
concentration-dependence of AG,. Rate constants are in s*, mvalues are in kcal/molM™. The errors are standard
deviations. The equilibrium constant K, and the corresponding m-value nf,‘ﬁ are fixed during the fit to the values
derived from Table 1. Rate constant kU,land m,,, are calculated using the equilibrium constant Ky, and the fitted rate
K, u» and their corresponding m-values, respectively. Rate constant k|2NiS fixed to 100000, and its m-value M,  to
zero (see main text). The exact value of the rate constant K, Lu €an not be determined, the data can only inform about the
ratio between K, , and K, , (see main text).
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T Besides from denaturant-
induced equilibrium unfolding
experiments, the stability of the native
state of apoflavodoxin relative to its
unfolded state (AG,,) can also be
calculated from the kinetically
determined folding and unfolding rate
constants (Table 3), using an equation
analogous to equation 8. The AGy,
calculated from the kinetic results is
9.17 kcal/mol, which is 1.70 kcal/mol

In(rate constant/s 1)

Coku I\"‘}J'll D1 less than the AG,, derived from
o 1 2 3 4 5 6 7 equilibrium unfolding measurements
[GUHCI] (M) (10.87 + 0.52 kcal/mol), taking into

Figure 10. Result of the fit of the analytical solution to the
linear four-state folding mechanism (I, < unfolded < 1, <»  account the 0.42 kcal/mol due to the

native) to the GuHCl-dependence of the observed X aga-Pro peptide bond isomerisations.
(un)folding rate constant A2 (O) of A. vinelandii

apoflavodoxin as presented in Figure 6. The solid lines Both AG,, values are reasonably
represent the fitted denaturant-dependence of the observable  similar and kinetic complexities that
rate constants A1 and A2, whereas the dashed lines represent

the fitted denaturant dependencies of some of the cannot be resowe_d by the cu_rrent
microscopic rate constants. The numerical results of this fit ~ Sstopped-flow experiments most likely

are summarised in Table 3, explain the difference in free energy
values observed.

In conclusion, a linear four-
state folding scheme I, < unfolded < |, < native and its corresponding free energy
landscape is consistent with the experimental data obtained on A. vinelandii apoflavodoxin
folding.

On- and off-pathway intermediatesin protein folding

The role of intermediates in kinetic protein folding differs between different
theoretical models. In the framework model (Kim and Baldwin 1990), intermediates are
supposed to effectively guide a folding protein molecule to the native state, whereas other
models regard intermediates as structures that are kinetically trapped in alocal minimum of
the energy landscape (Bryngelson et al. 1995). Experimentally, many proteins have been
shown to form intermediates, but whether these intermediates are productive or not isin most
cases not resolved. Obligatory on-pathway intermediates have been shown to occur in 23
proteins that display apparent two-state folding kinetics (Sanchez and Kiefhaber 2003a). One
protein that folds via intermediates the kinetic roles of which have been characterised
thoroughly is lysozyme from hen egg-white. It can fold via three parallel routes to the native
state, either via one of two on-pathway intermediates or via a direct pathway without
detectable population of intermediates (Kiefhaber 1995; Wildegger and Kiefhaber 1997;
Bieri et al. 1999). Apparently, the folding energy landscape for lysozyme is rough, including
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distinct local minima. Another intermediate the kinetic role of which has been determined is
the one formed by sunflower albumin 8 (SFA-8) (Pandya et al. 1999). This highly compact
intermediate is off the direct folding pathway. The chevron plot of SFA-8 is at low denaturant
concentration characterised by a refolding rate that increases with increasing denaturant
concentration. It is suggested that the large number of exposed hydrophobic residues in
native SFA-8 cause this initial misfolding (Pandya et al. 1999). Like in A. vinelandii
apoflavodoxin folding, the corresponding positive slope indicates that an unfolding processis
limiting the time course of formation of native protein under the conditions used.
Intermediates of both kinds, i.e. on- and off-pathway intermediates, have been
identified in A. vinelandii apoflavodoxin folding in the present study. The presence of a high-
energy on-pathway intermediate suggests that the transition region of the apoflavodoxin
folding landscape is rough, containing at least two maxima and one distinct minimum. The
off-pathway apoflavodoxin intermediate may be a misfolded structure as is also suggested for
the SFA-8 intermediate. However, the structured part of the apoflavodoxin intermediate
could also be native-like. In the latter case, the energy barrier that separates this intermediate
from the native state is too high to be crossed under the experimental conditions used.

10+

AG relative to N (kcal/mol)

-10 |1 -

Alpha

Figure 11. Schematic representation of the free energy landscape for A. vinelandii apoflavodoxin folding at 0 M
(black), 1.6 M (dark grey) and 4 M GuHCI (light grey), derived from the results obtained from equilibrium and
kinetic (un)folding studies of the protein. The horizontal axis represents the process co-ordinate, the vertical axis
the free energy difference relative to native apoflavodoxin. The process co-ordinate scales to denaturant
accessibility, because it is expressed as the a-value, i.e. the ratio of the m-value of a folding species and the m-
value of native apoflavodoxin. U and N represent unfolded and native apoflavodoxin, respectively; I, and |, are
the two folding intermediates presented in Scheme 1. The off-pathway intermediate I, is represented on the left-
hand side of the unfolded state, whereas both the on-pathway intermediate I, and native apoflavodoxin reside on
the right-hand side of the unfolded state. The heights of the barriers between two species (i and j) were

calculated from the (un)folding rates according to AGif = —RTIn(kij/kO) using a value for k, the factor

describing the chain diffusion rate of a polypeptide, of 108 (Krieger et al. 2003). The exact position and the depth
of the minimum in the free energy landscape in which I, resides is unknown, and is therefore represented by a
dashed line.
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Discrimination between these two possibilities may occur once the characteristics of the
structure of the intermediate are known. Because the off-pathway intermediate of A.
vinelandii apoflavodoxin is relatively stable and populates for up to 63 % at equilibrium
under the experimental conditions currently used, its structural characterisation stands a good
chance. Small changes in environmental conditions such as temperature, ionic strength and
pH can probably lead to a full population of the intermediate, facilitating the characterisation
of its properties by for instance NMR spectroscopy. It will be especially interesting to
correlate the folding kinetics of specific apoflavodoxin mutants with the structure of this off-
pathway folding intermediate.

Additional theoretical and experimental investigation of the folding of other proteins
that share the o~ parallel topology with A. vinelandii apoflavodoxin and of apoflavodoxin
mutants is required. The results to be obtained for these topologically related proteins should
contribute to a detailed understanding of the influence of the primary sequence on the
structural and energetic characteristics of protein folding intermediates. Characterisation of
the structural features of the equilibrium folding intermediate of A. vinelandii apoflavodoxin
will shed light onto why it is kinetically off the direct folding pathway to native
apoflavodoxin.

Conclusion

The experimental data obtained on A. vinelandii apoflavodoxin folding show that two
folding intermediates play arole. The large maority of the folding apoflavodoxin molecules
form an intermediate that needs to unfold before becoming productive. All folding
apoflavodoxin molecules pass through a second high energy folding intermediate before
reaching the native state. The appearance of both kinetic folding intermediates seems to be
governed by protein topology.
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3 Is the presence of intermediates

observed in the folding kinetics of
Azotobacter vinelandii apoflavodoxin
governed by protein topology?

Yves J.M. Bollen and Carlo P.M. van Mierlo

The topology of a native protein influences the rate with which it is formed. Does
topology affect the appearance of folding intermediates and their specific role in
kinetic folding as well? This question is addressed by comparing the folding data
obtained on apoflavodoxin from Azotobacter vinelandii with those available on two
other a-B parallel proteins, i.e. Anabaena apoflavodoxin and CheY. Two kinetic
folding intermediates, one on-pathway and the other off-pathway, seem to be
present during the folding of proteins with an a-3 parallel topology. Simulation of the
folding of CheY by Clementi et al. (2000) shows the involvement of two
intermediates with characteristics that resemble those of the two intermediates
experimentally observed during A. vinelandii apoflavodoxin folding (Chapter 2 of this
thesis). The appearance of folding intermediates in the class of a-p parallel proteins
is apparently governed by protein topology.



Chapter 3

I ntroduction

There are strong indications (Goldberg 1999; Baker 2000) that the topology of a
native protein influences the rate with which it isformed. Thisimplies that the transition state
for protein folding resembles the native state of a protein. The influence of topology on
folding rate is expressed in the contact order (Alm and Baker 1999), which reflects the
average sequence separation of residues in contact in the native state. The larger the contact
order, the slower a protein will fold.

Contact order can be used to predict the part of a protein that forms first during
kinetic folding (Grantcharova et al. 2001). Parts of a protein with alow local contact order,
like e.g. a-helices, will form more rapidly than parts of a protein with a high contact order,
like e.g. parallel B-sheets. These predictions can in some cases be verified by comparison
with experimentally determined Phi-values (Fersht et al. 1992). The Phi-value expresses to
what extent native-like structure is formed around a specific residue in the transition state for
folding, as determined from the effect a mutation has on the folding rate.

Although the simple contact order model has successfully captured the overall
features of protein folding, it is shown to be an oversimplification of reality. Especialy in
larger proteins or proteins that display a certain degree of symmetry there are often several
parallel routes to the native state. These parallel routes may be equally consistent with the
topological constraints on the transition state for folding and their population is determined
by the magnitude of the local stabilities of the structured protein regions formed in the
corresponding transition states for folding. As a consequence, a mutation or a solvent
condition that specifically stabilises part of a protein may significantly alter the observed
folding mechanism. Incorporation of the free energy of the structures that can be formed on
parallel routes into the contact order model considerably improves the ability of the model to
predict structures of transition states (Grantcharova et al. 2001).

A good approach to experimentally decipher the influence of the topology of a protein
on its folding mechanism is by comparing the experimental results obtained on the folding of
proteins which share the same topology but which have no sequence homology. This has
been done for the SH3 domains (Martinez and Serrano 1999; Riddle et al. 1999),
acylphosphatase and procarboxypeptidase A2 (Villegas et al. 1998; Chiti et al. 1999), and
immunoglobulin-like B-sandwich proteins (Clarke et a. 1999). Mutational analysis showed
in these cases that indeed the transition state for folding is generally conserved among
proteins with the same topology. The question remains however, whether the appearance of
folding intermediates and their specific role in kinetic folding is conserved among
topologically related proteins that have no sequence homology. This aspect of protein folding
has hardly been experimentally investigated so far (Clarke et a. 1999; Gunasekaran et al.
2001). The subject is difficult to resolve, because most protein folding intermediates form
rapidly, often within the dead time of stopped-flow techniques, and are not substantially
populated at equilibrium.

The study of the role of intermediates during folding is facilitated when these
intermediates populate both kinetically and at equilibrium. The relatively large, 179-residue
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apoflavodoxin from Azotobacter vinelandii populates an intermediate with molten-globule
like characteristics during denaturant- and thermally-induced equilibrium unfolding (van
Mierlo et al. 1998; van Mierlo et a. 2000). In addition, A. vinelandii apoflavodoxin is shown
to kinetically fold via two intermediates (Chapter 2 of thisthesis):

|, © unfolded < |, < native Q)

I, is an off-pathway intermediate that populates heavily during refolding and also
populates during denaturant-induced equilibrium unfolding of apoflavodoxin. |, is a high-
energy folding intermediate on the direct folding route between unfolded and native
apoflavodoxin.

Flavodoxins consist of a single structural domain and adopt the so-called doubly-
wound or o- paralel topology. The doubly-wound topology is a rather popular fold: it
belongs to the five most common observed folds, together with the TIM-barrel, Rossman,
thiamin-binding and P-loop hydrolase folds (Gerstein 1997). In contrast to most protein folds,
this doubly-wound topology is shared by many (i.e. nine) protein superfamilies (Brenner et
al. 1997). These nine superfamilies exhibit little or no sequence similarity and comprise a
broad range of unrelated proteins with different functions like catalases, chemotactic proteins,
lipases, esterases, and flavodoxins. They are all characterised by a five-stranded parallel 3-
sheet surrounded by o-helices at either side of the sheet (Figure 1).

Figure 1. Left: Molscript cartoon drawing (Kraulis 1991) of the X-ray structure of Azotobacter chroococcum
flavodoxin (Thorneley et al. 1994), the sequence of which is 95 % identical to A. vinelandii flavodoxin. The
sidechains of the three tryptophan residues and of Phell7 of A. vinelandii flavodoxin are shown in ball-and-stick
representation. Right: Molscript cartoon drawing of E. coli CheY (3chy.pdb), which shares the o-B parallel
topology with flavodoxin.
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The population of on- and off-pathway intermediates during kinetic and equilibrium
(un)folding of apoflavodoxin from A. vinelandii and the comparison with folding data
obtained for other o-3 parallel proteins allows the investigation of the role protein topology
has on the presence of intermediates during protein folding. Such a comparison leads to a
better understanding of the fundamental rules describing the folding of proteins with a
doubly-wound topology.

Comparison of the folding of A. vinelandii apoflavodoxin with the folding of other
doubly-wound proteins

a. A. vinelandii apoflavodoxin folding results

The folding kinetics of A. vinelandii apoflavodoxin have been followed by stopped-
flow experiments monitored by fluorescence intensity and anisotropy (Chapter 2 of this
thesis). Single jump and interrupted refolding experiments show that the refolding kinetics
involve four processes yielding native molecules. Interrupted unfolding experiments show
that the two slowest folding processes are due to Xaa-Pro peptide bond isomerisation in
unfolded apoflavodoxin.

The denaturant dependence of the folding kinetics (i.e. the chevron plot) is complex.
Under strongly unfolding conditions (> 2.5 M GuHCI), single exponential kinetics are
observed. The slope of the chevron plot changes between 3 and 5 M denaturant. This,
together with the absence of an additional unfolding process reveals the presence of two
consecutive transition states on a linear pathway that surround a high-energy on-pathway
intermediate. Under refolding conditions, two processes are observed for the folding of
apoflavodoxin molecules with native Xaa-Pro peptide bond conformations, which implies the
population of an intermediate. The slowest of these two processes becomes faster with
increasing denaturant concentration, meaning that an unfolding step is rate-limiting for
folding of the majority of apoflavodoxin molecules. This, together with the absence of alag
in the formation of native molecules, means that the intermediate that populates during
refolding is off-pathway.

A molten globule-like intermediate |, populates during denaturant-induced
equilibrium unfolding of apoflavodoxin. Its kinetic behaviour shows that it is not the high-
energy on-pathway intermediate |, detected during apoflavodoxin unfolding. The
experimental data obtained on apoflavodoxin folding are consistent with the linear four-state
folding mechanism:

|, © unfolded < |, < native (1)

with the off-pathway intermediate |, being the one that also populates during denaturant-
induced equilibrium unfolding of apoflavodoxin. I, has to unfold before native apoflavodoxin
can be formed. All folding A. vinelandii apoflavodoxin molecules pass through I, before
reaching the native state.
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b. Comparison of the folding of A. vinelandii apoflavodoxin with CheY folding

The a-f paralel protein the folding of which has been most intensely studied so far is
CheY (129 amino acids, Figure 1). CheY is both sequentially and functionally unrelated to
flavodoxin. A structural alignment of 184 backbone atoms of CheY and of A. vinelandii
apoflavodoxin with an rmsd of 1.62 A shows 4 % sequence identity and 20 % similarity
according to the PAM250 matrix (Pearson 1990). The chevron plot recorded for
CheY (un)folding displays a curvature on its folding side, indicative of the presence of an
intermediate (Lopez-Hernandez and Serrano 1996; Lopez-Hernandez et al. 1997). The CheY
kinetic folding data are described by a three-state folding mechanism that involves an on-
pathway intermediate I: U < | < N. However, according to Lopez-Hernandez et al. (1997) it
can not be excluded that the observed intermediate is off-pathway because the first step in
CheY folding istoo fast to be resolved.

Quantitative analysis of kinetic folding data results in rate constants for folding and
unfolding, and kinetic m-values. A kinetic m-value, i.e. the denaturant concentration
dependence of a specific folding or unfolding rate constant, informs about the difference in
denaturant accessible surface area between a specific folding species and the transition state
involved (Myers et al. 1995). In case of an unfolding process, the denaturant accessibility
increases upon protein unfolding and the corresponding m-value is positive. In case of a
folding process, the denaturant accessibility decreases upon folding and the corresponding m-
value is thus negative.

The kinetic m-values obtained for CheY folding contain indirect information about
the role of the observed intermediate during kinetic folding of CheY. The traectory the
folding molecules follow in terms of free energy and solvent accessibility in the mechanism
for CheY folding proposed by Lopez-Hernandez et al. (1997) is shown in Figure 2A. As
discussed, the mechanism used for the analysis of the experimental CheY folding data
contains an on-pathway intermediate (Lopez-Hernandez et al. 1997). The use of this
mechanism leads to m-values for the | to N and the N to | transition that are both positive (the
reported values are both negative, due to the opposite definition of the m-value by Lopez-
Hernandez et al. (1997) compared to the one used here). Thisimplies that the transition state
between the intermediate and the native state is less compact than the intermediate, and that
the on-pathway intermediate of CheY has to unfold partially before productive folding to the
native state occurs. Although the latter is not impossible, it is unlikely. Instead, just asin case
of A. vinelandii apoflavodoxin folding, we think that the observed curvature on the folding
side of the chevron plot of CheY is better explained by an off-pathway intermediate.

The folding behaviour of a number of CheY mutants has been studied. Inspection of
Figure 1D in Lopez-Hernandez et al. (1997) clearly shows that the kinetic refolding limb of
the chevron plot of the Hel2 mutant of CheY, a mutant in which helix two has been
stabilised, has a positive slope at low denaturant concentrations. A positive slope (i.e. a
positive m-value) implies that an unfolding process is rate-limiting in the formation of native
CheY molecules. In our opinion, this positive slope confirms the involvement of an off-
pathway folding intermediate during CheY folding. In addition, the observation made for
CheY that stabilisation of any of its five helices causes slower refolding at low denaturant
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Figure 2. Schematic representation of the folding
trajectories of CheY (A) and of apoflavodoxin from
Anabaena (B) and from A. vinelandii (C). The free
energies and denaturant accessibilities of the
unfolded (U), intermediate (I, 14, I,), and native (N)
states and of the corresponding transition states of
the three proteins are shown on the vertical and
horizontal axis, respectively. The denaturant
accessibility is expressed as the a-value, i.e. the
ratio of the m-value of a state and the m-value of
the native protein. Unfolded protein has an o-value
of 0 and native protein an o-value of 1. | represents
the CheY or the Anabaena apoflavodoxin folding
intermediate, I, and I, are the A. vinelandii
apoflavodoxin folding intermediates presented in
Scheme 1. TS(xy) is the transition state between
species x and y. The heights of the barriers AG* are
calculated from the reported folding and unfolding
rates according to AG* :—RTIn(k /ko) using a

value for k, of 10® (Krieger et al. 2003). Folding
molecules follow the lines connecting two points.
(A) Folding trajectory of CheY assuming that the
protein folds according to the linear folding
scheme: Unfolded < Intermediate < Native as is
proposed by Lopez-Hernandez and Serrano (1996)
and Lopez-Hernandez et al. (1997). Note that the
transition state between native CheY and its folding
intermediate, TS(IN), is 10 % less solvent
accessible than the intermediate. The values for the
free energy and denaturant accessibility of TS(UI)
are chosen arbitrarily but in such a manner that they
are consistent with the reported formation of | being
too rapid to be observed. The data shown are
extracted from (Lopez-Hernandez and Serrano
1996; Lopez-Hernandez et a. 1997) for the pseudo-
wildtype protein (i.e. the F14N mutant of CheY).
(B) Folding trajectory of Anabaena apoflavodoxin
assuming that the protein folds according to the
triangular folding scheme 2 (see main text), as is
proposed by Fernandez-Recio et a. (2001). Note
that the transition state between U and I, TS(UI), is
50 % less solvent accessible than native Anabaena
apoflavodoxin. The o-values show that the
transition between | and N involves an unfolding
process. The free energy- and o-values presented
are calculated based on the results of Fernandez-
Recio et a. (2001). (C) Folding trajectory of A.
vinelandii apoflavodoxin assuming that the protein
folds according to the linear four-state folding
schemel, © U < |, & N as proposed in Chapter 2
of this thesis. The off-pathway intermediate I, is
represented on the left-hand side of the unfolded

state, whereas both the on-pathway intermediate I, and native apoflavodoxin reside on the right-hand side of the
unfolded state. The free energy- and a-values are taken from Chapter 2. Note that in contrast to the proposed
folding schemes for Anabaena apoflavodoxin and CheY folding, the denaturant accessibility of the folding A.
vinelandii apoflavodoxin molecules gradually decreases on the productive folding route to their native
state.concentrations compared to native CheY supports the conclusion that this intermediate, in which these
helices are structured, is off-pathway.
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Furthermore, inspection of Figure 2 in Munoz et al. (1994) reveas a curvature in the
unfolding limb of the chevron plot of wild-type CheY folding, similar to asis observed in the
kinetic A. vinelandii apoflavodoxin unfolding data. In more recent studies of CheY folding,
this curvature is no longer observed, which is probably due to the change of buffer from 5
mM sodium phosphate to 50 mM PIPES. The curvature in the unfolding limb of the chevron
plot of CheY ismost likely caused by the presence of a high-energy on-pathway intermediate
on the direct (un)folding route of CheY'.

In conclusion, the CheY folding data published suggest that similar kinetic on- and
off-pathway intermediates observed during A. vinelandii apoflavodoxin folding are also
involved during kinetic CheY folding.

c. Comparison of the folding of A. vinelandii apoflavodoxin with Anabaena apoflavodoxin
folding

Besides the presentation of the kinetic folding of A. vinelandii apoflavodoxin in
Chapter 2 of thisthesis, recently arather limited number of kinetic folding experiments on an
apoflavodoxin extracted from Anabaena have been reported (Fernandez-Recio et a. 2001). In
the latter study, a kinetic mechanism for Anabaena apoflavodoxin folding is proposed that
involves only one intermediate that is off the direct route linking unfolded and native
apoflavodoxin. The unfolding of this intermediate is rate-limiting at |ow urea concentrations,
asis clear from the increase of one of the two observed Anabaena apoflavodoxin refolding
rates upon increasing the denaturant concentration.

The kinetic Anabaena apoflavodoxin folding data are according to Fernandez-Recio
et a. (2001) best described by athree-state triangular mode!:

Unfolded <—= Native

N A

Intermediate

(2)

However, the folding intermediate of Anabaena apoflavodoxin as presented in Scheme 2
needs to have rather unusual properties, as recognised by Fernandez-Recio et al. Kinetic m-
value analysis shows that its conformation seems to be as compact as the native state. In
addition, the kinetic m-values indicate that interconversion between the intermediate and the
native state of Anabaena apoflavodoxin involves a partial unfolding of the intermediate, as
both m,, and m,, are positive (i.e. 0.48 and 0.42 kcal/mol-M™, respectively (Fernandez-Recio
et a. 2001)).

Even more remarkable, the unfolding of the Anabaena apoflavodoxin folding
intermediate to the unfolded state is associated with a negative m-value (m, = -0.88 + 0.04
kcal/mol-M™ (Fernandez-Recio et al. 2001)). This negative m-value implies a peculiar, super-
compact transition state to occur between unfolded Anabaena apoflavodoxin and its folding
intermediate. This transition state is approximately 50 % more compact than both the
intermediate and the native state of the protein. Apoflavodoxin structures that are more
compact than the native state might theoretically exist. Native apoflavodoxins contain a

57



Chapter 3

relatively open, flexible flavin binding site (Steensma and van Mierlo 1998), which
potentially could close resulting in atransition state that is more compact than the native state
is. However, the presence of an apoflavodoxin conformation that needs to be 50 % more
compact than native apoflavodoxin to be able to explain the negative m-value discussed is
highly unlikely.

The trajectory the folding apoflavodoxin molecules follow in terms of free energy and
solvent accessibility, assuming the proposed triangular mechanism for Anabaena
apoflavodoxin folding to be valid, is shown in Figure 2B. For comparison, in Figure 2C the
analogous trajectory for A. vinelandii apoflavodoxin folding is shown (data are taken from
Chapter 2 of this thesis). In case of A. vinelandii apoflavodoxin folding the denaturant
accessibility o of the protein gradually decreases upon following the productive folding that
leads from unfolded to native protein. Instead, if Anabaena apoflavodoxin folding would
occur according to Scheme 2, large unrealistic changes in solvent accessibility of the folding
protein are observed on the different folding routes individual Anabaena apoflavodoxin
molecules can follow (Figure 2B).

In conclusion, the kinetic folding data published show that an off-pathway
intermediate plays a significant role during Anabaena apoflavodoxin folding, just as is the
case for A. vinelandii apoflavodoxin folding. However, the triangular Anabaena
apoflavodoxin folding mechanism (Scheme 2) proposed by Fernandez-Recio et al. leads to,
as discussed, some highly unlikely features of the protein states involved. Apparently,
Scheme 2 does not correctly describe the kinetic folding of Anabaena apoflavodoxin. Further
details of the kinetic mechanism of Anabaena apoflavodoxin folding might be revealed in the
future by interrupted refolding and unfolding experiments similar to those presented in
Chapter 2 for A. vinelandii apoflavodoxin.

d. Available simulation data on the folding of an o~ parallel protein
The folding of CheY has been studied theoretically using asimple model for protein

folding (Clementi et al. 2000). The model consists of a Go-like potential, in which the only
forces used arise from contacts which are present in the native state, whereas the energetic
frustration is drastically reduced by not including residue-specific parameters. As the latter
contacts are highly conserved among topologically related proteins, the simulations by
Clementi et al. are expected to inform about the influence topology has on folding. The
simulation roughly reproduces the structure of the transition state for folding of CheY as
determined experimentally by means of mutational analysis (Lopez-Hernandez and Serrano
1996; Lopez-Hernandez et al. 1997). Furthermore, the simulations predict two possible
intermediates: a short-lived on-pathway intermediate and an intermediate which is a
misfolded trap (Clementi et al. 2000). The latter intermediate has all five helices which are
present in native CheY well structured, but lacks its central parallel B-sheet. During the
simulation, this misfolded species has to unfold, at least partialy, before the native state is
reached. Since non-native interactions are not possible in the model by Clementi et al. (2000),
the misfolded speciesis interpreted to be the result of topological constraints.

58



The influence of protein topology

In conclusion, since the constraints in the theoretical model of Clementi et al. (2000)
are derived from contacts in the native state of CheY, application of this model to flavodoxin
or any other protein that shares the doubly wound topology should produce the involvement
of similar folding intermediates as theoretically predicted for CheY. The kinetic results
obtained in Chapter 2 are the first experimental identification of both folding intermediates
predicted theoretically to occur during the folding of an -3 parallel protein.

Structural characteristics of the off-pathway intermediate observed during the folding
of a-p doubly wound proteins

In this section, the structural characteristics of the off-pathway folding intermediate of
A. vinelandii apoflavodoxin are compared with those of the off-pathway folding intermediate
observed during CheY folding. In case topology determines the formation of intermediates,
the structure of these intermediates is expected also to depend on topology.

The off-pathway intermediate I, of A. vinelandii apoflavodoxin (Scheme 1) populates
during denaturant-induced equilibrium unfolding of the protein. A comparison of the
fluorescence and CD data in the transition zone of unfolding leads to the conclusion that |,
has conserved secondary structure (approximately 65 % native a-helicity, see Chapter 2) but
that it lacks the characteristic tertiary structure of native apoflavodoxin. |, has molten-globule
like features. This can explain the relatively low sensitivity of this state to denaturant (m,, =

-1.83 kcal/mol-M™* versus my,, = -6.23 kcal/mol-M™, Table 1 of Chapter 2). These features of
|, are consistent with the observation by Clementi et al. (2000), Lopez-Hernandez and
Serrano (1996) and Lopez-Hernandez et al. (1997) that the off-pathway intermediate in CheY
folding has all native helices formed but lacks most of the long range interactions observed in
the native state of the protein.

An off-pathway intermediate appears to be present in the folding of all three o-f3
doubly wound proteins the folding of which has been experimentally or theoretically
investigated (i.e. CheY from E. coli and apoflavodoxin from A. vinelandii and Anabaena). Its
presence is most likely determined by the topology of the native protein. Part of the
interactions stabilising the off-pathway intermediate will thus be native-like. Some
interactions that stabilise the intermediate might be non-native and can be sequence-specific.
The latter may explain the observed differences between the stabilities of the off-pathway
intermediates found in the folding of different doubly wound proteins. The off-pathway
folding intermediate of A. vinelandii apoflavodoxin populates during denaturant-induced
equilibrium unfolding experiments, whereas the corresponding intermediates of CheY and of
Anabaena apoflavodoxin do not, or hardly, populate at equilibrium.

The off-pathway folding intermediate of CheY contains mainly helices as ordered
structural elements, and ellipticity values indicate this to be the case for the corresponding A.
vinelandii apoflavodoxin folding intermediate as well. The helical nature of both off-pathway
intermediates explains why they are formed so easily during CheY and apoflavodoxin
folding. Helices are formed much more rapidly than sheets, especially when parallel 3-sheets
are involved as is the case for apoflavodoxin and CheY. This is due to the highly local
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character of the interactions in helices, whereas the residues that have to be brought into
contact to form a parallel B-sheet are separated by many residues from one another (Bieri and
Kiefhaber 1999). Apparently, rapid formation of o-helices followed by some docking
prevents the formation of the parallel B-sheet of apoflavodoxin and of CheY, and as a result
the off-pathway folding intermediate has to unfold to yield native protein.

In case of CheY folding, phi-value analysis shows that helices 4 and 5, which are
folded in the off-pathway intermediate, are unfolded in the subsequent rate limiting transition
state. In addition, in this transition state 3-strands 1 to 3 are formed (Lopez-Hernandez and
Serrano 1996). Whether or not a similar situation occurs during A. vinelandii apoflavodoxin
folding remains to be studied. However, the fluorescence anisotropy data presented in
Chapter 2 alow for some speculation. The native state of apoflavodoxin has alow anisotropy
due to specific side-chain interactions as discussed in Chapter 2. The off-pathway
apoflavodoxin folding intermediate, which also populates during equilibrium unfolding of the
protein, has a fluorescence anisotropy which is higher than that of the native protein (Figure 2
of Chapter 2). Consequently, the tryptophans that give rise to the fluorescence signal must be
immobilised in the intermediate but the native interaction between Trp 128 and Trp 167
(Figure 1) is not formed in the intermediate. These tryptophan residues are located in helix 5
and B-strand 5a, respectively. Helix 5 and B-strand 5a may thus be formed in the off-pathway
folding intermediate of A. vinelandii apoflavodoxin but they are definitely not natively
oriented towards one another, as is aso the case in the off-pathway intermediate of CheY
(Lopez-Hernandez and Serrano 1996; L opez-Hernandez et a. 1997; Clementi et al. 2000).

In conclusion, the structural characteristics of the off-pathway A. vinelandii
apoflavodoxin folding intermediate and those of the CheY off-pathway intermediate are
similar. This is to be expected when the conformation of off-pathway intermediates is
determined to a substantial extent by the o-3 parallel protein topology.

Structural characteristics of the on-pathway folding inter mediate observed during the
folding of A. vinelandii apoflavodoxin

The on-pathway intermediate observed during the folding of A. vinelandii
apoflavodoxin never significantly populates, neither kinetically not at equilibrium.
Consequently, it is not possible to extract the precise conformational properties of this
intermediate from the apoflavodoxin folding data presented in Chapter 2 of this thesis. The
on-pathway intermediate has a denaturant accessibility that is comparable to those of both
transition states that surround it on the direct folding route of A. vinelandii apoflavodoxin
(Figure 2B). Consequently, the on-pathway folding intermediate probably structurally
resembles these two transition states. The most denaturant-accessible one of these transition
states (i.e. TS(UL,)) is the one that limits the folding rate under native conditions (Chapter 2).
The conformation of this transition state most likely resembles the conformation of the rate-
limiting transition state of CheY because, as discussed, the structure of transition states is
conserved among structurally homologous proteins.
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In case of CheY folding, phi-value analysis shows that helices 1 to 3 and -strands 1
to 3 are formed in the rate-limiting transition state, whereas the C-terminal part of the protein
(helices 4 and 5 and strands 4 and 5) are unstructured (Lopez-Hernandez and Serrano 1996;
Lopez-Hernandez et al. 1997). The conformation of this transition state is roughly reproduced
by folding simulations (Clementi et a. 2000). If the on-pathway intermediate of A. vinelandii
apoflavodoxin indeed resembles the structure of the CheY transition state, its N-terminal half
Is structured, whereas its C-terminal half is unstructured.

Conclusion

The on- and off-pathway intermediate experimentally observed during A. vinelandii
apoflavodoxin folding have remarkable similarities with the two folding intermediates that
are observed during the computational folding simulation of an - parallel protein. Both
other o-f parallel proteins the folding of which has been studied experimentally, i.e. CheY
and apoflavodoxin from Anabaena, populate at least one intermediate during kinetic folding.
Based on the curved appearance of the folding limb of the chevron plots of CheY and
Anabaena apoflavodoxin folding and based on the analysis of the corresponding m-values,
both folding intermediates must be off-pathway. These intermediates need to unfold, just like
the off-pathway intermediate of A. vinelandii apoflavodoxin, before productive folding
occurs. The limited structural information that is available about the A. vinelandii
apoflavodoxin off-pathway folding intermediate shows that its conformational properties are
consistent with those of the misfolded, off-pathway intermediate observed during CheY
folding. The conformation of the latter intermediate is known in more detail via mutational
analysis studies and computational folding simulations. The curved unfolding limb of the
chevron plot of CheY obtained with 5 mM sodium phosphate as buffer suggests that also an
on-pathway intermediate is involved in CheY folding. Apparently, protein topology
determines the appearance and kinetic role (i.e. being on- or off-pathway) of protein folding
intermediates during the folding of proteins that have an -3 parallel topology. Thisimplies
that the overall shape of the free energy landscape of protein folding depends on protein

topology.
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4 Partially unfolded forms of Azotobacter

vinelandii apoflavodoxin identified by
native state hydrogen exchange and
NMR spectroscopy are off the productive
folding route

Yves J.M. Bollen, Monique B. Kamphuis and Carlo P.M. van Mierlo

Hydrogen deuterium (H/D) exchange detected by NMR spectroscopy shows that
under native conditions the stabilities against local unfolding of all residues within
Azotobacter vinelandii apoflavodoxin are lower than the one determined for global
unfolding of the protein. Only at GuDCI concentrations exceeding 0.5 M, a few of the
backbone amide protons of apoflavodoxin exchange via global protein unfolding. In
contrast to the observations made on many other proteins, the global stability of the
179-residue apoflavodoxin can not be derived from the H/D exchange rates of the
slowest exchanging backbone amide protons. The use of native state H/D exchange
leads to the identification of five clusters of residues in apoflavodoxin the backbone
amide protons of which exchange via five separate co-operative (sub)global
unfolding events. Four partially unfolded forms (PUFs) of apoflavodoxin are
proposed in which some non-native interactions apparently exist. The rates of
interconversion of these PUFs with native apoflavodoxin are determined via the pD-
dependence of the corresponding amide proton exchange rates. Stopped-flow
kinetic folding rates show that these interconversion rates are inconsistent with any
of the identified PUFs being on the direct productive folding route between globally
unfolded and native apoflavodoxin. PUF1 and PUF2 are on an unfolding route
starting from native apoflavodoxin that does not lead to globally unfolded
apoflavodoxin. PUF3 and PUF4 are on a non-productive folding route that starts with
globally unfolded apoflavodoxin. A common free energy barrier separates both PUF3
and PUF4 from globally unfolded apoflavodoxin. This barrier is proposed to be the
same as the one that separates a known off-pathway apoflavodoxin folding
intermediate (l1), which has molten globule characteristics, from the productive
apoflavodoxin folding route. Both PUF3 and PUF4, as well as |1, need to unfold
before productive folding of apoflavodoxin can occur. The H/D exchange data
obtained imply that apparently the molten globule |1 is similarly protected against H/D
exchange than native apoflavodoxin is. Native state H/D exchange and classical
denaturant-induced equilibrium and kinetic folding experiments together provide
detailed information about the free energy landscape for protein folding, as is shown
here for A. vinelandii apoflavodoxin folding.
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I ntroduction

Hydrogen deuterium (H/D) exchange detected by NMR spectroscopy is a powerful
technique that can give detailed information about the stability and dynamics of a protein at
the level of single amino acids. Backbone amide protons, provided they are water-accessible,
exchange gradually with the protons of water or with deuterons in case D,O is used as a
solvent. Amide protons involved in hydrogen bonding networks or buried from the solvent
exchange more slowly than freely accessible amide protons since the protein has to unfold,
partially or completely, to facilitate exchange of these buried or bonded protons.

Quantitative interpretation of hydrogen deuterium exchange is possible using asimple
two-state model (Hvidt and Nielsen 1966):

Kint

Open (NH) —> Exchanged (ND) (1)

Closed (NH)

In this model, the open or exchange-competent form and the closed or exchange-incompetent
form of a protein at the site of a particular amide proton are in equilibrium with one another,
and interconvert with rate constants for opening (k,,) and closing (ky). This interconversion
might reflect local opening of the structure or a (sub)global unfolding process. From the open
state exchange takes place with the intrinsic rate constant k;,, that depends on amino acid
sequence, pD and temperature and can be calculated using values derived from work on
model peptides (Bai et a. 1993). The timecourse of exchange can be monitored at the residue
level by NMR, since amide protons give rise to a ‘*H NMR signal, and replacement of the
proton by a deuteron leads to disappearance of this signal.

Under conditions favouring the closed state (i.e. k,, << k), the observed exchange
rate constant k., is given by:

Kk
kcl + kint

Ko (2)

Depending on the ratio of k, and k, two limiting cases may be reached. If k, << K,
equation 2 reduces to

Kec = Kop 3

Under these conditions, referred to as EX 1, the measured exchange rate constant of a certain
amide proton informs about the rate constant for local conversion between the closed and the
open state of its micro-environment. If k, >> k;,, equation 2 reducesto

“=7

= KopKnt (4)
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In this limiting case, referred to as EX2, the ratio of the measured exchange rate constant ki,
and k;,, provides the equilibrium constant for local opening of the protein structure K,,,, which
istheratio of k,, and ky and is ameasure for the local stability AG,,:

AG,, =—RTIn(K,,) =—RTIn(k,,/k, ) = =RTIn(k, /k,) (5)

Under EX2 conditions, it has been shown for several proteins that the AG,, of the most stable
residues corresponds to the free energy for global protein unfolding AG,, as determined by
macroscopic spectroscopic probes, like fluorescence and circular dichroism spectroscopy.
This identity in stability is observed when the corresponding experiments are performed
under identical solvent conditions. A correction for the difference in free energies of the
unfolded state in the H/D exchange experiment compared to the equilibrium unfolding
experiment due to differences in Xaa-Pro peptide bond isomerisations needs to be applied
(Huyghues-Despointes et al. 1999).

Native state hydrogen exchange experiments performed under EX2 conditions in the
presence of small amounts of denaturant allow the identification of clusters of residues that
reach their respective exchange-competent state by a concerted sub-global or global protein
unfolding process (Bai et al. 1995; Chamberlain et al. 1996). In this approach, the free energy
for a (sub)global opening process is considered to depend linearly on the denaturant
concentration:

AG,,(D) = AG,,(0) —m[ D] (6)

with AG,,(0) the local stability of an amide proton in the absence of denaturant and with [D]
the concentration of denaturant. The m-value in equation 6 correlates to the amount of protein
surface that becomes accessible to the denaturant in the respective opening process (Myers et
al. 1995).

Three types of residues can be identified based on their AG,,(0) and m-value. Amide
protons of residues of type 1 are located in the stable core of a protein and exchange only
from the globally unfolded state. These residues have AG,,(0)-values that match the global
protein stability against unfolding, and the corresponding m-values match the m-vaue
associated with global protein unfolding. Under EX1 conditions, all residues of type 1 will
have the same rate constant for amide proton exchange, which equals the global unfolding
(i.e. native to globally unfolded) rate constant of the protein.

The second type of residues are protected against exchange in the native state and
become water-exposed in a partially unfolded form (PUF) of the protein. The amide proton
exchange behaviour of these residues is dominated by a common opening process that |eads
to exchange. As a consequence, under EX2 conditions amide protons of residues of type 2
that exchange from the same PUF all have the same free energy for opening AG,,(0), which
equals the free energy for subglobal unfolding of native protein to the specific PUF, AG,.
pur(0). AGy.pue(0) is smaller than the AG associated with global protein unfolding. The
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corresponding m-values (equation 6) are smaller than the m-value associated with global
protein unfolding since a smaller amount of protein surface becomes accessible to denaturant
in the PUF compared to the globally unfolded state. Under EX1 conditions, type 2 residues
that exchange from the same PUF all have the same amide proton exchange rate constants,
which equal the subglobal opening rate constant, i.e. the rate constant for conversion from the
native state to the PUF. In case more than one PUF exists for a specific protein, each PUF
will be characterised by its own AG, ,-(0), m-value and opening rate constant (Bai et al.
1995). Under EX2 conditions, type 2 residues thus can be assigned to become solvent
exposed in a specific PUF according to the similarity in AG,,(0) and m-values. They can also
be assigned to a specific PUF according to the similarities of their exchange rates (i.e.
opening rates) under EX1 conditions (Sivaraman et al. 2001).

The backbone amide protons of the third type of residues exchange through local
fluctuations of the protein structure. They all have differing AG,,(0) values that are lower
than the AG associated with global protein unfolding, and the corresponding m-values
(equation 6) are equal to or close to zero, because only a small amount of protein surface
becomes accessible to denaturant in such a local opening process. Under EX1 conditions,
residues of type 3 have different amide proton exchange rate constants, because the
corresponding rate constants for local opening of the protein structure differ. Above a
specific denaturant concentration, subglobal or global protein unfolding will occur more
often than local opening of the protein structure. Thisis because local opening processes are
insensitive to denaturant concentration whereas (sub)global protein unfolding processes are
promoted by denaturant. The (sub)global unfolding process will then start to dominate the
amide proton exchange behaviour of the residue involved. As a consequence, the denaturant
concentration dependent AG,, isotherm of a type 3 residue will curve from virtually
horizontal (m ~ 0) at low concentration denaturant towards the isotherm that characterises the
corresponding (sub)global protein unfolding event. The amide proton exchange behaviour of
these type 3 residues is analysed according to a two-process model (Woodward and Hilton
1980; Woodward et al. 1982) in which exchange either occurs from a locally opened
structure or from a (sub)globally unfolded structure, according to equation 7:

+Kg|0b); K, = [open] . K _ [unfolded]

AG. =—RTIn(K = , =
op ( * [closed]” 9 [closed]

(7)

loc

In equation 7 [open] is the fraction of molecules that are in the locally opened, exchange
competent state at the site of the residue of interest, [closed] is the fraction of molecules that
arein the closed, exchange incompetent conformation at the site of interest, and [unfolded] is
the fraction of moleculesthat are in the (sub)globally unfolded form, respectively.

As discussed, native state H/D exchange allows the characterisation of partially
unfolded forms of a protein (Bai et al. 1995). These PUFs are generally interpreted to be
high-energy folding intermediates that are often undetectable by other techniques, e.g.
because they occur kinetically after the highest energy transition state for folding and do not
populate at equilibrium (Chu et al. 2002; Englander et al. 2002). PUFs are believed to fold
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one after the other in a strictly hierarchical order determined by the free energies of the PUFs,
where the folding of one PUF facilitates the formation of the next (Chu et a. 2002; Englander
et al. 2002). However, little evidence exists that links PUFs to equilibrium or kinetic folding
intermediates.

The combination of native state H/D exchange under both EX1 and EX2 conditions
provides unique information about the residues involved in specific co-operative (un)folding
processes (Arrington and Robertson 2000; Canet et al. 2002; Hoang et al. 2002). Since amide
proton exchange is base-catalysed above pD 4, the intrinsic exchange rate constant ki,
increases tenfold by every increase of the pD by 1 unit above pD 4. As a consequence, the
mechanism for amide proton exchange for a specific protein can be altered from EX2 to EX1
by increasing the pD sufficiently. Once residues have been identified to exchange via a
specific (sub)global unfolding process under EX2 conditions in absence of denaturant, the
exchange rate constant of these residues under EX 1 conditions informs about the kinetic role
of a specific PUF. Under these circumstances, the rate constant of conversion of the native
state to the PUF can be determined (Y an et al. 2002). Comparison of the latter rate constants
with the more conventionally determined kinetic folding data of a protein can give clues
about the position of a PUF in the kinetic protein folding scheme.

Here, native state H/D exchange measurements are used to characterise at the residue
level the (sub)global (un)folding events occurring during the (un)folding of Azotobacter
vinelandii apoflavodoxin. Flavodoxins are small monomeric proteins involved in electron
transport. They adopt an a- parallel topology, and contain a non-covaently bound FMN
cofactor (Mayhew and Tollin 1992). Apoflavodoxin from Azotobacter vinelandii (i.e.
flavodoxin in the absence of the FMN cofactor) is structurally identical to flavodoxin except
for some dynamic disorder in the flavin-binding region (Steensma et al. 1998; Steensma and
van Mierlo 1998). The protein remains folded up to a concentration of 0.9 M GuDCI (van
Mierlo et a. 1998; Chapter 2 of this thesis) and up to this denaturant concentration native-
state H/D exchange measurements are feasible.

A. vinelandii apoflavodoxin populates a relatively stable folding intermediate in
equilibrium unfolding studies (van Mierlo et al. 1998; van Mierlo et al. 2000). The changein
denaturant accessibility upon unfolding of the equilibrium folding intermediate (1,) is 29 % of
that of native apoflavodoxin and |, is off-pathway: it needs to unfold to enable the production
of native apoflavodoxin (Chapter 2 of this thesis). In addition to this intermediate, another
folding intermediate (1,) is detected in kinetic apoflavodoxin (un)folding. 1, is on the direct
route between unfolded and native apoflavodoxin and is high-energetic (Chapter 2 of this
thesis); it does not significantly populate in both kinetic and equilibrium (un)folding
experiments. |, has approximately 80-90 % of the compactness of native apoflavodoxin and
all apoflavodoxin molecules pass through this intermediate before reaching the native state
(Chapter 2 of this thesis). The experimental data obtained on apoflavodoxin folding are
consistent with the linear four state folding scheme presented in equation 8. The rate
constants shown in equation 8 are the values extrapolated to 0 M GuHClI, in units of s™.
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The rate constants for departure from |, either to N or to U, are not absolute. The
kinetic data obtained only allow the determination of their ratio. Since |, is shown to never
populate significantly, k,_, must be large and is fixed to 10° s* (Chapter 2 of this thesis).

Native state H/D exchange data of A. vinelandii apoflavodoxin at various GuDCI
concentrations are reported here. The data allow the determination of several clusters of
amino acids the amide protons of which exchange via separate co-operative (sub)global
unfolding events. Partially unfolded forms of apoflavodoxin are thus identified. The rate
constants for opening and closing of these partially unfolded forms of apoflavodoxin could be
determined via the measurement of the exchange rate constants of the amide protons of
characteristic residues of these PUFs at high pD values. This informs about the position of
these partially unfolded forms of apoflavodoxin within the kinetic scheme for apoflavodoxin
folding.

M aterials and methods

Materials

Guanidinium chloride (ultrapure) and potassium pyrophosphate were from Sigma
(Bornem, Belgium). N Ammonium chloride was purchased from Campro Scientific,
Veenendaal, The Netherlands. Uniformly deuterated guanidinium chloride (GuDCI) was
obtained by a series of lyophilisation steps from D,O (Cambridge Isotope Laboratories,
Andover, UK).

Protein purification

Uniformly N-labelled recombinant C69A A. vinelandii flavodoxin was obtained as
described previously (Steensma et al. 1998; van Mierlo et al. 1998). Monomeric
apoflavodoxin was subsequently prepared by a trichloroacetic acid preparation (Edmondson
and Tollin 1971; van Mierlo et al. 1998) followed by size exclusion chromatography
(Chapter 2 of thisthesis).

pD dependent H/D exchange

H/D Exchange experiments were started by dissolving lyophilised samples of
uniformly **N-labelled apoflavodoxin to a final protein concentration of + 1 mM in D,O,
which contains 100 mM potassium pyrophosphate at various pD values and 100 uM DSS.
The samples were immediately transferred into the NMR machine, and a series of 'H-"N
HSQC spectra were recorded at 25 °C. A similarly prepared sample without containing
protein was used to shim the magnetic field, tune the probe, and to determine the length of
the 90° proton pulse prior to the start of the H/D exchange experiment. The dead-time of the
exchange experiment, i.e. the difference in time between the mixing of D,O with lyophilised
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protein and the recording of the first HSQC spectrum, was approximately 5 minutes. The pD
of the sample was measured using a glass electrode after the exchange experiment was
completed. Experiments were done at pD values of 6.28, 6.80, and 8.23 (uncorrected pH-
meter readings).

Native state H/D exchange

In case of the native state H/D exchange experiments, lyophilised samples of
uniformly **N-labelled apoflavodoxin were dissolved to a final protein concentration of + 1
mM in D,0O, which contains 100 mM potassium pyrophosphate and 100 uM DSS and GuDCI
in the concentration range of 0 to 750 mM. Potassium chloride was added in various amounts
to obtain a salt concentration (i.e. GuDCI + KCI) of 750 mM in all the NMR samples. The
pD of the samples was measured after exchange was complete, and varied between 5.7 and
5.9 (uncorrected pH meter readings). The further approach followed to measure H/D
exchange was identical to the one described for the pD dependent H/D exchange
experiments. Again, the dead-time of this exchange experiment was approximately 5
minutes.

NMR spectroscopy and data analysis

Gradient-enhanced 'H->N HSQC spectra (Paimer |11 et al. 1991; Kay et al. 1992)
were recorded at 25 °C on a Bruker AM X500 spectrometer operating at a proton frequency of
500.13 MHz as described previously (van Mierlo et al. 2000). In all exchange experiments,
first 9 HSQC spectra were recorded with 1024 complex data points in the direct *H
dimension and 96 complex data points in the indirect **N dimension with two scans per
increment. Each HSQC spectrum took 8 minutes and 40 seconds to acquire. As a result, a
reasonably high sampling rate constant in the beginning of the exchange experiment could be
obtained. Subsequently, a series of spectra with identical settings but with an increased
number of complex data points (i.e. 256) in the indirect dimension was recorded. Each HSQC
spectrum now lasted 22 minutes and 46 seconds before completion and has a higher spectral
resolution then the former HSQC spectra.

The NMR data were processed on a Silicon Graphics Octane workstation using the
program Felix 2D (MSI, San Diego, CA, USA). In the direct 'H dimension, data were
multiplied by a Gaussian function and zerofilled to 2048 points prior to Fourier transform. In
the indirect *N dimension data were zerofilled once (to 192 points if 96 complex points were
recorded, or to 512 points in case 256 complex points were recorded) and multiplied by a
squared cosine bell prior to Fourier transform. Spectra were referenced to internal DSS. Peak
heights were automatically determined using the macros and scripts provided by A. G.
Palmer I11 (Palmer I11), and a single exponential function was fitted to the data using the
program CurveFit (Palmer I11) to obtain the exchange rate constants k.,. Assignments of the
NMR crosspeaks were adapted from (Steensma and van Mierlo 1998) by either a pD titration
or aKCl titration to the conditions used in the present study.

71



Chapter 4

Results and Discussion

Identification of five co-operatively (un)folding clusters within A. vinelandii
apoflavodoxin

The local free energy values for opening, AG,,, of A. vinelandii apoflavodoxin at
different GuDCI concentrations are listed in Table 1 for those residues the amide protons of
which exchange sufficiently slowly to allow for an accurate determination of AG,, at more
than one GuDCI concentration. Residues that display a linear non-zero dependence of AG,,
on GuDCI concentration over the complete concentration range used (i.e. 0 - 0.75 M) are
highlighted in Table 1. A linear function (equation 6) is fitted to this dependence, and the
corresponding slopes (m-values) are plotted against AG,, at zero molar GUDCI (AG,,(0)) in
Figure 1. Residues are grouped based on similar AG,,(0)- and m-values. Four clusters are
identified within apoflavodoxin, each with specific AG,,(0)- and m-values, indicating that a
specific (sub)global unfolding process leads to amide proton exchange for all residues within
one cluster. Thisisin contrast with the observation made by Marqusee and co-workers for

-2.0 ; , .

I &iem 1

-6.0f -

m (kcal/molM-1)

1 | 1 | 1
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AGop(O) (kcal/mol)

Figure 1. Free energy difference for local opening of native A. vinelandii apoflavodoxin at the residue-level at O
M GuDClI (i.e. AG,,(0)) versus the corresponding dependence of AG,, on concentration denaturant (i.e. the m-
value), determined from native state H/D exchange experiments. Equation 6 is fitted to the denaturant-dependent
AG,, data of residues for which this dependence is fully linear in the denaturant-range studied (i.e. 0 - 0.75 M
GuDCl). The resulting AG,,(0)- and corresponding m-values are shown together with their standard fitting
errors. The amino acid residues group in four clusters: Cluster 1 (yellow, Va 141), Cluster 2 (green, residues
Phel46, Val147, Gly148, Leul49, Alal50), Cluster 3 (blue, residues Ala4, Leu5, Phe6, 11e21, Lys22), Cluster 4
(red, residues 11e51, Leu52, Gly53, Val9l, Ala92, Leu93, Phe94, Trpl67, Leul68, Alal69, GInl70, llel71,
Alal72). The data are obtained at 25 °C in 100 mM potassium pyrophosphate. The pD of the samples varied
between 5.7 and 5.9.
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Table 1. Calculated free energy difference (AG,,) for local opening of A. vinelandii
apoflavodoxin at the residue-level as a function of GuDCI concentration, and rates for
local opening (k,,) and closing (k) of apoflavodoxin in the absence of denaturant. ®

residueciuster AG,(0) AG,(0.15) AG,(0.30) AG,(0.45)  AG,,(0.60) AG,(0.75)

3 3 6.33 5.90 5.62 5.08 4.76 3.76
4 3 8.66 7.81 6.95 5.86 531 441
5 3 8.18 7.25 6.64 5.59 4.87 3.86
6 3 7.90 71.22 6.55 5.33 4.72 3.84
8 3 5.87 584 5.90 S5.77 5.10 4.15
17 3 5.22 5.06 4.93 4.45 4.12 3.49
18 3 6.76 6.50 6.27 511 4.68 3.87
19 3 6.90 7.02 6.27 5.35 4.64 3.89
21 3 7.12 6.91 5.92 4.85 4.28 341
22 3 7.49 6.93 6.12 521 4.47 3.60
24 3 4.66 4.43 4.54 4.21 4.13 3.79
30 3 5.47 5.27 5.60 4.88 4.60 4.22
46 4 3.99 4.33 3.98 3.65 3.68 3.45
47 4 5.20 4.96 5.06 4.83 4.93 4.63
49 4 6.90 6.63 6.59 6.27 6.07 5.39
50 4 8.74 8.55 7.39 6.91 6.41 531
51 4 8.27 7.69 7.21 6.20 5.98 5.00
52 4 8.25 7.65 7.60 6.34 5.93 4.99
53 4 8.84 841 7.49 5.69 521
81 4 7.32 6.82 6.54 5.89 5.60 4.63
82 3 4.89 4.70 4.62 4.27 4.05 3.52
84 3 5.33 5.00 5.01 491 4.80 4.20
87 4 4.73 4.58 4.49 4.46 4.30 4.17
89 4 1.47 7.06 6.73 5.97 5.61 4.75
91 4 8.52 7.61 7.35 6.05 5.93 4.89
92 4 8.93 8.03 7.70 6.56 6.21 5.27
93 4 8.65 7.93 7.50 6.35 6.07 4.96
94 4 8.57 7.88 7.73 6.42 6.13 524
95 4 7.98 7.46 7.18 6.20 5.87 5.04
110 5 5.69 5.60 541 5.29 5.15 4.86
111 5 7.50 7.14 6.84 6.36 6.17 5.54
114 5 8.90 8.66 8.57 7.75 6.86 6.17
115 5 7.59 7.34 7.34 6.73 6.61 5.95
116 5 7.78 7.63 7.66 7.19 7.02 6.16
117 5 9.28 8.85 8.32 7.58 6.96 5.83
119 4 4.80 4.09 3.67 3.73 3.77
120 4 6.96 6.71 6.53 6.05 5.89 4.95
123 4 7.24 6.88 6.65 6.20 5.89 5.05
125 4 7.05 6.68 6.69 581 5.50 4.62
128 3 5.73 5.40 513 4.74 4.38 3.47
140 1 4.65 4.36 4.16 3.62 3.54 3.18
141 1 4.90 4.45 4.22 3.84 3.50 3.13
142 1 4.35 3.98 3.92 3.49 3.24 2.93
145 2 4.59 4.42 4.32 4.07 3.84 3.69
146 2 5.98 548 5.09 4.58 4.37 3.75
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Table 1 continued
residuecluster AG,,(0) AG,,(0.15) AG,(0.30) AG,,(0.45)  AG,,(0.60) AG,,(0.75)

147 2 5.66 5.44 4.78 4.49 4.09 3.52
148 2 6.34 5.89 5.49 5.01 4.72 4.13
149 2 6.18 5.89 5.55 4.92 4.14 3.86
150 2 6.09 5.73 5.25 4.64 4.25 3.80
151 2 5.75 542 5.10 4.40 412 3.71
163 4 5.10 5.01 4.74 4.52 4.30

164 4 6.93 6.37 5.96 5.46 5.17 4.40
166 4 6.67 6.31 6.13 5.72 5.39 4.78
167 4 8.42 7.48 7.32 6.32 5.98 4.98
168 4 9.04 8.02 6.96 6.36 6.17 5.07
169 4 8.89 8.28 8.11 6.79 6.46 543
170 4 8.47 7.92 7.64 6.55 6.22 5.32
171 4 8.65 7.93 7.98 6.41 6.01 5.05
172 4 8.24 7.71 1.57 6.50 6.11 5.23
175 4 6.56 6.13 5.90 5.25 4.85 4.23

2 Free energy values are in kcal/mol. Experiments were done at 25 °C in 100 mM potassium pyrophosphate, at
the specific GUHCI concentrations indicated, i.e. AG,,(0.15) is determined in a native-state H/D exchange
experiment at 0.15 M GUuHCI, etceteras. The pD of the different samples varied between 5.7 and 5.9.

Residues are grouped into clusters that exchange via the same subglobal unfolding event at 0.75 M GuHCI. The
residues for which the subglobal unfolding reaction is the dominant mechanism for exchange of their amide
proton down to 0 M GuHCI are indicated in bold. In case of the other residues, a local opening reaction
determines the amide proton exchange rate at low GUHCI concentration (Ssee main text).

Escherichia coli Ribonuclease HI, where m-values plotted against AG,,(0)-values do not
cluster, but spread rather broadly. The latter is interpreted to be an indication for the
involvement of a continuum of states instead of a limited number of states in the folding of
Ribonuclease HI (Parker and Marqusee 1999).

The backbone amide protons of the residues not shown in Figure 1 mostly display
small m-values at low GuDCI concentration. At higher GuDCI concentrations (up to 0.75 M
GuDCl) the denaturant-dependence of their AG,-values curves towards the isotherm
corresponding to one of the four clusters identified in Figure 1. Consequently, at low GuDCl
concentration a local opening process is the dominant mechanism for exchange of these
residues. The amide proton exchange data of these residues have been analysed according to
a two-process model with equation 7 and the results are listed in Table 1. These residues are
assigned to belong to one of the specific subglobally unfolding clusters identified when
equation 7 can be fitted to their curving AG,, data with K, fixed based on the values for
AG,, and m of that specific cluster. Most of these locally unfolding residues display an m-
value that deviates significantly from zero, and no correlation with the value of the local
AG,,(0) is observed. This indicates that the corresponding local opening events involve
several residues but have a low co-operativity. All these residues are positioned at the
periphery of elements of secondary structure. In contrast, the residues shown in Figure 1 that
exchange only via (sub)global unfolding events are in the centre of elements of secondary
structure of apoflavodoxin.
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In Figure 2, the differences observed in AG,;-dependence on denaturant concentration
are shown for two typical residues per individual co-operatively unfolding cluster identified
within apoflavodoxin. Cluster 1 within apoflavodoxin, which is coloured yellow in Figure 2
(characterised by AG,,(0) = 4.87 + 0.03 kcal/mol, and m = -2.3 + 0.1 kcal/mol M) has only
one residue, Val141, the AG,, of which depends linearly on the GuDCI concentration up to
0.75 M. Its neighbour, Alal40, has a somewhat lower AG,, at zero molar GuDCI, and its
isotherm curves smoothly towards the isotherm corresponding to Val141. Also Vall142 is a
member of the same cluster. Cluster 1 is shown in yellow in the tertiary structure of
apoflavodoxin (Figure 3). The three residues discussed form one of the two strands of a small
beta structure in an inserted loop typical for longchain flavodoxins that connects beta strand
5A and 5B.

Cluster 2 within apoflavodoxin consists of the other strand of the small beta structure
in the loop characteristic for longchain flavodoxins together with beta strand 5B (coloured
greenin Figures 1 to 3, AG,,(0) = 6.14 + 0.05 kcal/mol, m = -3.1 + 0.1 kcal/mol M™).

Cluster 3 within apoflavodoxin (coloured blue in Figures 1 to 3, AG,,(0) = 7.95 + 0.09
kcal/mol, m=-5.7 + 0.2 kcal/mol M™) involves mainly alarge part of the first 24 N-terminal
residues of apoflavodoxin. Interestingly, at least two residues (i.e. Trpl128 and Glu82) that are
far from the N terminus both sequentially and spatially (Figure 3), show a curvature of their
AG,, isotherm towards the linear one characterising the co-operative unfolding of Cluster 3
(Figure 4). The isotherm corresponding to Leu84 displays a similar curvature, and although
the isotherm ends at a somewhat higher AG,, value at 0.75 M GuDCI than the average for this
cluster, Leu84 most likely belongs to Cluster 3 (Figure 4). This suggests that the subglobal
unfolding of the N-terminal part of apoflavodoxin also affects other distant parts of the
protein structure. Of the residues belonging to Cluster 3, Gly4 has a significantly higher
AG,,(0) (Figure 1). Since the corresponding m-value is identical within error to the average
m-value of residues belonging to Cluster 3, Gly4 is considered to be a member of this cluster
aswell. Gly4 seems to have residual protection against exchange in the exchange-competent
state of Cluster 3; its AG,,(0) and m-value are not used for the determination of the average
AG,,(0) and m-value of Cluster 3.

Cluster 4 within apoflavodoxin (AG,,(0) = 8.67 + 0.05 kcal/mol, m = -4.6 + 0.1
kcal/mol M) comprises the largest number of residues of the protein, which are positioned in
most of the remaining secondary structural elements (coloured red in Figure 3).
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[GuDCI] (M)

Figure 2. Typical examples of the GuDCI dependence of
AG,, of the backbone amide protons of residues
belonging to each of the four clusters identified by native
state H/D exchange within A. vinelandii apoflavodoxin.
The colour-coding is as in Figure 1. Each solid line
shows the characteristic linear isotherm of a specific
cluster shown in Figure 1, which is defined by the
average AG,,(0) and m-value of that specific cluster.
Data of residues for which the denaturant-dependence of
AG,, is linear in the native-state region (i.e. 0 - 0.75 M
GuDCl) are depicted by filled circles. Instead, data of
residues for which AG,, joins the latter isotherm at
denaturant concentrations larger than O M are depicted
by open circles and the corresponding isotherm, resulting
of afit of atwo-process model (equation 7) to the data, is
dashed. Cluster 1 (yellow) is represented by Val141(@®)
and Alal40 (O), Cluster 2 (green) by Alal50 (@) and
Lysl145 (O), Cluster 3 (blue) by Phet (@) and Val17 (O),
and Cluster 4 (red) by Leu93 (@) and Phe49 (O). The
data are obtained at 25 °C in 100 mM potassium
pyrophosphate. The pD of the samples varied between
5.7 and 5.9.
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Glu82, Leu84

Figure 3. Molscript (Kraulis 1991) cartoon drawing
of the X-ray structure of A. chroococcum flavodoxin
(Thorneley et a. 1994), the sequence of which is 95
% identical to A. vinelandii flavodoxin. The
secondary structure depicted is as determined for A.
vinelandii apoflavodoxin by NMR spectroscopy
(Steensma and van Mierlo 1998). The clusters of co-
operatively unfolding residues within A. vinelandii
apoflavodoxin as determined by native state H/D
exchange are coloured yellow (Cluster 1), green
(Cluster 2), blue (Cluster 3), red (Cluster 4), and
purple (Cluster 5), respectively. The B-sheets are
numbered based on the primary sequence of the
protein.
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Figure 4. The dependence of AG,, of the backbone
amides of Glu82 (@), Leu84 (O), and Trp128 (A) of A.
vinelandii apoflavodoxin on the GuDCI concentration.
The linear isotherms describing the co-operative
unfolding of Clusters 1 to 4 are shown in the same
colours as used in Figures 1 to 3. The dashed lines are
best fits of a two-process model (equation 7) to the
Glu82 and the Trpl128 data joining the isotherm of
Cluster 3. The data are obtained at 25 °C in 100 mM

Partially unfolded forms of apoflavodoxin

[GuDd] M)

Figure 5. GuDCl-dependence of the AG,, of the
backbone amide protons of amino acid residues that are
not categorised to belong to the four in Figure 1
identified co-operatively unfolding clusters of residues
within A. vinelandii apoflavodoxin (Gly111l: grey,
Tyrl14: orange, Serll5: red, Phell6: green, Phell7:
blue). The isotherm describing the global unfolding of
apoflavodoxin as determined via denaturant-induced
equilibrium unfolding measurements, which is

corrected for Xaa-Pro peptide bond isomerisations, is
shown in black (see main text). The best fit of a two-
process model (equation 7) to the denaturant-
dependence of the AG,, data of the individual residues
are shown as coloured lines. The two-process model
assumes that at high concentrations denaturant the
corresponding isotherms join the global unfolding
isotherm in black. For comparison, the linear AG,,
isotherms corresponding to the four identified co-
operative unfolding clusters within flavodoxin are
shown by dashed lines. Note that the AG,,-values of
Gly111, Tyrl14, Ser115, Phell6 and Phell7 are larger
than the AG,,-values of the latter isotherms at various
GuDCI concentrations. The data are obtained at 25 °C
in 100 mM potassium pyrophosphate. The pD of the
samples varied between 5.7 and 5.9.

potassium pyrophosphate. The pD of the samples
varied between 5.7 and 5.9.

Interestingly, the remaining, non-categorised residues of apoflavodoxin have curved
AG,, isotherms that display AG,, values that are above the isotherms of the four identified
clusters at various GUDCI concentrations (Figure 5). These residues all reside in alpha helix 4
of apoflavodoxin (Figure 3) and the corresponding isotherms curve towards a common
isotherm at high concentrations denaturant (shown in black in Figure 5). This common
isotherm shows the denaturant-dependence of the free energy difference for global unfolding
of apoflavodoxin (AG,,,) as determined from equilibrium (un)folding experiments. AG,, is
corrected for Xaa-Pro peptide bond isomerisations that occur in equilibrium unfolded
apoflavodoxin, but do not occur during the short time the unfolded state is visited in the
native state H/D exchange experiment. The global stability of apoflavodoxin (AG,,) as
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derived from the global analysis of denaturant-induced equilibrium unfolding curves obtained
by using various spectroscopic probes is 10.45 + 0.52 kcal/mol, with my, = -6.23 + 0.23
kcal/mol M™ (Chapter 2 of this thesis). To correct for Xaa-Pro peptide bond isomerisation
events in equilibrium unfolded apoflavodoxin, 0.42 kcal/mol needs to be added to AG,
(Reimer et al. 1998). Clearly, the amide protons of the discussed residues of alpha helix 4 of
apoflavodoxin exchange via global unfolding of apoflavodoxin at high GuDCI
concentrations. Together they form Cluster 5 within apoflavodoxin (with AG,,(0) = AGy, +
0.42 kcal/mol = 10.87 + 0.52 kcal/mol, m=-6.23 + 0.23 kcal/mol M™).

At low GuDCI concentrations (< 0.75 M), local opening processes dominate the
amide proton exchange process for residues belonging to Cluster 5 within apoflavodoxin. As
a consequence, in contrary to what is observed for many other proteins (Huyghues-
Despointes et al. 1999), the AG,,(0) values of the most stable residues of A. vinelandii
apoflavodoxin are not identical to the global stability (AG,,,) of the protein. In the absence of
denaturant, none of the identified clusters within A. vinelandii apoflavodoxin exchange their
amide protons from the globally unfolded state of the protein.

Partially unfolded forms of A. vinelandii apoflavodoxin

Native state H/D exchange data allow the identification of five clusters of residues
within apoflavodoxin. Residues in a particular cluster share a common co-operative
subglobal unfolding process that brings these residues into a structure in which they are water
accessible. The latter structures are thus partialy unfolded forms (PUFs) of a protein (Bai et
al. 1995). It is believed that PUFs are snapshots of the direct (un)folding route of proteins
(Englander et al. 2002). The order in which PUFs appear on this route is determined by their
stability difference with respect to the native state. The PUF with the lowest stability
difference with respect to the native state is formed first starting from the native state. The
PUF with the second lowest stability difference with respect to the native state is
subsequently formed from the first PUF, etceteras. This order is thought to be caused by the
co-operative nature of protein folding (Englander et al. 2002). Assuming such sequential
unfolding to occur for native apoflavodoxin, structures of the partially unfolded forms of
apoflavodoxin have been created (Figure 6). Starting from native apoflavodoxin, in PUF1
residues of Cluster 1 are unfolded, subsequently PUF2 isformed in which residues of Cluster
2 are unfolded in addition to those of Cluster 1, and so on.

Arethepartially unfolded forms of A. vinelandii apoflavodoxin partially misfolded?

An important assumption underlying the idea that PUFs represent a sequential order
in the (un)folding of a protein is that the parts of the PUFs that are folded are al native-like.
However, some observations on apoflavodoxin argue against this assumption. The first
observation is that in PUF1 one of the two strands of alittle B-sheet is unfolded, whereas the
other strand remains folded (Figures 3 and 6). It is unlikely however, that residues in the
remaining folded strand are observed to be shielded from water without non-native
interactions with other folded parts of the protein being involved. The second observation is
that in PUF2 the long loop typical for long-chain flavodoxins and 3-strand 5B are unfolded,
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whereas the backbone amide of a single residue in this part of the protein (i.e. Trp128)
remains protected against exchange (Figures 3 and 6). Most likely, Trp128 has non-native
interactions with the part of the protein that remains folded in PUF2. The third observation is
that in PUF3 B-strand 2, which is at the periphery of apoflavodoxin, should be natively folded
according to the Englander model, whereas its neighbour -strand 1, which belongs to the
core of apoflavodoxin, is unfolded (Figures 3 and 6). It seems unlikely however, for B-strand
2 to bein a native conformation in PUF3 while B-strand 1 is unstructured (Figure 6).

In conclusion, although PUFs are useful to illustrate which structural elements of a
protein unfold co-operatively, some care is required in the interpretation of their exact
conformation, as non-native interactions apparently play arolein stabilising PUFs.

Comparison of the solvent- and denaturant-accessibilities of the PUFs of A. vinelandii
apoflavodoxin

The number of residues the amide protons of which exchange from a PUF informs
directly about the PUF's overall water accessibility. All residues with a AG,, that is larger
than the free energy difference between native apoflavodoxin and a specific PUF, i.e. AG,,
pur, a@re protected against amide proton exchange in this specific PUF and are thus
inaccessible to water. Residues with AG,, values that equal AG, - are water accessible in
this specific PUF as their amide proton exchange behaviour defines this specific PUF. Are
residues that have AG,, values that are lower than a specific AG, - water accessible in that
specific PUF? This question can not be resolved, since the amide protons of the
corresponding residues can exchange vialocal opening processes in native apoflavodoxin or
from PUFs that populate more often than the specific PUF involved. For example, residues of
Cluster 2 may be folded in PUF4 but remain undetected to be so by H/D exchange. The
contribution of H/D exchange from PUF4 to the overall exchange rate of these amide protons
is negligible compared to the much more rapid H/D exchange of these amide protons from
PUF2, provided the difference in free energy between PUF2 and PUF4 is sufficiently large.

The m-value of a PUF informs about the PUF' s denaturant accessibility (Myers et al.
1995). It represents the dependence of the free energy difference between the PUF and the
native state (i.e. AG,p,) ONn the denaturant concentration. The denaturant accessibility of a
PUF is expressed in the o factor, which is the normalised m-value of a certain PUF, i.e. (my,-
Meye)/Myy, With my, being the m-value associated with global unfolding of apoflavodoxin
(Chapter 2 of thisthesis). In case a. = 0, the corresponding PUF is as denaturant accessible as
fully unfolded apoflavodoxin, and in case oo = 1 it is as denaturant accessible as native
apoflavodoxin. The m-values of the five co-operatively unfolding clusters of apoflavodoxin
are extracted from the denaturant-dependence of AG,, as measured in the native-state H/D
exchange experiments (Figures 2, 4 and 5) and subsequently the corresponding a-factors are
calculated. The a-value of each PUF of apoflavodoxin is shown in Figure 6. The comparison
of the conformations of the PUFs in Figure 6 with the corresponding o.-values shows a
striking difference between the water accessibility of the PUFs (i.e. the less structured the
more water accessible) and their denaturant accessibility. Whereas PUF1, PUF2, and PUF3
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seem to be more accessible to denaturant than to water, PUF4 appears to be more accessible
to water than to denaturant.

PUF1 has an o of 0.63, which appears to be too small as only one of the two strands
of the small beta structure in the loop connecting B-strands 5A and 5B in native
apoflavodoxin is detected to be unfolded and D,O accessible in this PUF. PUF2 has a lower
o-value than PUF1 (i.e. o = 0.50 compared to o = 0.63). Thisis to be expected as PUF2 is
less folded than PUF1 (Figure 6). However, the a-value associated with PUF2 is relatively
small regarding that more than 80 % of the observed amide protons are shielded from water
in PUF2. Remarkably, PUF3 has an a-value of only 0.09 (Figure 6). It suggests that 91 % of
PUF3 of apoflavodoxin is as accessible for denaturant as the globally unfolded state of
apoflavodoxin is. However, this contradicts with 3 out of 5 B-strands and 4 out of 5 a-helices
of native apoflavodoxin having residues that are protected against amide proton exchange

Native (0=1) PUF1 (o= 0.63) PUF2 (0:=0.50)

A

PUF3 (:=0.09) PUF4 (0=0.27) Unfolded (o=0)

Figure 6. Partially unfolded forms (PUFs) of A. vinelandii apoflavodoxin created on basis of the native state
H/D exchange data of the protein. The Molscript (Kraulis 1991) cartoon drawings of the PUFs of A. vinelandii
apoflavodoxin are presented in increasing order of stability difference with respect to native apoflavodoxin (i.e.
PUF1 to PUF4). Going from native apoflavodoxin to its unfolded state, clusters of residues are supposed to co-
operatively unfold one by one in the order of this increasing stahility difference. Elements of secondary structure
that are structured in a specific PUF are drawn in a cartoon fashion, whereas elements of secondary structure that
are unfolded and water accessible in a specific PUF are drawn as grey coils. Secondary structure elements are
assumed to unfold co-operatively unless data opposing this exist. Residues protected against amide proton
exchange in a specific PUF are coloured yellow (Cluster 1), green (Cluster 2), blue (Cluster 3), red (Cluster 4),
and purple (Cluster 5). The a-values (i.e. the normalised denaturant accessibility of a protein structure; o=1
means native-like accessibility; a=0 means as accessible as the unfolded state) of the individual PUFs are given
in brackets (see main text).
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with D,O in PUF3. At least 32 residues in total, i.e. 18 % of the sequence of apoflavodoxin,
are protected against amide proton exchange in PUF3.

Apparently, PUF1, PUF2, and PUF3 are more accessible to denaturant than to water.
One possible explanation for this is that loop regions in native apoflavodoxin are water-
accessible but not denaturant-accessible. Most loops in apoflavodoxin have low local
stabilities and high associated amide proton exchange rate constants and thus are not
observed in the native state H/D exchange experiments. These loop regions may participate
in the same subglobal unfolding step that characterises a specific PUF and become
denaturant-accessible in this specific PUF. This could cause the low o-values detected.
Another explanation for the apparent discrepancy between o-values and conformations of
PUF1, PUF2 and PUF3 may be the conformational disruption of stable parts of
apoflavodoxin in the subglobal unfolding step leading to one of these PUFs, which makes
these parts denaturant accessible in the respective PUFs. These apoflavodoxin parts,
however, need to remain protected against amide proton exchange in the respective PUF (as
they are not detected to belong to the unfolded, exchange competent part of the specific PUF)
until amore drastic disruption of the partially unfolded apoflavodoxin molecule occurs.

PUF4 is associated with an a-value of 0.27, which is somewhat high regarding that
only six residues of a single a-helix are detected to be protected against amide proton
exchange in PUF4. While the other three PUFs appear to be more accessible to denaturant
than to water, PUF4 displays the opposite behaviour. Perhaps additional residues compared
to the ones shown in Figure 6 are also protected against amide proton exchange in PUF4.
These additional residues may remain undetected in PUF4 because the amide protons of these
residues exchange more rapidly than amide protons belonging to Cluster 4. This can be
caused by exchange taking place from another PUF with a lower AG, - than the one that
characterises PUF4. Another source for the AG,-values for these additional residues being
lower than AG, 4, Can be H/D exchange from locally open states of native apoflavodoxin.

Why is the stable folding intermediate of A. vinelandii apoflavodoxin not observed by
native state H/D exchange?

The off-pathway folding intermediate |, (equation 8) populates heavily during
apoflavodoxin kinetic refolding, and also populates in apoflavodoxin equilibrium unfolding
studies (Chapter 2 of this thesis). Next to native apoflavodoxin, |, is the most populated
species up to 1.50 M GuDCI. Remarkably, none of the four apoflavodoxin PUFs identified
has a stability and m-value that matchesthose of I, (i.e. AG,, =6.70+ 0.17 kcal/mol; my, =

-4.40 + 0.11 kcal/molM™ (Chapter 2 of this thesis)). The majority of the residues of
apoflavodoxin that reside in secondary structure elements exchange either from PUF3, PUF4,
or U. Although |, populates more often than PUF3, PUF4 and globally unfolded
apoflavodoxin do (i.e. AGy, < A Gupyrs < A Gypyra)s |1 IS NoOt detected as a folding
intermediate by amide proton H/D exchange. Apparently, most observable amide protons of
the secondary structure elements of apoflavodoxin are similarly protected against H/D
exchange in the molten globule-like folding intermediate |, as they are in native
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apoflavodoxin. This is the case, despite that the change in denaturant accessibility upon
unfolding of 1, isonly 29 % of that of native apoflavodoxin (Chapter 2 of thisthesis).

The exchange behaviour observed for the molten globule of apoflavodoxin is
consistent with the one observed for the molten globule of human carbonic anhydrase: both
the molten globule and the native state of human carbonic anhydrase are similarly protected
against H/D exchange for al of the observable amide protons (Kjellsson et al. 2003). Water
seems not to efficiently penetrate the interior of the molten globule. However, backbone
amide protons of a molten globule exchange more rapidly than those of the native state of a
protein as a molten globule globally unfolds more often than native protein due to its low
stability compared to the native state. Denisov et al. (Denisov et al. 1999) conclude from
water 'O relaxation dispersion studies that molten globule proteins preserve most of the
native internal hydration sites and have native-like surface hydration. Our observations
together with those of Kjellsson et al. (Kjellsson et al. 2003) and Denisov et a. (Denisov et
al. 1999) substantiate the conclusion that molten globules are similarly protected against H/D
exchange than the native state is.

Rates for structural opening (k,,) and closing (k) of A. vinelandii apoflavodoxin at the
amino acid level determined from pD dependent exchange rates

Equation 2 describes the pD-dependence of the amide proton exchange rate constant
K. The logarithm of k., depends linearly on pD in the EX2 pD regime with a slope of 1, and
curves at higher pD values towards a horizontal line where log(k,,) equals log(k,,) (i.e. the
EX1 pD regime). Equation 2, together with k, values calculated at different pD values
according to (Bai et al. 1993), is used to fit the pD dependent backbone amide H/D exchange
rate constants of apoflavodoxin, as illustrated for [1€51 in Figure 7A. In this manner, values
for the rates of local opening (k,,) and closing (k;) of apoflavodoxin at the level of individual
amino acid residues are determined (Table 2).

In case of EX2 behaviour over the entire pD range studied and log(k.,) does not curve
as a function of pD, no absolute value for the opening and closing rate constants can be
determined for the residues involved. However, the data do allow for an estimation of the
lower limits of k,, and k;. The opening rate constant for these residues must be larger than the
exchange rate constant measured at the highest pD used, otherwise a curvature would have
been observed in the pD-dependent log(k,,) data. As under EX2 conditions the ratio of k,, and
ky is defined by AG,, the lower limit for k,, automatically determines the lower limit for ky
aswell.

op?

a. Rates for local opening (k,,) and closing (k) of apoflavodoxin

In case of amide protons that exchange via local opening processes in absence of
denaturant, the k,, and k; values determined inform about the local dynamics within the
protein at the site of the residue of interest. A large number of these residues (i.e. Vall7,
Met30, Alad5, Tyrd7, Phe49, Leu50, Glu82, Leud4,
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Table 2. Calculated rate constants for local opening
(kop) and closing (k,) of apoflavodoxin in the

absence of denatur ant.

Q
c
\a
@

residue

5

6
17
18
19
21
22
25
30
47
49
50
51
52
53
81
82
84
87
89
91
92
93
94
114
115
116
120
123
125
164
167
168
169
170
171
172

WWWWwwww

AN OOOORABRARARARADDOWODAPAEAERARADMDdW

Kop

(7 + 4) 10°
(7 + 4) 10°
>610°

(7 + 3) 10*
(7 + 3) 10*
(7 + 4) 10°
(7 + 4) 10°
(5+ 1) 10°
>310°
>2610°
>1 103
>7.510°
(4+1)10°
(4+1)10°
(4+1)10°
(9+4) 10°
> 8 10*

> 8 10*

> 310"
(4+1)10°
(4+1)10°
(4+ 1) 10°
(4+1)10°
>310°

> 810"
>210*
(5+2) 10"
(5+2) 10"
(5+2) 10"
> 310"
(4+1)10°
(4+1)10°
4+ 1)10°
(4+1)10°
(4+ 1) 10°
4+ 1)10°

K
6+4
6+4
>9
22+ 14
22+ 14
6+4
6+4
03+03
>50
>8

> 70

> 180
13+4
13+4
13+4
10+£5
>2.7
>5.7

> 36

13+4
13+4
13+4
13+4
> 38

> 355
> 175
54 + 27
54 + 27
54 + 27
>45

13+4
13+4
13+4
13+4
13+4
13+ 4

Rates are in s*. For backbone amide protons that exchange too
rapidly to be followed by NMR spectroscopy at high pD values,
no k- and ky-values are reported as they could not be determined.
The residues for which a subglobal unfolding reaction is the
dominant mechanism for exchange of their amide proton down to
0 M GUHCI are indicated in bold. Experiments were done at 25 °C
in 100 mM potassium pyrophosphate at pD 6.28, 6.80, and 8.23.

83



Chapter 4

log(kex)

log(kex)

log (kex)

-6 O —
L1l L1l L1
101 100 101 102
Kint (s1)
T T TTTTT T T TTTTT T T TTTTI
4 o C
®)
R OO
@)
-51- OO O OO @ -
R OO O i
-6 © -
1 il L1l L1
101 100 101 102
Kint (1)
-4.0 T T T T
D
o (@]
_4_4_//' -
4.8F 4
1 | 1 |
6 7 8

pD

Lys89, Tyrll4, Serll5, Phell6, Val164)
display EX2 behaviour over the entire pD
range studied. This means that the
corresponding local dynamics are fast
compared to the intrinsic exchange rate
constants, which are at the highest pD value
studied approximately between 10 and 100 s™.

Interestingly, some residues that
exchange vialoca unfolding in the absence of
denaturant (i.e. Alal8, Lys19, 11e81, Argl20,
Lys123, Vall25) have a curved pD
dependence of the logarithm of the exchange
rate constants of their amide protons. In these
cases, rate constants for local opening and
closing can be determined (Table 2). The local
closing rate constants for these residues must
be relatively small, since for EX1 exchange
behaviour to occur the closing rate constants

Figure 7. Dependence of the H/D exchange rate
constants of A. vinelandii apoflavodoxin on pD. (A) The
H/D exchange rate constants of the backbone amide
proton of 1151 curve from EX2 to EX1 behaviour upon
increasing the pD. (B) The exchange rate constants of the
backbone amide protons of residues of the subglobally
unfolding Cluster 3 that have a linear dependence of
AG,, on the concentration of GuDCI (i.e. residues Ala4,
Leub, Phe6, lle21, Lys22) display a pD-dependent
curvature from EX2 to EX1 behaviour in the pD range
studied. The exchange rate constants determined by
NMR spectroscopy (k) are plotted against their intrinsic
exchange rate constants (k;,) to make the curves of all
residues of Cluster 3 coincide. (C) The backbone amide
proton exchange rate constants of residues of the
subglobally unfolding Cluster 4 that have a linear
dependence of AG,, on the concentration of GuDCI (i.e.
residues Ileb1, Leu52, Gly53, Val9l, Ala92, Leu9s,
Phe94, Trpl67, Leul68, Alal69, GInl70, Ilel71,
Alal72) display a pD-dependent curvature from EX2 to
EX1 behaviour in the pD range studied. Solid linesin all
panels are the best fit of equation 2 to the data shown.
The k,, and ky values obtained from the fits are given in
the main text and in Table 2. (D) Phe25 is the only
residue in apoflavodoxin the backbone amide proton of
which displays pure EX1 behaviour down to a pD-value
of approximately 6.5. This behaviour is characteristic for
exchange occurring from the off-pathway folding
intermediate |, of A. vinelandii apoflavodoxin (see main
text).
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must be smaller than the intrinsic exchange rate constants (approximately between 10 and
100 s at pD 8.23). In addition, these residues have quite small opening rate constants
ranging between 9 10° and 7 10* s*. Apparently, at these sites in apoflavodoxin slow local
motions of the protein structure occur. Residues Alal8 and Lysl9 are characterised by
common opening and closing rate constants, as is also the case for Arg120, Lys123 and
Vall25 (Table 2), which illustrates that some co-operativity is involved in the corresponding
local opening processes.

b. Co-operative subglobal unfolding and corresponding folding rates within apoflavodoxin

Each PUF of apoflavodoxin is characterised by a specific unfolding rate with which it
is formed starting from native protein, and by a specific folding rate with which it folds back
to native apoflavodoxin. The rate constants with which a specific PUF and native
apoflavodoxin interconvert can be determined from the opening and closing rate constants of
the residues the amide protons of which exchange from this specific PUF in absence of
denaturant. These residues are shown in bold in Tablel. Equation 2 is globally fitted to the
pD-dependent H/D exchange rate constants of all residues of a specific cluster that are shown
in bold in Table 2, while each residue has its own individual k., (Figure 7 C and D). The thus
extracted rate constants for subglobal opening and closing are listed in bold in Table 2.

Unfortunately, backbone amide protons belonging to the cores of Clusters 1 and 2 of
apoflavodoxin (i.e. Val141, Pheld6, Val147, Gly148, Leuld9, Alal50) which can be
detected at pD 6.28 exchange too rapidly to be followed at higher pD values. As the
backbone amide proton exchange of these residues apparently increases drastically with
increasing pD, EX2 behaviour is likely. Consequently, the closing rate constants of these
residues need to be fast compared to the intrinsic exchange rate constants, which are at the
highest pD value studied approximately between 10 and 100 s™.

In case of Cluster 3 of apoflavodoxin, the pD dependence of the backbone amide
proton exchange could be determined for four of its core residues (i.e. Leu5, Phe6, 11e21, and
Lys22). The fit of equation 2 to the corresponding dataleadsto k,, = (7 + 3) 10° s* and k, = 6
+ 4 s* for Cluster 3 (Figure 7C). Native apoflavodoxin and PUF3 thus interconvert with the
|atter rate constants.

Similarly, in case of residues belonging to Cluster 4 of apoflavodoxin, the following
opening and closing rate constants are determined: k,, = (4 + 1) 10°s* and k, = 13 + 4 s*
(Figure 7D), which are the rate constants that characterise the interconversion between native
apoflavodoxin and PUF4.

As discussed, the amide protons of residues that belong to Cluster 5 exchange only
from the globally unfolded state of apoflavodoxin in the presence of GuDCI concentratrions
exceeding 0.5 M. Consequently, the global apoflavodoxin folding and unfolding rate
constants can not be determined from the pD-dependent H/D exchange results presented here,
asthey are obtained in absence of denaturant.
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Positioning of the PUFs within the kinetic scheme for A. vinelandii apoflavodoxin
folding

In the preceding section, rate constants for interconversion between native
apoflavodoxin and its PUFs are determined. Comparison of these rate constants with the
apoflavodoxin folding and unfolding rate constants extracted from stopped-flow denaturant-
induced kinetic folding experiments can identify whether PUFs coincide with the kinetically
important folding intermediates |, and I, (equation 8).

a. Are theidentified PUFs on the direct apoflavodoxin folding route?

Unfolded apoflavodoxin (U) forms native apoflavodoxin (N) with arate constant of
7.3 10" s*, and N goesto U with an unfolding rate constant of 0.013 s*, respectively. This has
been calculated by using the experimentally determined rate constants shown in equation 8,
which are extracted from both kinetic and equilibrium (un)folding experiments (Chapter 2 of
thisthesis), and by applying equation 9:

_ kUI2kI2N

K. = kN|2k|2U _
" kI2U+kI2N

- kIZU + k|2N

Kon (9)

Any folding intermediate that is positioned on the direct apoflavodoxin folding route must
form native protein with a rate constant that is the same or higher than k. Consequently,
backbone amide protons that exchange from U, from |, or from any other potential
apoflavodoxin folding intermediate on the productive folding route between N and U are
expected to display EX2 exchange behaviour within the entire pD range studied (i.e. between
6.3 and 8.2). In case of the residues of Cluster 1 and 2 of apoflavodoxin, the backbone amide
proton exchange is too rapid to be followed above pD 6.28. As discussed, EX2 behaviour
seems likely for the amide protons involved, and thus both PUF1 and PUF2 could be on the
productive folding route between U and N. However, PUF1 (o = 0.63) and PUF2 (o = 0.50)
are too accessible for denaturant to coincide with the kinetic apoflavodoxin folding
intermediate 1, (the o of which falls somewhere between 0.8 and 0.9 (Chapter 2 of this
thesis)). None of the backbone amide protons that belong to Clusters 3 and 4 of
apoflavodoxin display pure EX2 H/D exchange behaviour over the entire pD range studied.
Thus PUF3 and PUF4 of apoflavodoxin are not on the productive folding route between U
and N.

b. Comparison of the rate constants with which PUFs and |, interconvert with native
apoflavodoxin

The off-pathway intermediate |, forms native apoflavodoxin (N) with a rate constant
of 0.73 s*, and N goes to |, with an unfolding rate constant of 7.4 10° s*, respectively. This
has been calculated by again using the experimentally determined folding rate constants
shown in equation 8 (Chapter 2 of this thesis) and by applying equation 10:
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k _ kNI2kI2UkUI1 k — I<I1U kUlzklzN
" (K ko )k, + k) (ko k) (ko + k)

(10)

The I, to N folding (i.e. closing) rate constant is such that amide protons that can exchange
from I, will mainly do so according to an EX1 mechanism in the pD range studied here.
However, such exchange behaviour is observed for only a single amino acid residue of
apoflavodoxin: Phe25 (Figure 7B). Thus the pD dependent H/D exchange data confirm our
conclusion based on the denaturant concentration dependent H/D exchange data that most
amide protons are similarly protected against H/D exchange in the molten globule I, as they
are in native apoflavodoxin. Fitting of the pD dependent amide proton exchange rate constant
of Phe25 leads to k,, = (5.0 + 0.7) 10° s* and ky = 0.3 + 0.3 s*, values that roughly
correspond to the N to I, unfolding rate constant of (7.4 + 0.7) 10° s* and to the |, to N
folding rate constant of 0.733 + 0.002 s™.

Remarkably, the opening rate constants of Cluster 3 ((7 + 3) 10° s*) and Cluster 4 ((4
+ 1) 10° s*) are within error identical to the macroscopic N to I, unfolding rate constant of
(7.4 + 0.7) 10° s*. However, the rate constants for closing of Cluster 3 (6 + 4 s*) and Cluster
4 (13 * 4 s') are higher than the macroscopically determined I, to N folding rate constant
(kx=0.733 + 0.002 s%). Consequently, the free energy difference of Cluster 4 with respect

to native apoflavodoxin calculated from H/D exchange rates (AG,, = -RT In (k,/ky), equation
5) should be larger than the one of Cluster 3, both of which should be larger than the free
energy difference between N and |, as determined from denaturant-induced equilibrium
(un)folding experiments (i.e. AGypyrs > AGypurs >AGy, ). The latter is indeed observed.

Apparently, the apoflavodoxin folding intermediate |,, detected by classical denaturant-
induced equilibrium and kinetic (un)folding studies, and Clusters 3 and 4 of apoflavodoxin
detected by native state H/D exchange share a single rate limiting step when these species are
formed from the native state.

As discussed, both PUF3 and PUF4 have opening and closing rate constants that are
inconsistent with them being on a productive folding route between fully unfolded and native
apoflavodoxin. Just as equilibrium intermediate I,, PUF3 and PUF4 need to be off the
productive folding route of apoflavodoxin, and unfold to enable production of native
apoflavodoxin.

Free energy landscapefor A. vinelandii apoflavodoxin folding

Protein folding can be described by using a free energy landscape model (Bryngelson
et al. 1995; Dill and Chan 1997). In this model, an unfolded protein molecule descends along
afunnel describing its free energy until it reaches the state with the lowest free energy, which
is the native state of a protein. The denaturant-induced equilibrium and kinetic apoflavodoxin
(un)folding results have been used to construct a model of the free energy landscape for
apoflavodoxin folding, as shown in Figure 8A (Chapter 2 of this thesis). In this model, the
reaction co-ordinate is the alpha value (i.e. the ratio of the m-value of a folding species and
the m-value of native apoflavodoxin).
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Figure 8. (A) Schematic representation of the free energy landscape for folding of A. vinelandii
apoflavodoxin derived from the results obtained from denaturant-induced equilibrium and kinetic (un)folding
studies and as presented by (Chapter 2 of this thesis). The horizontal axis represents the reaction co-ordinate, the
vertical axis the free energy difference between a particular species and native apoflavodoxin. The horizontal
axis scales to denaturant accessibility because it is expressed as the alpha-value, i.e. the ratio of the m-value of a
folding species and the m-value of native apoflavodoxin. U (o = 0) and N (o = 1) represent unfolded and native
apoflavodoxin, respectively; I, (o = 0.29) and I, (o lies somewhere between 0.8 and 0.9) are the two folding
intermediates presented in equation 8. The off-pathway intermediate |, is represented on the left-hand side of the
unfolded state, whereas both the on-pathway intermediate |, and native apoflavodoxin reside on the right-hand

side of the unfolded state. The heights of the barriers AG&, between the individual species are calculated from

the opening (i.e. unfolding) rate constants k,, according to AG(fp =-RT In(kop /ko) using a value for k, of 10°

(Krieger et a. 2003). The depth of the minimum in the free energy landscape in which |, resides is unknown,
and is therefore represented by a dashed line. (B) Schematic representation of the free energy landscape for
apoflavodoxin folding as shown in (A), but now the partially unfolded forms of apoflavodoxin detected by

native state H/D exchange are included. PUF3 (o = 0.09) and PUF4 (o, = 0.27) have within error the same AGgp
as |,, according to their opening rate constants as determined from pD dependent H/D exchange data. The
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heights of the free energy barriers between these three species are unknown, and are therefore represented by
dashed lines. PUF1 (o = 0.63) and PUF2 (o = 0.50) are assumed to be on the productive folding route. The
height and position of the transition states that are kinetically important are determined accurately and are
shown by continuous lines. The other barriers are created such that they do not influence the observed stopped-
flow folding and unfolding kinetics; otherwise their position and height is chosen arbitrarily as is shown by
dashed lines. Note that the energy barrier between PUF1 and the transition state marked with 1 is very large
(12.95 kcal/mol) and causes the PUFL1 to N folding rate constant to be 0.029 s*. This would be the rate-limiting
step for folding, and would cause EX1 amide proton exchange behaviour of all residues the amides of which
exchange from a partially or entirely unfolded apoflavodoxin molecule. This is not observed to be the case. (C)
Schematic representation of the free energy landscape for apoflavodoxin folding in which PUF1 and PUF2 are
off the direct folding route between U and N and reside on a separate unfolding excursion from N. Asin panel
B, all free energy barriers that are not present in panel A are chosen such that they do not influence the observed
stopped-flow (un)folding kinetics. Note that on the right-hand side of N (oo = 1) the a-values decrease. (D)
Schematic representation of the apoflavodoxin folding trajectory in which PUF1 and PUF2 are positioned on an
unfolding excursion starting from N, as is also the case in panel C. Note that the denaturant accessibility axisis
differently presented as compared to panels A to C; it now starts at o=0 and ends at o.=1. Observed transitions
between two species are indicated by connecting them with solid lines. The productive folding route from U to
N is via the high-energy intermediate |, (Chapter 2 of this thesis). The non-productive folding route starting
from U and the non-productive unfolding route starting from N end up in species |, and PUF2, respectively.
Both species have similar free energies and denaturant accessibilities. The dashed lines reflect that no
information is available about how U, PUF3, PUF4 and |, interconvert with one another.

The presented H/D exchange data can be incorporated into the latter free energy
landscape model. The off-pathway intermediate |, has to unfold before native apoflavodoxin
can be formed and the unfolding of I, to U isthe rate-limiting step in the production of native
apoflavodoxin. As discussed, PUF3 and PUF4 can not reside on the productive folding route
between native and unfolded apoflavodoxin. Additionally, the rate constant with which native
apoflavodoxin forms I, as extracted from stopped-flow experiments (Chapter 2 of this thesis)
and the opening rate constants of Clusters 3 and 4 extracted from native state H/D exchange
experiments coincide within error. The most simple explanation for this observation is that in
the proposed two-dimensional free energy landscape model PUF3 (o0 = 0.09), PUF4 (o =
0.27) and I, (o0 = 0.29) reside in afree energy region that is separated by a high free energy
barrier from unfolded apoflavodoxin (Figure 8B). Both PUF3 and PUF4, as well as |, need
to unfold before the productive folding route to native apoflavodoxin can be followed. No
information is available about how these three species transform into one another. The
heights of the free energy barriers that separate them are set arbitrarily in Figure 8B.

As discussed, the closing rate constants of PUF1 and PUF2 are consistent with these
two PUFs being folding intermediates on the productive folding route. However, as
denaturant accessibilities show, PUF1 (o = 0.63) and PUF2 (o = 0.50) do not coincide with
the apoflavodoxin kinetic folding intermediate I, (o between 0.8 and 0.9 (Chapter 2 of this
thesis)). Figure 8B shows the free energy landscape for apoflavodoxin folding with PUF1 and
PUF2 positioned on the productive folding route in such a way to accord for their free
energies and denaturant accessibilities. Both PUF1 and PUF2 are significantly more
denaturant accessible than the rate-limiting transition state for folding (o = 0.73 (Chapter 2 of
this thesis)), marked by 1 in Figure 8B. As a consequence, the relatively stable PUF1 is on

89



Chapter 4

the unfolded side of the transition state 1. The energy barrier between PUF1 and £ is then
12.95 kcal/mol, which theoretically leads to a PUF1 to N folding rate constant of 0.029 s*.
This process would be the rate-limiting step in apoflavodoxin folding, and it is so slow that
almost all residues that exchange from a PUF of apoflavodoxin or from unfolded
apoflavodoxin would display pure EX1 exchange behaviour at the pD values studied. Thisis
in contradiction with all apoflavodoxin kinetic and H/D exchange data discussed. Thus,
PUF1 and PUF2 cannot be on the productive folding route of apoflavodoxin.

PUF1 and PUF2 must be excursions from the native state that are separated from the
main (un)folding route that links native and globally unfolded apoflavodoxin. Both PUF1 and
PUF2 are not necessarily positioned on the same unfolding route, but could also be two
separate excursions from the native state. However, for reasons of simplicity, PUF1 and
PUF2 are positioned on a single unfolding trajectory in Figure 8C. This unfolding trajectory
is not the one that leads to unfolded apoflavodoxin asis represented in Figure 8C by a-values
that decrease again on the right-hand side of N. The energy barriers that separate PUF1 and
PUF2 from native apoflavodoxin and from each other are chosen arbitrarily in such a way
that they are sufficiently low not to influence the observed stopped-flow (un)folding kinetics.

The schematic energy landscape presented in Figure 8C is consistent with the
experimental apoflavodoxin equilibrium and kinetic folding data (Chapter 2 of this thesis) as
well as with the H/D exchange data presented here, athough the linear two-dimensional
model is an oversimplification of reality. Considered from a conformational point of view
(Figure 6) it makes sense that PUF2 develops from PUF1, although there is no concrete
evidence that supports this assumption. The conformations of PUF3 and PUF4 (Figure 6)
however, are in conflict with the two-dimensional model, which suggests that on the non-
productive folding route to I, unfolded apoflavodoxin first forms PUF3, then PUF4 and
finally 1,. This would mean that unfolded apoflavodoxin would fold to the relatively
structured PUF3, then unfold to form PUF4 and then needs to fold to form the molten-
globule like species |,. However, no information is available on how these three species
interconvert with one another. Furthermore, the conformations of PUF3 and PUF4 presented
in Figure 6 are probably incomplete or may be even incorrect, as is indicated by the
discrepancies between their solvent- and denaturant accessibilities discussed in a previous
section. As PUF3 and PUF4 are on a non-productive folding route, they may be misfolded
species that contain non-natively structured parts.

In contrast to common belief, none of the identified PUFs of A. vinelandii
apoflavodoxin appears to be positioned on the productive folding route between unfolded and
native protein. The corresponding apoflavodoxin folding trajectories in terms of free energies
and denaturant accessibilities are shown in Figure 8D. Note that the off-pathway folding
intermediate |, and PUF2 are quite close to one another in the latter representation. Figure 8D
suggests that a direct folding route between U and N vial, and all PUFs identified should be
possible. However, as the apoflavodoxin equilibrium and kinetic data show, such a route is
not significantly populated (Chapter 2 of this thesis). The latter must be caused by a high
energy barrier between I, and PUF2. As a consequence, apoflavodoxin folds via the high-
energy intermediate | ,.
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In conclusion, native state H/D exchange experiments and classical denaturant-
induced equilibrium and kinetic folding experiments are complementary. Together they
provide a detailed picture of the free energy landscape for protein folding, as is shown here
for A. vinelandii apoflavodoxin folding. None of the PUFs detected for the 179-residue
apoflavodoxin appear to be on the productive folding route, which starts with unfolded
protein and ends with native apoflavodoxin. The accompanying energy landscape for
apoflavodoxin folding is complex and includes numerous minima and maxima. Complex free
energy landscapes for protein folding may be typical for the folding of large proteins (> 100
amino acids).
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5 Last in, first out: the role of cofactor
binding in Azotobacter vinelandii
flavodoxin folding

Yves J.M. Bollen, Willem J.H. van Berkel and Carlo P.M. van Mierlo

Despite that many proteins require the binding of a ligand to be functional, the
(kinetic) role of ligand-binding during folding is poorly understood. Here, the influence
of the presence of the non-covalently bound flavin mononucleotide (FMN) cofactor
on the global stability and on the kinetic folding of Azotobacter vinelandii
holoflavodoxin are reported. The denaturant-induced equilibrium (un)folding data of
holoflavodoxin in the presence and absence of excess FMN are excellently
described by a model in which only native apoflavodoxin binds to FMN. As an
intermediate |4 populates during apoflavodoxin equilibrium (un)folding, the
holoflavodoxin equilibrium (un)folding model consists of four species: unfolded
apoflavodoxin, the apoflavodoxin folding intermediate |4, native apoflavodoxin and
holoflavodoxin molecules. The folding intermediate |1 has molten globule-like
characteristics. Cofactor binding to apoflavodoxin is shown to affect the protein
stability in a theoretically predictable manner. FMN binding to native apoflavodoxin
occurs with two kinetically observable rate constants at all denaturant and protein
concentrations studied. These two rate constants arise from two conformationally
differing apoflavodoxin species, which most likely exist due to the binding of
inorganic phosphate to the FMN phosphate binding site of a fraction of the A.
vinelandii apoflavodoxin molecules. Excess FMN does not accelerate flavodoxin
folding, and FMN does not act as a nucleation site for flavodoxin folding. During
kinetic folding of holoflavodoxin formation of native apoflavodoxin precedes ligand
binding. Even under strongly denaturing conditions, global unfolding of
holoflavodoxin occurs only after release of its FMN. The model that describes A.
vinelandii apoflavodoxin kinetic folding, which includes the stable off-pathway
intermediate |1 and a high-energy on-pathway intermediate I, can now be extended
to describe kinetic holoflavodoxin folding: |1+ + FMN < unfolded apoflavodoxin +
FMN < I, + FMN < native apoflavodoxin + FMN < holoflavodoxin.



Chapter 5

I ntroduction

Despite that many proteins require the binding of a non-covalently bound ligand to be
functional, the role of ligand-binding during folding is poorly understood. In principle, a
ligand could bind to an unfolded protein and reduce the conformational freedom of the
polypeptide involved and thereby reduce the conformational space sampled during protein
folding. Such bound ligands are potentially able to speed up the folding process by acting as a
nucleation site. In some cases, ligands are indeed shown to stay bound to the unfolded protein
(Bertini et al. 1997; Robinson et al. 1997). However, in other cases, ligands may not interact
with non-native protein states and only become incorporated in the protein during the fina
stages of protein folding. As kinetic folding studies of proteinsin the presence of their ligand
are sparse, the kinetic role of ligand binding during protein folding remains unclear.

Flavoproteins offer a good opportunity to study the role of ligand binding during
protein folding. The flavin cofactor is generally non-covalently bound and can be reversibly
removed by a number of methods (Hefti et al. 2003). Recombination of the obtained
apoprotein with flavin can be studied due to the clear change in the fluorescence emission
spectrum of the flavin that generally accompanies flavin binding by an apoprotein.

Here, the influence of the presence of the flavin mononucleotide (FMN) cofactor on
the folding of Azotobacter vinelandii flavodoxin is investigated. Flavodoxins are small
monomeric proteins that function as low-potential one-electron carriers, which is made
possible by the use of the bound FMN cofactor. Both the denaturant-induced equilibrium and
kinetic folding of A. vinelandii apoflavodoxin, i.e. flavodoxin in absence of its cofactor, have
recently been studied in great detail (van Mierlo et a. 1998; van Mierlo et a. 2000; Chapters
2 and 4 of this thesis). During denaturant-induced equilibrium unfolding experiments,
apoflavodoxin populates a relatively stable folding intermediate 1, with molten globule-like
characteristics between 1 and 3 M guanidinium chloride (GuHCI), as expressed in equation 1:

with U unfolded and N native apoflavodoxin. Equation 1 is an equilibrium folding scheme, in
which the species involved are organised according to their stability. This scheme does not
contain kinetic information about apoflavodoxin folding.

During kinetic A. vinelandii apoflavodoxin folding, intermediate |, acts as atrap. The
intermediate is off the direct folding route between unfolded and native apoflavodoxin, and
has to unfold before native apoflavodoxin can be formed. Some folding apoflavodoxin
molecules manage to circumvent this trap and fold via a direct and rapid route to the native
state, on which a second folding intermediate |, is located. This second intermediate is highly
unstable and never populates to a significant extent, and is thus not observed during
denaturant-induced equilibrium unfolding of apoflavodoxin. As a result, apoflavodoxin
kinetic folding can be described by the model shown in equation 2 (Chapter 2 of thisthesis):

I, === U=—=,=—=N )
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In this study we report on (i) the kinetics of FMN binding to native A. vinelandii
apoflavodoxin, (ii) the kinetics of FMN binding during A. vinelandii holoflavodoxin folding
and (iii) the release of FMN from A. vinelandii holoflavodoxin. In addition, the influence of
FMN binding on the global stability of A. vinelandii holoflavodoxin is investigated. By doing
s0, therole of FMN during A. vinelandii flavodoxin folding is deciphered.

M aterials and methods

Materials

Guanidinium chloride (GuHCI, ultrapure) and potassium pyrophosphate were from
Sigma (Bornem, Belgium). In holoflavodoxin equilibrium unfolding experiments, FMN
purchased from Sigma was used without further purification. In all other experiments, FMN
obtained during the preparation of apoflavodoxin (see below) and purified by reverse-phase
HPL C was used.

Protein expression and purification

The single cysteine residue 69 in wild-type A. vinelandii (strain ATCC 478)
flavodoxin 11 was replaced by an alanine to avoid covalent dimerisation of apoflavodoxin.
The mutant protein was shown to be similar to wild-type flavodoxin regarding both redox
potential of the holoprotein and global stability of the apoprotein (Steensma et al. 1996; van
Mierlo et a. 1998). Recombinant A. vinelandii C69A holoflavodoxin was obtained and
purified as described previously (Steensma et al. 1998; van Mierlo et al. 1998).
Apoflavodoxin was subsequently prepared by trichloroacetic acid preparation (Edmondson
and Tollin 1971; van Mierlo et al. 1998) followed by gelfiltration on a Superdex 200 prep
grade column (Pharmacia, Uppsala, Sweden) to remove apoflavodoxin molecules in an
oligomeric state (Chapter 2 of thisthesis).

Dissociation constant of the apoflavodoxin-FMN complex

The dissociation constant of the apoflavodoxinFMN complex was determined using
the quenching of FMN fluorescence upon binding to the apoprotein (Mayhew and Wassink
1980). A solution of 1.5 ml containing 210 nM FMN (based on the extinction coefficient at
445 nm of 12.2 mM™*cm™ (Lostao et al. 1997)) in 100 mM potassium pyrophosphate pH 6.0
was titrated with aliquots of 4.12 uM apoflavodoxin in the same buffer. The apoflavodoxin
concentration was determined spectrophotometrically using an extinction coefficient at 280
nm of 29 mM*cm™ (Barman and Tollin 1972). After each addition of protein, the system was
allowed to equilibrate for 5 minutes. Subsequently, the FMN fluorescence intensity was
determined using a Cary eclipse fluorimeter equipped with a peltier accessory operating at 25
°C (Varian, Palo Alto, CA, USA). Excitation was at 445 nm with adlit of 5 nm; emission was
recorded during 1 second at 525 nm with a glit of 10 nm. The dissociation constant of the
apoflavodoxin-FMN complex was determined by fitting the fluorescence emission to
equation 3, a slightly modified equation compared to the one described by Lostao et al.
(1997).
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(Cu+Kp +dCr) —(Cu + Ky +dC. )’ - 4C,dC,
2

F=dF,, +F|dC, - 3)

where F isthe observed fluorescence intensity after each addition, d the dilution factor (initial
volume/total volume), F,, the remaining fluorescence intensity after the titration (resulting
from both fluorescence of holoflavodoxin and of traces of modified FMN that is unable to
bind to apoflavodoxin), F; the difference in molar emission intensity between holoflavodoxin
and unbound FMN, C: the initial concentration of FMN, C, the total protein concentration
after each addition (i.e. apo + holo), and K, the dissociation constant of the apoflavodoxin-
FMN complex.

FMN binding kinetics

Kinetic FMN binding experiments were performed on a BioLogic (Claix, France)
SFM-4 stopped-flow machine. Solutions were thermostated at 25 °C using a circulating
waterbath. FMN and apoflavodoxin, both in 100 mM potassium pyrophosphate pH 6.0, were
mixed in different ratios. Pseudo-first order kinetics were obtained by assuring at least a
tenfold excess of apoflavodoxin relative to FMN. The final FMN concentration was 0.10 yM
in all cases, except for the two highest protein concentrations (i.e. 10 and 12.5 uM
apoflavodoxin) where an FMN concentration of 1.0 pM was used. Binding of FMN to
apoflavodoxin was monitored via the accompanying quenching of the FMN fluorescence.
The excitation wavelength was 446 nm using an 8 nm slit, emission was recorded above 475
nm. Exponential equations were fitted to the kinetic traces using ProFit (Quantumsoft,
Zurich, Switzerland).

FMN binding kinetics were also measured as a function of GUHCI concentration. In
this case, FMN, apoflavodoxin and GuHCI, all in 100 mM potassium pyrophosphate pH 6.0,
were mixed to afinal FMN concentration of 10 pM, afinal protein concentration of 1.0 uM,
and GuHCI concentrations varying between 0.20 and 1.0 M. Above 1.0 M GuHCI, no
binding experiments were done as at these denaturant concentrations apoflavodoxin
populates non-native states to a significant extent (i.e. for more than 2 %), which could
potentially complicate the observed binding kinetics. Solutions were thermostated at 25 °C
using a circulating waterbath. The kinetic traces were fitted to exponential equations using
ProFit (Quantumsoft, Zurich, Switzerland).

Denaturant-induced equilibrium unfolding of holoflavodoxin

The global stability of holoflavodoxin from A. vinelandii was determined via its
equilibrium unfolding in GUHCI in 100 mM potassium pyrophosphate pH 6.0 at 25 °C. To
obtain a virtually constant FMN concentration throughout the experiment, the equilibrium
unfolding was performed in the presence of 100 uM excess FMN. Before measurements, all
samples were equilibrated for 24 hours at 25 °C in the dark. The protein concentration was
4.0 uM.
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Steady-state far-UV CD measurements were performed on a Jasco J715
spectropolarimeter (Tokyo, Japan) equipped with a PTC-348WI peltier temperature control
system. GUHCI unfolding samples were measured in a 1 mm quartz cuvette (Starna, Hainaullt,
England) at 222 and 255 nm, and averaged over 3 minutes per wavelength at a temperature of
25 °C. The €llipticity at 255 nm was subtracted from the 222 nm ellipticity as a baseline
value. During all experiments the cell chamber was purged with dry nitrogen gas at a flow
rate of 5 1/min.

Tryptophan fluorescence intensity was determined using a Cary eclipse fluorimeter
equipped with a peltier accessory operating at 25 °C (Varian, Palo Alto, CA, USA).
Excitation was at 280 nm using a slit of 5 nm; emission was measured for 5 seconds at 350
nm with a slit of 2.5 nm. As the sample has a high optical density due to the presence of
excess FMN, the fluorescence emission was recorded using a 0.5 ml cuvette (Helma 115F-
QS, Rijswijk, The Netherlands), which was positioned with its long side (1 cm length)
perpendicular to the excitation beam, resulting in an excitation path length of 2 mm.

The resulting GuHCI-induced equilibrium unfolding curves as observed by
fluorescence- and CD-spectroscopy were fitted to the following set of equations:

Holo=== Apo + FMN=== I, + FMN === U + FMN @
K, = [Apo][FMN]/[Holo] (5)
K, =[Apo]/[1,] Ky =[1,]/[V] (6)
Ki(D) = K;(0)exp(-m[ D]/ RT) (7)
Yous = D (@) + B;[ DI ] 8

with Holo being holoflavodoxin, Apo being native apoflavodoxin, |1, the folding intermediate
observed during apoflavodoxin equilibrium unfolding (van Mierlo et a. 1998; Chapter 2 of
this thesis), and U being the unfolded protein. K, is the dissociation constant of the
apoflavodoxin-FMN complex, K; and K, describe the equilibrium between Apo and I,, and
between |, and U, respectively. The dependence of the equilibrium constants K, K; and K,
on the GUHCI concentration is given by equation 7, in which [D] represents the denaturant
concentration, K;(0) is the equilibrium constant (i.e. Ky, K, or K,) in absence of denaturant, m
Is a constant of proportionality that describes the denaturant dependence of the equilibrium
constant K, R is the gas constant, and T is the absolute temperature. The observed
spectroscopic signal Y (i.e. fluorescence or CD intensity) is described by equation 8 as the
summation of contributions of all four components | (i.e. Holo, Apo, |, and U). The molar
spectroscopic property of speciesj in absence of denaturant is ¢, 3 describes the dependence
of a; on the concentration denaturant, and [j] is the fractional population of species j. The
kinetic apoflavodoxin folding intermediate |, (equation 2) is not incorporated in equation 4 as
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it is shown not to populate during denaturant-induced equilibrium unfolding of apoflavodoxin
(Chapter 2 of thisthesis).

Each equilibrium constant in equation 5 and 6 is related to a free energy difference
AG.

AG = —RTIn(K) 9)

The equilibrium between apo- and holoflavodoxin depends on the concentration of free FMN
in solution. Consequently, the apparent stability of holoflavodoxin against unfolding AG*?

unf

depends on the concentration of free FMN, asis expressed in equation 10 (Creighton 1993):

AGH = AG_, + RTIn 1+w (20
apo K

unf
D

in which AG,,, isthe global stability of apoflavodoxin.

The holoflavodoxin denaturant-induced equilibrium unfolding data were analysed
globally together with those of apoflavodoxin taken from (Chapter 2 of this thesis). The
dissociation constant K, of holoflavodoxin in absence of denaturant is fixed to 3.4 10° M™,
the value determined in the present study. The denaturant-induced equilibrium unfolding data
of apoflavodoxin are described by equation 4 upon removal of holoflavodoxin and FMN, and
by equations 6 to 8. The stabilities of the folding intermediate |, and of native apoflavodoxin,
as well as the corresponding m-values, are taken from (Chapter 2 of this thesis). Both
unfolded flavodoxin and the flavodoxin folding intermediate I, are thus assumed not to
interact significantly with FMN. The spectroscopic properties of each of the four protein
Speciesin equation 4 are treated as global parameters, which means that the fluorescence and
CD signal of native apoflavodoxin, folding intermediate |, and of unfolded apoflavodoxin are
assumed to be identical in the apoflavodoxin and the holoflavodoxin denaturant-induced
unfolding experiments. The dependence of the spectroscopic properties of a specific species
(i.e. B-values in equation 8) can be determined accurately only when the species populates for
100 % over a significant range of denaturant concentrations. This is the case for native
holoflavodoxin in the holoflavodoxin equilibrium unfolding experiment, for native
apoflavodoxin in the apoflavodoxin unfolding experiment, and for unfolded flavodoxin in
both unfolding experiments. However, the equilibrium folding intermediate |, does not
populate for 100 %, and thus the denaturant-dependence of its CD and fluorescence intensity
(i.e. B-values) can not be determined. Therefore, the B-values of |, are fixed to zero (Chapter
2 of this thesis). The stabilities of native apoflavodoxin and of the folding intermediate I,,
their corresponding m-values, and the dissociation constant for FMN release from
holoflavodoxin are known (either determined here or in Chapter 2 of this thesis). The only
free parameters during the global fit of the denaturant-induced equilibrium (un)folding data
of holoflavodoxin are thus the four a-values, the corresponding B-values (except in case of
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[,), and the denaturant concentration dependence (m-value) of the dissociation constant for
FMN release from holoflavodoxin.

Denaturant-dependence of flavodoxin folding kinetics

Folding kinetics of holoflavodoxin were measured by monitoring the FMN binding to
folding apoflavodoxin molecules. The following solutions were mixed in a BioLogic SFM-4
stopped-flow machine: (i) FMN, (ii) unfolded apoflavodoxin in 3.0 M GuHCI, and (iii) a
GuHCI solution of varying concentration, all three in 100 mM potassium pyrophosphate pH
6.0. Thefinal FMN concentration was 10 uM, the final protein concentration was 1.0 uM and
GuHCI concentrations ranged between 0.3 and 1.2 M. To determine the fluorescence
intensity of unbound FMN in the denaturant range studied, a blank experiment was done that
isidentical to the one described, except that the apoflavodoxin solution in 3.0 M GuHClI is
replaced by a solution of 3.0 M GuHCI without apoflavodoxin. Solutions were thermostated
at 25 °C using a circulating waterbath. Binding of FMN to apoflavodoxin was monitored via
the accompanying quenching of FMN fluorescence, using an excitation wavelength of 446
nm with an excitation dlit of 8 nm, and recording emission above 475 nm. Kinetic traces were
fitted to exponential equations using the program ProFit.

The influence of Xaa-Pro peptide bond isomerisation on the observed hol oflavodoxin
folding kinetics was examined by repeating the experiment described above with freshly
unfolded apoflavodoxin, which has al Xaa-Pro peptide bonds in the native conformation.
This was achieved by using a double-jump stopped flow experiment in which native
apoflavodoxin was first unfolded for a period of 600 msin 3.0 M GuHCI. The resulting
freshly unfolded apoflavodoxin solution was subsequently immediately mixed with 100 mM
potassium pyrophosphate pH 6.0 containing FMN, to final concentrations of 10 uM FMN,
1.0 uM apoflavodoxin, and 0.50 M GuHCI.

Denaturant-dependence of holoflavodoxin unfolding kinetics

The denaturant-dependence of the unfolding kinetics of holoflavodoxin were
measured by mixing holoflavodoxin and GuHCI-solutions, both in 100 mM potassium
pyrophosphate pH 6.0, in a BioLogic SFM-4 stopped-flow machine to a final protein
concentration of 1.0 uM and final GUHCI concentrations that range between 3.5 and 5.7 M.
Unfolding of holoflavodoxin was monitored by the release of FMN, which results in a strong
increase of the FMN fluorescence intensity. Excitation was done at 446 nm using a 8 nm dlit,
and emission was recorded above 475 nm.

Models used that describe FM N binding to apoflavodoxin

Two rate constants for FMN binding to apoflavodoxin are observed at all
concentrations denaturant used (see Results and Discussion). In general when two rate
constants are observed in a kinetic process, three species play a role (Szabo 1969). Three
FMN binding models consisting of three species were tested for their capacity to reproduce
the GuHCI concentration dependence of both FMN binding rate constants and corresponding
amplitudes, the GUHCI concentration dependence of the holoflavodoxin unfolding rate
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constant and the equilibrium dissociation constant of flavodoxin in absence of GUHCI. Rate
constants for FMN binding were assumed to depend exponentially on the GuHCI
concentration, similar to as is observed for the rate constants for protein folding (Tanford
1968):

k = k(0) exp(m[D]/RT) (11)

where k is the observed rate constant for binding in the presence of denaturant, k(0) the
observed binding rate constant in the absence of denaturant, m a constant of proportionality
and [D] the denaturant concentration. Binding rate constants can be treated as first order
reaction constants because all kinetic holoflavodoxin folding experiments are done with a
sufficient excess amount of FMN to have pseudo-first order reaction conditions.

In FMN binding model 1, an equilibrium between two apoflavodoxin species is
assumed to exist in the absence of FMN. Each species has its own FMN binding rate
constant, and FMN binding leads to conformationally identical holoflavodoxin molecules:

Kapo1,2
FMN + Apol<—— Apo2 + FMN

o@D N k@

Holo

Mode 1 (12

A single rate constant for FMN release from holoflavodoxin is observed (see Results and
Discussion). As a consequence, both apoflavodoxin species have a different equilibrium
FMN binding constants. The equilibrium constant K, , that describes the equilibrium
between the two apoflavodoxin forms is assumed to depend exponentially on the denaturant
concentration, and can be converted into a difference in free energy AG between the two
apoflavodoxin species:

apo,2

_ [Apo2] _

apol,2 — m - Kapol,z(o) exp(m[D]) AG = -RTI n(Kapol,Z) (13)

apol,2 —

In model 1, the GUHCI concentration dependence of each of the two observed rate constants
for FMN binding as well as the single rate constant for FMN release are fitted to equation 11;
the amplitudes corresponding to both FMN binding processes, Ampl and Amp2, are fitted to
the fraction of apoflavodoxin molecules that exists as apoflavodoxin species 1 or 2 as
determined by the equilibrium constant K, , (equation 13):

Ampl= [ Apol] _ 1
[Apol] +[Apo2] 1+ Kapolv2

pmp2= AP0 Kas
[Apol] +[Apo2] 1+K

(14)

apol,2

102



Holoflavodoxin folding

In FMN binding model 2, apoflavodoxin can bind FMN in a native or a non-native
manner. The FMN molecules that are bound in a non-native manner can be released and can
subsequently be incorporated in flavodoxin in a native manner, as expressed in equation 15:

k k
Int == EMN +ApO<—_kj’ Holo Model 2 (15)

2

with Int being a transient intermediate in the binding process in which FMN is bound to
flavodoxin in a non-native manner. The two observed binding rate constants (named A, and
A,) are a complex function of the four microscopic rate constants (k; - k,) as expressed in
equation 16, which has been derived in general for first order reactions (Matsen and Franklin
1950; Szabo 1969) and is often used to describe three-state protein folding reactions (Ikai and
Tanford 1973; Hagerman and Baldwin 1976).

Ktk kg R £ (kg K kg + k)" = 4(k.k; + kK, + kK, )
1,2 — 2

(16)

The normalised amplitudes corresponding to A1 and A2 depend on the four microscopic rate
constants as well, asis expressed in equation 17:

— oF k2(2‘l —k)+ ks()q —ky) A = —Qa kz()vz —k)+ ks(iz —k)

Al /11(11 - lz) 2‘2(2’1 - )Lz)

(17)

where Q. isthe efficiency of quenching of FMN fluorescence by the intermediate relative to
the quenching of FMN fluorescence by holoflavodoxin:

Q= Fine = Fewn (18)

FHoIo - FFMN

with F, the fluorescence intensity of species x. The rate constant for flavin release as
monitored by the rate constant of unfolding of native holoflavodoxin at GuHCI
concentrations above 3.5 M is assumed to equal k, in model 2, as at these GuHCI
concentrations FMN binding to apoflavodoxin can be neglected because apoflavodoxin
unfolds rapidly under these circumstances.

In FMN binding model 3 two parallel routes for FMN binding exist: one direct route
from apoflavodoxin to holoflavodoxin, and one route that involves an FMN-containing
intermediate, as shown in equation 19:

K
FMN +Apo <— Holo

Ky
El§i<\zltl</5iykﬁ

Model 3 (19)
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In model 3, the two observed rate constants A1 and A2 are defined by equation 20:

———

Sk £4/(3K)? - 43Kk
11,2 = 2

(20)

with 2k = Ktk tkstKtkstks, and Zkk = ky(kstktke) + Ky(Kitkstks) + Ky(kstks) + Kk
(Matsen and Franklin 1950; Szabo 1969; Ikai and Tanford 1973). For reasons of symmetry,
kikks = Kk kks, thus each rate constant can be expressed into the five others. The
corresponding normalised amplitudes are given by equations 21 and 22:

A = Qalkelhs =k, - ) k) ko(Ay =k, = k) = ok 21)
1(11 - lz)

A, = —Qa(K(A, -k, — ks);t_ Kaks) + k(A — Ky —ks) — Koks (22)
2(/11 _/12)

The rate constant for flavin release as monitored by the rate constant of unfolding of
hol oflavodoxin at GUHCI concentrations above 3.5 M is fitted to A2 with k, and k; fixed to
zero in model 3, as at these GUHCI concentrations FMN binding to apoflavodoxin can be
neglected because apoflavodoxin unfolds rapidly under these conditions.

Results and discussion

Dissociation constant of the A. vinelandii apoflavodoxin-FM N complex

The FMN dissociation constant of A. vinelandii holoflavodoxin in 200 mM potassium
pyrophosphate at pH 6.0 has been determined by a procedure in which aliquots of
apoflavodoxin are titrated to an FMN solution (see Materials and Methods). In this
procedure, use is made of the quenching of FMN fluorescence upon its binding to
apoflavodoxin (Mayhew 1971; Lostao et al. 1997). The corresponding binding curve is
shown in Figure 1 and the fitted dissociation constant turns out to be (3.4 + 0.6) 10 M™.
This value is identical within error to the reported value of (4.4 = 0.9) 10° M for A.
vinelandii apoflavodoxin in 50 mM sodium phosphate at pH 7.0 (Pueyo et al. 1996).

Deter mination of the global stability of A. vinelandii holoflavodoxin

The global stability of holoflavodoxin is determined by its equilibrium unfolding in
GuHCI. Both holoflavodoxin and apoflavodoxin equilibrium unfolding data sets shown in
Figure 2 are obtained by measuring tryptophan fluorescence at 350 nm and circular dichroism
(CD) at 222 nm according to the procedure described in Materials and Methods.
Holoflavodoxin GuHCI-induced equilibrium unfolding is not a two-state process, as can be
inferred from the presented (un)folding data (Figure 2). Separate fitting of a two-state
(un)folding model to the hol oflavodoxin equilibrium unfolding data observed by either CD or
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Figure 1. Determination of the dissociation constant of the A. vinelandii apoflavodoxin-FMN complex using
the quenching of FMN fluorescence upon its binding to apoflavodoxin. A solution of 210 nM FMN is titrated
with aliquots of a 4.12 yM apoflavodoxin solution. Equation 3 is fitted to the resulting fluorescence intensity
data as described in Materials and Methods. The dissociation constant is determined to be (3.4 + 0.6) 10™° M.
The proteinisin 100 mM potassium pyrophosphate, pH 6.0 at 25 °C.

fluorescence leads to significantly differing apparent global stabilities for holoflavodoxin (i.e.
16.52 + 0.31 kcal/mol extracted from the fluorescence data, and 11.65 + 0.78 kcal/mol
extracted from the CD data). The transition observed in the CD datais less steep than the one
observed in the fluorescence data (m = -4.62 + 0.31 kcal/molM™ extracted from the CD data
versus —6.65 * 0.21 kcal/molM™ extracted from the fluorescence data). Consequently, the
normalised holoflavodoxin unfolding curves, expressed as fraction folded molecules, do not
coincide (data not shown) and at least one other species than native and unfolded
holoflavodoxin must also populate during denaturant-induced holoflavodoxin equilibrium
unfolding.

A. vinelandii apoflavodoxin populates one stable intermediate during denaturant-
induced equilibrium unfolding (van Mierlo et a. 1998; van Mierlo et a. 2000; Chapter 2 of
this thesis). Consequently, the equilibrium unfolding data of holo- and apoflavodoxin are
analysed simultaneously. The four-state (un)folding model described by equation 4, which
incorporates the presence of a folding intermediate, is globally fitted to the GuHCI-induced
equilibrium (un)folding data of holoflavodoxin as well as of apoflavodoxin (Figure 2). In
case of the analysis of the apoflavodoxin unfolding data, the four-state model described by
equation 4 is reduced to the three-state model described by equation 1 by removing
hol oflavodoxin from equation 4 and setting the FMN concentration to zero. In the four-state
model that describes holoflavodoxin (un)folding, only native apoflavodoxin is assumed to
interact significantly with FMN. The equilibrium (un)folding of holoflavodoxin is measured
in the presence of a 25-fold excess of FMN (i.e. 100 uM), to ensure avirtually constant FMN
concentration at all denaturant concentrations. The dissociation constant of the
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Figure 2. GUHCI-induced equilibrium unfolding data of A. vinelandii holoflavodoxin (®) and of
apoflavodoxin (O) (top panels). The unfolding is monitored by tryptophan fluorescence at 350 nm (left panel)
and by circular dichroism at 222 nm (right panel). The solid lines are the results of a global fit of a four-state
(un)folding model (Holo < Apo+FMN < I,+FMN < U+FMN, equation 4) to the data, as described in
Materials and Methods. The global stability values of native apoflavodoxin and of the apoflavodoxin folding
intermediate |, both at 0 M GuHCI, and the corresponding m-values are fixed to those determined previously
(Chapter 2 of this Thesis). The (un)folding is done at 25 °C in 200 mM potassium pyrophosphate pH 6.0 and
the protein concentration is 4.0 uM. Holoflavodoxin (un)folding data are measured in the presence of 100 uM
excess FMN to ensure a virtually constant FMN concentration at all denaturant concentrations. Residuals of
the global fit of the four-state (un)folding model to the experimental unfolding data of holoflavodoxin (@) and
of apoflavodoxin (O) are also shown (bottom panels).

apoflavodoxin-FMN complex in absence of denaturant is fixed to 3.4 10" M. The linear
dependence of this dissociation constant on GUHCI concentration is allowed to float freely
during the fit. The global stabilities of apoflavodoxin and of the flavodoxin folding
intermediate |, both in absence of denaturant, and the corresponding m-values are taken from
the extensive study of apoflavodoxin equilibrium unfolding presented in Chapter 2 of this
thesis and are set fixed. Figure 2 shows that the holoflavodoxin and apoflavodoxin
equilibrium unfolding data are well described by the four-state (un)folding model discussed.
The results of the fit are summarised in Table 1.

In case the global stabilities of apoflavodoxin and of the apoflavodoxin folding
intermediate |1,, both in absence of denaturant, and the corresponding m-values are alowed to
float freely during the simultaneous fit of the four-state (un)folding model to the apo- and
holoflavodoxin (un)folding data, the residuals improve slightly compared to the former fit
(Figure 3 and Table 1). Now, the global stability of the apoflavodoxin folding intermediate in
absence of denaturant decreases slightly compared to the value found by a three-state fit to
only the apoflavodoxin (un)folding data presented in Chapter 2 of this thesis. As the stability
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Figure 3. GuHCl-induced equilibrium unfolding data of A. vinelandii holoflavodoxin (®) and of
apoflavodoxin (O) (top panels); the data are taken from Figure 2. The same four-state (un)folding model
(egquation 4) as used in Figure 2 isfitted to the data, but now the global stability values of native apoflavodoxin
and of its folding intermediate I,, both in absence of denaturant, and the corresponding m-values are alowed to
float freely during the fit. Residuals of the global fit of the four-state (un)folding model to the experimental
unfolding data of holoflavodoxin (@) and of apoflavodoxin (O) are also shown (bottom panels).

of native apoflavodoxin relative to the intermediate does not alter significantly, the global
stability of native apoflavodoxin relative to the unfolded state now is decreased compared to
the value previously found (Chapter 2 of this thesis). This lower apoflavodoxin global
stability (i.e. 9.02 + 0.52 kcal/mol instead of the reported value of 10.44 + 0.52 kcal/moal,
Table 1) isin good agreement with the stability value of native apoflavodoxin derived from
kinetic apoflavodoxin folding and unfolding experiments (i.e. 9.17 £ 0.01 kcal/mol)(Chapter
2 of this thesis). The populations at equilibrium of holoflavodoxin, native apoflavodoxin, the
flavodoxin folding intermediate I, and of unfolded flavodoxin, al as afunction of the GuHCI
concentration, are shown in Figure 4.

The excellent fit of the four-state (un)folding model (equation 4) to the
holoflavodoxin equilibrium (un)folding data implies that the derived global stability of A.
vinelandii holoflavodoxin equals the sum of the global stability of apoflavodoxin and the free
energy associated with FMN-binding to native apoflavodoxin. This must be the case as
equations 4 to 8 are fully based on the latter assumption. Our conclusion contradicts with the
one of Wittung-Stafshede and co-workers (Apiyo et al. 2000), who state that non-covalent
cofactor binding has no effect on the denaturant-induced equilibrium unfolding of
Desulfovibrio desulfuricans holoflavodoxin. This latter statement however, is based on
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GuHCI-induced equilibrium unfolding curves that consist of only 9 to 13 data points in which
the native and unfolded baselines are not sampled sufficiently. The extensive (un)folding data
presented here on A. vinelandii holoflavodoxin clearly show that non-covalent cofactor
binding to A. vinelandii apoflavodoxin affects the protein stability in a theoretically
predictable manner. The stability of A. vinelandii holoflavodoxin at a free cofactor
concentration of 1 M FMN, as calculated using equation 10, is reported in Table 1.

Table 1. Thermodynamic parameters obtained from the denaturant-induced
equilibrium unfolding of A. vinelandii holoflavodoxin®

fitted with fixed values’ fitted freely®

AGy,  (kcal/mol) 3.74° 245+ 0.47
m, (kca/molM™) -1.83¢ -1.29+0.17
AG,, (kcal/mol) 6.70° 6.57 +0.24
m, (kca/molM™) -4.40° -4.25+0.15
AG,, (kcal/mol) 10.44 9.02 + 0.52
m,, (kca/molM™) -6.23 -5.54+0.23
AG,  (kcal/mal) 12.86° 12.86°

mp (kcal/molM™) -0.881 + 0.007 -0.986 + 0.065
AG®? (kcal/mol) 23.30 21.88+ 0.53
mP  (kcal/molM™) -7.11+0.01 -6.53 + 0.23

& A four-state model for equilibrium unfolding (Holo & Apo+FMN < |,+FMN < U+FMN, equations 4 to 8)
is fitted to the holoflavodoxin (un)folding data. The free energy differences in absence of denaturant (AG) and
corresponding denaturant-concentration dependencies (m) are given for the equilibria between the
apoflavodoxin folding intermediate I, and unfolded flavodoxin U (AGy, and my,), for the equilibrium between
native apoflavodoxin and intermediate |, (AG,, and m,,), and for the equilibrium between native and unfolded
apoflavodoxin (AGy, and my,), respectively. AGy is the free energy that is gained upon FMN binding to

apoflavodoxin in the theoretical presence of 1 M FMN (caculated using AG, = -RT InKp). AGEYF is the
apparent stability of holoflavodoxin against unfolding in the presence of 1 M FMN (calculated according to
equation 10), and rTLar’]’fp isthe corresponding m-value. The errors given are standard fitting errors.

® Data were fitted with AG,, my,, AG,, and m,, fixed to the previously determined values (Chapter 2 of this
thesis).

¢ Data were fitted with AG,, my,;, AG,,, and m, floating freely.

9 Taken from Chapter 2 of this thesis.

® The value for K, used is 3.4 10™° M determined in the present study.
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Figure 4. Equilibrium population of A. vinelandii holoflavodoxin (dotted line), unfolded flavodoxin (dashed
line) and of the flavodoxin folding intermediate 1, (solid line) as a function of the concentration GUHCI in the
presence of 100 uM excess FMN. The populations are derived from the results of the four-state global fit to the
experimental flavodoxin (un)folding data shown in Figure 2 and summarised in Table 1. The results of the four-
state fit in which the stabilities of native apoflavodoxin and of its folding intermediate I, and corresponding
denaturant-dependencies are fixed to those previously determined (Chapter 2 of this thesis) are used to construct
this graph. The folding intermediate I, populates maximally for 11.7 % at 2.60 M GuHCI, whereas native

apoflavodoxin does not significantly populate at all (it populates maximally for 0.01 % at 2.33 M GuHCI and is
thus not shown).
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Figure 5. Two rate constants describe FMN binding to native A. vinelandii apoflavodoxin. (A) Kinetics of FMN
binding to native apoflavodoxin as monitored by the quenching of the FMN fluorescence emission above 475
nm in a stopped-flow instrument. (B) Residuals of afit of a single exponential equation to the data. (C) Residuals
of afit of asum of two exponential equations to the data with the fitted rate constants being 2.86 + 0.02 and 0.98

+ 0.08 s*, respectively. The fina flavodoxin concentration is 3 uM and the final FMN concentration is 0.10 UM,
both in 200 mM potassium pyrophosphate pH 6.0, at 25 °C.
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Thekinetics of FMN binding to A. vinelandii apoflavodoxin in the presence and absence
of denaturant involves two rate constants

The kinetics of FMN binding to apoflavodoxin are determined at different protein
concentrations. Pseudo-first order kinetics are obtained by using at least a tenfold excess of
apoflavodoxin relative to FMN. In Figure 5A, a fluorescence intensity trace of FMN mixed
with native apoflavodoxin is shown. Analysis of the residuals of a fit of a single exponential
equation (Figure 5B) and of a sum of two exponential equations (Figure 5C) to the
fluorescence trace reveals that two exponentials are required to properly describe the data.
Two rate constants for FMN binding to apoflavodoxin are observed at all protein
concentrations used, with both rate constants linearly depending on the protein concentration
(Figure 6A). The larger binding rate constant is associated with a large amplitude (93 % of
the total signal on average), whereas the slower binding process contributes for
approximately 7 % to the observed FMN-binding kinetics (Figure 6B). The small amplitude
associated with the slower binding process causes the observed scatter in the corresponding
binding rate constants (Figure 6A). Second order rate constants for FMN binding to A.
vinelandii apoflavodoxin of 0.951 + 0.002 and 0.265 + 0.003 uM™'s*, respectively, are
derived from the slopes of the protein-concentration dependence of both FMN binding rate
constants (Figure 6A).
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Figure 6. Observed rate constants for FMN binding to A. vinelandii apoflavodoxin as a function of the final
protein concentration in 100 mM potassium pyrophosphate pH 6.0, at 25 °C. The final FMN concentration is
0.10 uM in all cases, except for the two highest protein concentrations used (i.e. 10 and 12.5 pM), whereitis 1.0
UM. (A) The protein-concentration dependence of both observed rate constants is fitted to a straight line that
crosses the origin, the corresponding slopes are the pseudo-first order rate constants. The faster of the two
observed FMN hinding rate constants (@) fits to a pseudo-first order rate constant of 0.951 + 0.002 uM's?,
whereas the slower one (O) fits to a pseudo-fist order rate constant of 0.265 + 0.003 uM*s™. (B) Relative
amplitudes associated with the faster (@) and the slower (O) observed rate constants for FMN binding to
apoflavodoxin as a function of the protein concentration. The error bars give the standard fitting errors of the rate
constants and of the relative amplitudes, respectively.
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FMN binding to A. vinelandii apoflavodoxin is also studied as a function of the
GuHCI concentration. This can inform about the co-operativity of the binding process. Figure
7A shows that, analogous to the protein concentration dependent FM N-binding experiments,
two distinct rate constants for FMN binding are observed at all denaturant concentrations at
which apoflavodoxin is native (i.e. up to 1.0 M GuHCI). Both FMN binding rate constants
decrease with increasing denaturant concentration. In protein folding, folding rate constants
decrease and unfolding rate constants increase upon increasing the denaturant concentration.
The magnitude of the slope (i.e. m-value) scales to the difference in solvent accessible
surface area between the reactant(s) and the corresponding transition state (Tanford 1968;
Myers et al. 1995). In analogy with this, both transition states associated with FMN binding
to A. vinelandii apoflavodoxin must be less denaturant accessible than apoflavodoxin and free
FMN taken together. Figure 7B shows that at GUHCI concentrations above 0.5 M the
amplitude associated with the slower FMN binding process increases, whereas the amplitude
associated with the faster process decreases. The denaturant concentration dependence of
both FMN binding rate constants and corresponding amplitudes can be used to discriminate
between possible mechanisms for FMN binding to apoflavodoxin, as discussed below.

lnl

Binding rate constant (s'l)
Relative amplitude

100 .
0.0 0.5 1.0 0.0 0.5 1.0

[GUHCI] (M) [GUHCI] (M)

Figure 7. (A) Logarithm of the fast (@) and slow (O) observed rate constants for FMN binding to A.
vinelandii apoflavodoxin as a function of the GUHCI concentration, detected via the quenching of the FMN
fluorescence emission above 475 nm. (B) Relative amplitudes associated with the fast (@) and slow (O)
observed rate constants for FMN binding to A. vinelandii apoflavodoxin as a function of GuHCI
concentration. The rate constants and amplitudes shown at 0 M GuHCI are those obtained from extrapolating
the data in Figure 6. Solid lines are the results of afit of model 1 (equation 12) to the data. Model 1 includes
two apoflavodoxin species, each with a different FMN binding rate constant. Final conditions are 10 uM
FMN and 1.0 uM flavodoxin in 100 mM potassium pyrophosphate pH 6.0, at 25 °C. The error bars show the
standard errors of the binding rate constants and of the relative amplitudes.
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Therate of FMN release deter minesthe A. vinelandii holoflavodoxin unfolding rate

The rate of FMN release from A. vinelandii holoflavodoxin is determined by
investigating the holoflavodoxin unfolding kinetics. Release of FMN results in a strong
increase of its fluorescence intensity (Figure 8A). To proof that FMN-release is the rate-
limiting step in A. vinelandii holoflavodoxin unfolding, as is suggested previously based on
H/D exchange data (Steensma et al. 1998; van Mierlo and Steensma 1999), the denaturant-
concentration dependence of the holoflavodoxin unfolding rate constant is measured (Figure
8B). At each GUHCI concentration studied, only one unfolding rate constant is observed (i.e.
3.5t0 5.7 M GuHCI). Clearly, the natural logarithm of the holoflavodoxin unfolding rate
constant depends linearly on the GUHCI concentration. The linear extrapolation of the
hol oflavodoxin unfolding rate constants presented in Figure 8B to zero molar GUHCI leads to
a holoflavodoxin unfolding rate constant in water of (8.88 + 0.02) 10° s!, and the
corresponding m-value is 0.6459 + 0.0003 kcal/mol-M™. In case FMN release is indeed the
rate-limiting step in A. vinelandii holoflavodoxin unfolding, the holoflavodoxin unfolding
rate constant determined should equal the rate constant for FMN release from
holoflavodoxin. Combination of this holoflavodoxin unfolding rate constant with the two
second-order apoflavodoxin-FMN binding rate constants determined in absence of denaturant
resultsin values for K, of (9.34 + 0.03) 10™ M and (3.35 + 0.04) 10™° M, respectively. These
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Figure 8. (A) Fluorescence emission spectra of free FMN (grey lines) and of FMN in the presence of A.
vinelandii apoflavodoxin (black lines), which show the effect of the absence (dashed lines) and the presence
(solid lines) of 4 M GuHCI. In the absence of denaturant, FMN binds to apoflavodoxin and as a result its
fluorescence intensity is strongly quenched. Apoflavodoxin is unfolded in 4 M GuHCI, and as a result the
fluorescence emission spectrum is indistinguishable from the one of free FMN recorded under the same
conditions. Apoflavodoxin (when present) and FMN concentrations are 1 uM in 100 mM potassium
pyrophosphate pH 6.0 at 25 °C. Excitation is at 446 nm and a 5 nm dlit is used. (B) Natural logarithm of the
single observed rate constant for A. vinelandii holoflavodoxin unfolding (O) as a function of the GuHCI
concentration. At the X sign, two data points overlap. The solid line is the result of alinear fit to all data shown.
The unfolding rate constant extrapolated to water is (8.88 + 0.02) 10° s, and the corresponding m-value is
0.6459 + 0.0003 kcal/mol-M™. The error bars show the standard errors of the rate constants. Final conditions are
1.0 uM flavodoxin in 100 mM potassium pyrophosphate pH 6.0 at 25 °C.
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values are in good agreement with the directly determined value for K, of (3.4 + 0.4) 10 M
(Figure 1). Thus, FMN release must indeed be the rate-limiting step in A. vinelandii
holoflavodoxin global unfolding, asis also the case for unfolding of Desulfovibrio vulgaris
holoflavodoxin (Nuallain and Mayhew 2002). The data shown in Figure 8B in fact represent
the GUHCI concentration-dependence of the rate constant for FMN release from A. vinelandii
holoflavodoxin. These data can be used to discriminate between possible mechanisms for
FMN binding to apoflavodoxin, as discussed below.

Kinetic models that describe FMN binding to A. vinelandii apoflavodoxin

Several possible origins exist for the observed two rate constants for FMN binding to
A. vinelandii apoflavodoxin, but some of them can be excluded. As both rate constants
increase with increasing protein concentration (Figure 6), each of these rate constants
represents a second order association process. This excludes binding models that describe the
two observed rate constants for FMN binding by employing two consecutive processes, like
for example native holoflavodoxin being formed via a structural adaptation of an
apoflavodoxin-FMN complex (i.e. Apo + FMN < X < Holo). NMR experiments show no
indications for structural heterogeneity to exist in A. vinelandii holoflavodoxin (Steensma et
al. 1998). In addition, a single rate constant is observed for holoflavodoxin unfolding at
various GUHCI concentrations. Consequently, the ensemble of holoflavodoxin molecules can
be considered to be conformationally identical, and therefore all possible FMN-binding
models need to end with a single hol oflavodoxin conformation.

Three FMN-binding models have been constructed (see Materials and Methods) that
can potentially explain the observed two rate constants for FMN binding to A. vinelandii
apoflavodoxin and that fulfil the above requirements. Each of these binding models has been
tested on its ability to describe the observed denaturant-concentration dependence of the
FMN binding rate constants and associated amplitudes, the denaturant-concentration
dependence of the rate constant of FMN release from holoflavodoxin, and the equilibrium
dissociation constant of the apoflavodoxin-FMN complex.

The first FMN binding model tested (equation 12) assumes an equilibrium between
two conformationally differing apoflavodoxin species, each with its own FMN binding rate
constant:

Kapol,2
FMN + Apol <—= Apo2 + FMN Model 1

DN kn@

Holo

This is possible as the flavin binding site of A. vinelandii apoflavodoxin is shown to be
flexible (Steensma and van Mierlo 1998), which could reflect a relatively slow dynamic
equilibrium between two protein substates. One of the apoflavodoxin species binds FMN
rapidly, whereas the other one binds FMN more slowly. The denaturant-dependence of the
relative amplitudes of the two observed binding processes (Figure 7) can in this model be
explained by denaturant-induced changes in the relative population of both apoflavodoxin
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species. The model describes the observed GUHCI concentration dependence of the binding
rate constants and corresponding amplitudes rather well (Figure 7). The results of the fit are
summarised in Table 2. The two apoflavodoxin species involved have a difference in free
energy of 1.7 kcal/mol in absence of denaturant (determined according to equation 13), and
this free energy difference has a GUHCI concentration dependence (i.e. m-value) of —1.09
kcal/molM™. Combination of the two apoflavodoxin-FMN binding rates of model 1 with the
holoflavodoxin unfolding rate (i.e. the rate of FMN release from holoflavodoxin) of 8.88 10°
s! (Figure 8B), al rates in absence of denaturant, results in equilibrium FMN dissociation
constants of the two apoflavodoxin species (Ky(1) and Ky(2), Table 2) that are in good
agreement with the K, measured according to the classical method (i.e. 3.4 10™° M, Figure
1).

In the second FMN binding model (equation 15), FMN can bind to apoflavodoxin in
two different manners, with the first one leading to native holoflavodoxin and the second one
leading to a protein molecule with incorrectly bound FMN. Incorrectly bound FMN needs to
be released before subsequent native binding can occur. The mathematical description of
FMN binding model 2 is analogous to a three-state kinetic protein folding model that
involves an off-pathway intermediate (Matsen and Franklin 1950; Szabo 1969; lkai and

Table 2. Parameters extracted from the global fit of a model including two
apoflavodoxin species (model 1, equation 12), each with a differing FMN binding rate
constant, to the experimentally obtained GuHCI-dependence of the FMN binding rate
constants and associated amplitudes of A. vinelandii apoflavodoxin (the corresponding
data are presented in Figure 7).

Kapor.2 189+ 26 M,po12 -1.09 + 0.16 kcal/molM™*

K 8.88+0.02s! Myt 0.6459 + 0.0003 kcal/molM™
Keirg(1) 0.949 + 0.002 M 's™ Keirg(2) 0.264 + 0.003 pM s

Myna(1) -0.922 + 0.009 kcal/molM™  m,;.,(2) -0.50 + 0.03 kcal/molM™*
Ko(L) (9.36 % 0.03) 10 M Ko(2) (3.36 % 0.04) 10%° M

my(1) -1.568 + 0.009 kcal/molM™  m,(2) -1.14 + 0.03 kcal/molM ™

The equilibrium constant K, , describes the equilibrium between the two apoflavodoxin species in absence of
denaturant, K is the single observed rate constant for release of FMN from holoflavodoxin, kig(1) and Kyn(2)
are the second-order rate constants for FMN binding to each of the two apoflavodoxin species, Ky(1) and K (2)
are the equilibrium dissociation constants of each of the two apoflavodoxin-FMN complexes (i.e. Ky/Kying). FOr
each rate constant and equilibrium constant the corresponding denaturant-concentration dependencies (i.e. m-
values) are shown. For further details of the fitting procedure see Materials and Methods. The errors given are
standard fitting errors.
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Tanford 1973; Hagerman and Baldwin 1976):
Int <—= FMN + Apo =— Holo Model 2

This model is unable to describe the experimental data with physically meaningful
parameters (fit results not shown). Firstly, the intermediate formed in model 2 is significantly
less denaturant accessible than native holoflavodoxin, as can be inferred from the extracted
m-values, that scale to denaturant accessibility (Myers et al. 1995). Secondly, the fitted
fluorescence intensity of the protein molecule with incorrectly bound FMN is strongly
negative, which isimpossible.

The third and final FMN binding model used assumes that the two observed FMN
binding rate constants originate from two parallel mechanisms for FMN binding to A.
vinelandii apoflavodoxin that kinetically partition (equation 19):

FMN + Apo =—= Holo Model 3

% Int/;/

However, FMN binding model 3 only fits to the data by ascribing some highly unlikely
properties to the intermediate with bound FMN (fit results not shown). Firstly, the
intermediate formed in this binding model is much less denaturant accessible than native
holoflavodoxin. Secondly, the transition state associated with the conversion of the
intermediate to native holoflavodoxin is even less denaturant accessible than this
intermediate.

The above considerations suggest that only model 1, which includes a heterogeneous
population of apoflavodoxin molecules consisting of two species, is able to describe the FMN
binding data of A. vinelandii apoflavodoxin. The question remains what causes the existence
of these two conformationally differing A. vinelandii apoflavodoxin species.

In case of D. vulgaris apoflavodoxin, monophasic FMN binding kinetics are observed
in the absence of inorganic phosphate in the buffer, whereas in the presence of phosphate
FMN binding is biphasic (Murray and Swenson 2003). Based on these observations and
additional studies (Murray et al. 2003) it is proposed that in absence of free phosphate the 5’ -
phosphate of FMN binds first to apoflavodoxin, followed by binding of the isoalloxazine
ring. Inorganic phosphate is proposed to bind to the phosphate binding site of a fraction of the
D. vulgaris apoflavodoxin molecules and leads to a pre-formed isoalloxazine binding site
(Murray and Swenson 2003). The latter requires the isoalloxazine ring of FMN to bind first
to apoflavodoxin in these molecules. Consequently, biphasic FMN binding kinetics are
observed for D. vulgaris apoflavodoxin in the presence of phosphate.

The studies of Murray and Swenson prompted us to determine the amount of free
inorganic phosphate in our buffer (i.e. 100 mM potassium pyrophosphate). *P NMR
spectroscopy shows that approximately 2 % of the *'P nuclei present in this buffer is present
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as phosphate (data not shown). Thus approximately 4 mM inorganic phosphate is present in
the FMN binding studies of A. vinelandii apoflavodoxin. Most likely, the heterogeneity in A.
vinelandii apoflavodoxin is caused by the binding of inorganic phosphate to the phosphate
binding site of afraction of the A. vinelandii apoflavodoxin molecules, similar to as observed
for D. vulgaris apoflavodoxin (Murray and Swenson 2003).

In conclusion, the kinetics of FMN binding to A. vinelandii apoflavodoxin in the
presence and absence of denaturant involves two rate constants, which are caused by the
presence of two conformationally differing apoflavodoxin molecules. The binding of
inorganic phosphate to a fraction of the apoflavodoxin molecules most likely causes the
existence of these two apoflavodoxin species.

Thekinetics of A. vinelandii holoflavodoxin folding

The kinetics of the folding of apoflavodoxin from A. vinelandii in absence of FMN
has been studied in great detail (Chapter 2 of this thesis). Single jump and interrupted
refolding experiments show that the refolding kinetics of A. vinelandii apoflavodoxin are
complex and involve four processes, with rate constants A1 to A4 in order of decreasing
value. All four processes yield native molecules. The two slowest folding processes (with rate
constants A3 and A4) are due to Xaa-Pro peptide bond isomerisation in the unfolded state.
Under refolding conditions, two processes are observed for the folding of apoflavodoxin
molecules with all Xaa-Pro peptide bonds in the native conformation, which implies the
population of afolding intermediate |,. The slowest of these two processes (i.e. A2) becomes
faster with increasing denaturant concentration, meaning that an unfolding step is rate-
limiting for folding of the majority of apoflavodoxin molecules. This, together with the
absence of alag in the formation of native molecules, means that the intermediate |, that
populates during refolding is off-pathway. A second intermediate (l,) is observed during
apoflavodoxin unfolding. It is on the direct route between unfolded and native apoflavodoxin
and is high-energetic. All folding apoflavodoxin molecules pass through this high-energy
intermediate before reaching the native state. The experimental data obtained on
apoflavodoxin folding are consistent with the linear four-state folding mechanism (Chapter 2
of thisthesis):

|1<7U<:>|2<:>N (2)

In this study, the influence of the presence of FMN on the folding kinetics of A.
vinelandii flavodoxin is investigated. Unfolded apoflavodoxin in 3.0 M GuHCI is mixed into
buffer containing FMN and small amounts of denaturant, and the subsequent binding of FMN
to the folding apoflavodoxin molecules is monitored, as shown in Figure 9A. A sum of three
exponential equations can be fitted to the time-dependent fluorescence signal obtained, which
leads to the identification of three observable folding rate constants.

The slowest folding rate constant observed in the holoflavodoxin folding experiment
is equal to A3 observed during apoflavodoxin kinetic folding, which originates from Xaa-Pro
peptide bond isomerisations (a rate constant of approximately 0.3 s* in absence of denaturant,
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Figure 9. (A) Time-dependent fluorescence signal resulting from FMN binding to folding A. vinelandii
apoflavodoxin molecules (black line) detected via the quenching of the FMN fluorescence above 475 nm. The
trace is obtained by mixing unfolded apoflavodoxin (in 3.0 M GuHCI) with buffer containing FMN to final
conditions of 10 uM FMN, 1.0 uM flavodoxin, 0.50 M GuHCI, 100 mM potassium pyrophosphate pH 6.0 at 25
°C. Under these conditions apoflavodoxin is in its native state. The grey line shows the trace obtained when
repeating the same experiment in absence of protein. The decrease in fluorescence emission observed in the
latter trace is caused by the photobleaching of FMN. (B) Chevron plot of the two largest observed rate constants
for A. vinelandii holoflavodoxin folding as observed by changesin FMN fluorescence above 475 nm (@: A1, Il
A2). For comparison, the corresponding A. vinelandii apoflavodoxin folding rate constants as observed by
changes in tryptophan fluorescence intensity are shown as well (open symbols). The two lowest folding rate
constants for both apo- and holoflavodoxin folding (i.e. A3 and A4) are not shown as they do not inform about
the folding mechanism of flavodoxin, because they originate from Xaa-Pro peptide bond isomerisations. Up to
0.7 M GuHCl, the folding rate constants observed for both holo- and apoflavodoxin are identical within error.
The A1 and A2 rate constants for refolding of freshly unfolded apoflavodoxin (made by unfolding apoflavodoxin
for a period of 600 msin 3.0 M GuHCI) in the presence of FMN at 0.5 M GuHCI are shown in grey. The rate
constants are plotted on a logarithmic scale. Final conditions are 1.0 uM flavodoxin in 100 mM potassium
pyrophosphate pH 6.0 at 25 °C. In case of holoflavodoxin, 10 uM FMN is present as well. Apoflavodoxin
folding data are taken from Chapter 2 of thisthesis.

data not shown). The slowest apoflavodoxin folding rate constant A4 of 0.03 s* in absence of
denaturant, which also originates from Xaa-Pro peptide bond isomerisations, is not
sufficiently sampled in the holoflavodoxin kinetic folding traces, as these traces are recorded
for a period of only 10 seconds. As both A3 and A4 originate from Xaa-Pro peptide bond
isomerisations, they do not inform about the folding mechanism of both apo- and
hol of lavodoxin.

The dependence of the two fastest rate constants for both apo- and holoflavodoxin
folding (i.e. A1 and A2) on the GuHCI concentration is shown in Figure 9B. During
apoflavodoxin kinetic folding, the processes with these rate constants correspond to the
folding of molecules with all Xaa-Pro peptide bonds in the correct, native conformation
(Chapter 2 of thisthesis). Up to 0.7 M GuHCl, the rate constants for holoflavodoxin folding
as observed via FMN binding are identical within error to those observed for apoflavodoxin
folding. Above 0.7 M GuHCI, the FMN binding rate constants deviate from the
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apoflavodoxin folding rate constants. At these concentrations denaturant both folding and
unfolding processes contribute to the observed kinetics, and as hol oflavodoxin unfolds slower
than apoflavodoxin, the resulting observed rate constants for holoflavodoxin folding are
lower than those of apoflavodoxin folding. Clearly, the presence of excess FMN does not
accelerate flavodoxin folding.

The largest folding rate observed during apoflavodoxin folding (i.e. A1) contains
contributions from the formation of folding intermediates with non-native Xaa-Pro peptide
bonds (Chapter 2 of thisthesis). In case these intermediates are able to bind FMN, this could
influence the observed holoflavodoxin folding kinetics as monitored by FMN binding (Figure
9B). However, freshly unfolded apoflavodoxin (made by unfolding apoflavodoxin for 600 ms
in 3.0 M GuHCI), in which the vast mgjority of the Xaa-Pro peptide bond isomers is correct,
gives upon folding in presence of FMN at 0.5 M GuHCI rate constants for FMN binding that
are identical within error to the rate constants for folding of equilibrium unfolded apo- and
holoflavodoxin (Figure 9B). Consequently, apoflavodoxin folding intermediates with non-
native Xaa-Pro peptide bonds do not bind FMN.

In Figure 9A, the time-dependent fluorescence intensity of unbound FMN in akinetic
folding experiment is shown, recorded under identical circumstances as those used for
holoflavodoxin folding, except that now no protein is present. The initial fluorescence
intensity of FMN during kinetic holoflavodoxin folding is higher than observed in the blank
experiment in which flavodoxin is absent. This higher intensity is possibly explained by a
weak aspecific association of FMN with the folding apoflavodoxin molecules, which would
result in FMN being less accessible to GUHCI compared to unbound FMN. We observe that
the fluorescence intensity of unbound FMN is quenched by the presence of GUHCI (24 %
guenching at 0.5 M GuHCI, data not shown).

The possible association of FMN with unfolded apoflavodoxin is investigated under
circumstances at which this state is significantly populated. However, no indications for the
association of FMN with apoflavodoxin unfolded in 4.0 M GuHCI are observed. Firstly, at
this denaturant concentration the fluorescence emission spectra of FMN in the presence and
in the absence of apoflavodoxin are identical (Figure 8A). Secondly, '"H-NMR spectra of
holoflavodoxin unfolded in 4 M GuHCI show sharp resonances of FMN protons at proton
frequencies that coincide within the spectral resolution of 0.01 ppm with those of FMN in 4
M GuHCI in absence of flavodoxin (data not shown). Thirdly, the observed flavodoxin
folding kinetics are not affected by the presence of excess FMN (Figure 9B). Fourthly, the
holoflavodoxin denaturant-induced equilibrium unfolding data (Figures 2 and 3) are
excellently described by assuming that only native apoflavodoxin binds FMN. In summary, if
any association of FMN with unfolded apoflavodoxin molecules exists, it must be wesk.

The possible association of FMN with the apoflavodoxin folding intermediate |, can,
if it exists, only be weak, because at 2.6 M GuHCI, where I, is maximally populated for 11.7
% (see Figure 4) the fluorescence emission spectra of FMN in the presence and in the
absence of apoflavodoxin are identical (data not shown). In addition, up to 0.7 M GuHCI the
observed flavodoxin folding kinetics are not affected (Figure 9B): A2 increases with
increasing denaturant concentration for both apo- and holoflavodoxin. This increase reflects
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the unfolding of the off-pathway apoflavodoxin folding intermediate 1, (Chapter 2 of this
thesis). As the presence of FMN leads to no alteration in the latter phenomenon, binding of
FMN to I, seems unlikely. The latter is again supported by the holoflavodoxin equilibrium
unfolding data being well described by assuming that only native apoflavodoxin binds FMN
to asignificant extent. In summary, the off-pathway intermediate I, does not bind FMN with
an appreciable binding constant. In addition, the high-energy on-pathway intermediate I,
(equation 2) exists for such a short time (Chapter 2 of this thesis) that FMN binding to this
intermediate must also be negligible.

The data presented show that FMN has no appreciable interaction with non-native
apoflavodoxin molecules. The data also show that the presence of excess FMN does not
accelerate A. vinelandii flavodoxin folding. As under the conditions investigated the
formation of native apoflavodoxin molecules is the rate-liming step in holoflavodoxin
folding, FMN binding to native apoflavodoxin must be the final step in A. vinelandii
holoflavodoxin folding.

In contrast to our observations, Wittung-Stafshede and co-workers propose that the
presence of FMN speeds up the folding of D. desulfuricans flavodoxin (Apiyo and Wittung-
Stafshede 2002). However, in the latter study only a limited number of folding and unfolding
rate constants as a function of concentration denaturant are reported for both apoflavodoxin
and holoflavodoxin kinetic folding. In addition, in case of the D. desulfuricans
hol oflavodoxin kinetic folding study, FMN and apoflavodoxin are present in equal amounts,
resulting in an FMN binding rate constant that must decrease during the course of the folding
experiment. No corrections were made for this phenomenon.

In summary, the folding data of A. vinelandii holoflavodoxin show that first
apoflavodoxin folds to its native state according to the mechanism described in Chapter 2 of
this thesis and that subsequently FMN binds to native apoflavodoxin, thereby forming
hol oflavodoxin. Excess FMN does not accelerate holoflavodoxin kinetic folding and FMN
does not act as a nucleation site for flavodoxin folding. No indications exist that unfolded
apoflavodoxin, the molten globule-like apoflavodoxin off-pathway folding intermediate I, or
the high-energy on-pathway intermediate |, interact to a significant extent with FMN.
Whereas FMN binding is the final step in A. vinelandii holoflavodoxin folding,
holoflavodoxin is so stable that FMN needs to be released before global unfolding of the
protein can occur. The global unfolding of A. vinelandii holoflavodoxin is a rare event,
occurring approximately once per 3 hours in the absence of denaturant.
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6 The influence of cofactor binding on local
unfolding of Azotobacter vinelandii
flavodoxin as determined by H/D
exchange and NMR spectroscopy

Yves J.M. Bollen and Carlo P.M. van Mierlo

Native state H/D exchange combined with NMR spectroscopy is used to probe the
influence of FMN binding on the stability of Azotobacter vinelandii flavodoxin against
local, subglobal and global unfolding. The global stability of A. vinelandii
holoflavodoxin can not be determined from the H/D exchange data. This is caused
by the unavoidable occasional FMN release from the holoprotein, which causes
none of its backbone amide protons to exchange solely from the globally unfolded
state of the protein. In absence of denaturant, H/D exchange occurs via local or
subglobal unfolding processes, just as is the case for apoflavodoxin. No areas are
detected in flavodoxin where FMN binding results in an increase of the local
dynamics. Almost the entire flavodoxin backbone is substantially more rigid in
holoflavodoxin than in apoflavodoxin. Part of the 23-residue loop that is inserted into
B-strand 5 of flavodoxin, which is characteristic for the class of long chain
flavodoxins, is in strong contrast to apoflavodoxin inaccessible to water in
holoflavodoxin. Similarly, the N(3)H proton of the FMN cofactor is inaccessible to
water as long as FMN is bound and its exchange with solvent deuterons only takes
place upon release of FMN. At least three out of the four partially unfolded forms that
apoflavodoxin occasionally adopts under native conditions are inaccessible to
holoflavodoxin. Holoflavodoxin can form these partially unfolded conformations only
when FMN is released. Taking all observations together, a schematic representation
of the free energy landscape for folding of A. vinelandii holoflavodoxin is presented.



Chapter 6

Introduction

Flavodoxins are small monomeric proteins involved in electron transport. They adopt
an o-f parallel topology, and contain a non-covalently bound flavin mononucleotide (FMN)
cofactor (Figure 1) (Mayhew and Tollin 1992). Apoflavodoxin from Azotobacter vinelandii
(i.e. flavodoxin in the absence of the FMN cofactor) is structurally identical to flavodoxin
except for some dynamic disorder in the flavin-binding region (Steensma et al. 1998;
Steensma and van Mierlo 1998). The folding of apoflavodoxin from A. vinelandii has been
studied in great detail. Apoflavodoxin is shown to populate an intermediate during
equilibrium unfolding (van Mierlo et al. 1998; van Mierlo et al. 2000), which is kinetically
off the productive folding route (Chapter 2 of this thesis). The formation of a second
intermediate is shown to be an obligatory step on the productive folding route of the protein.
This second intermediate is highly unstable and never populates significantly at equilibrium
or during kinetic folding of apoflavodoxin (Chapter 2 of this thesis). Apoflavodoxin folding
can be summarised as follows:

L=—=U=—=1,==N (D

in which I, is the off-pathway intermediate that populates at equilibrium, U is unfolded
apoflavodoxin, I, is the unstable on-pathway intermediate and N is native apoflavodoxin.

o 100's loop

Figure 1. Molscript cartoon drawing (Kraulis 1991) of the X-ray structure of Azotobacter chroococcum
flavodoxin (Thorneley et al. 1994), the sequence of which is 95 % identical to A. vinelandii flavodoxin. The
secondary structure depicted is as determined for A. vinelandii holoflavodoxin by NMR spectroscopy (Steensma
et al. 1998). The FMN cofactor is shown in black in ball-and-stick representation. The 23-residue insertion into
B-strand 5 that is characteristic for long-chain flavodoxins is depicted in grey.
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To characterise the local dynamics of A. vinelandii apoflavodoxin, native-state
hydrogen deuterium (H/D) exchange experiments have been reported (Chapter 4 of this
thesis). H/D exchange detected by NMR spectroscopy is a powerful technique that can give
detailed information about the stability and dynamics of a protein at the level of single amino
acids. Backbone amide protons, provided they are water-accessible, exchange gradually with
the protons of water or with deuterons in case D,O is used as a solvent. Amide protons
involved in hydrogen bonding networks or buried from the solvent exchange more slowly
than freely accessible amide protons since the protein has to unfold, partially or completely,
to facilitate exchange of these buried or bonded protons.

Quantitative interpretation of hydrogen deuterium exchange is possible using asimple
two-state model (Hvidt and Nielsen 1966):

Kint
Open (NH) —> Exchanged (ND) 2

Closed (NH)

In this model, the open or exchange-competent form and the closed or exchange-incompetent
form of a protein at the site of a particular amide proton are in equilibrium with one another,
and interconvert with rate constants for opening (k,,) and closing (ky). This interconversion
reflects either local opening of the structure or a (sub)global unfolding process. From the
open state exchange takes place with the intrinsic rate constant k;, that depends on amino acid
sequence, pD and temperature and can be calculated using values derived from work on
model peptides (Bai et a. 1993). The time course of exchange can be monitored at the
residue level by NMR, since amide protons give rise to a*H-NMR signal, and replacement of
the proton by a deuteron leads to disappearance of thissignal.

Under conditions favouring the closed state (i.e. k,, << k), the observed exchange
rate k,, is given by:

_ kokin

1k,

3

Depending on the ratio of k, and k., two limiting cases may be reached. If k, << K,
equation 3 reduces to

Kec = Kop (4)

Under these conditions, referred to as EX1, the measured exchange rate of a certain amide
proton informs about the local conversion rate between the closed and the open state of its
micro-environment. If k, >> k., equation 3 reduces to

_ Kok
K,

kex = KopKnt (5)
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In this limiting case, referred to as EX2, the ratio of the measured exchange rate k., and k;,

provides the equilibrium constant for local opening of the protein structure K, which is the
ratio of k,, and ky and is ameasure for the local stability AG,:
AG,, =—RTIN(K,,) =—RTIn(k,,/k, ) = =RTIn(k, /k,) (6)

An amide proton can exchange with solvent deuterons via local opening of the
surrounding protein structure, via subglobal (i.e. partial) unfolding of the protein or via global
protein unfolding. Native state hydrogen exchange experiments performed under EX2
conditions in the presence and absence of small amounts of denaturant allow the
identification of clusters of residues that reach their respective exchange-competent state by a
concerted sub-global or global protein unfolding process (Bai et al. 1995; Chamberlain et al.
1996). In case an amide proton exchanges vialocal opening processes its AG,, is insensitive
to denaturant because only a small amount of protein surface becomes accessible to
denaturant in such a local fluctuation of the protein structure. In case an amide proton
exchanges via (sub)global unfolding processes its AG,, decreases with increasing denaturant
concentration. Amide protons that exchange via the same (sub)global unfolding process are
characterised by the same denaturant concentration-dependence of AG,, (see chapter 4 of this
thesis for details).

Once residues have been identified to exchange via a specific (sub)global unfolding
process under EX2 conditions in absence of denaturant, the exchange rate of these residues
under EX1 conditions informs about the rate of that specific unfolding process (Yan et al.
2002). Since amide proton exchange is base-catalysed above pD 4, the intrinsic exchange rate
k.. increases tenfold by every increase of the pD by 1 unit above pD 4. As a consequence, the
mechanism for amide proton exchange for a specific protein can be altered from EX2 to EX1
by increasing the pD sufficiently.

In absence of denaturant, most amide protons of A. vinelandii apoflavodoxin
exchange via local structural opening processes (Chapter 4 of this thesis). Of the amide
protons that exchange via (sub)global protein unfolding, only a single residue (Phe25) that is
shielded from the solvent in the native state becomes solvent accessible in the equilibrium
intermediate |,. The latter isremarkable as |, is the most stable apoflavodoxin species besides
the native state (Chapter 4 of this thesis). Four clusters of residues have been identified in
apoflavodoxin that become water accessible in a specific partially unfolded form (PUF) of
the protein. These residues are categorised according to the denaturant-concentration
dependence of their AG,,: backbone amide protons that become water accessible in a
particular PUF all have the same denaturant concentration-dependence of their AG,,. The
identification of four of such clusters within apoflavodoxin leads to the characterisation of
four apoflavodoxin PUFs. A fifth cluster of residues is identified within A. vinelandii
apoflavodoxin the amide protons of which exchange from unfolded apoflavodoxin in
presence of GUHCI concentrations exceeding 0.5 M. However, in absence of denaturant these
amide protons all exchange via local opening processes (Chapter 4 of this thesis). Under
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native conditions not one backbone amide proton in apoflavodoxin exchanges only from the
globally unfolded state. The separate clusters of co-operatively unfolding residues as
determined by native state H/D exchange of A. vinelandii apoflavodoxin are shown in Figure
3 of Chapter 4 at page 76. Starting from native apoflavodoxin, in PUF1 residues of Cluster 1
are unfolded, subsequently PUF2 is formed in which residues of Cluster 2 are unfolded in
addition to those of Cluster 1, and so on.

The rates of interconversion of the apoflavodoxin PUFs with native apoflavodoxin are
determined via the pD-dependence of the corresponding amide proton exchange rates.
Comparison of these rates with stopped-flow kinetic folding rate constants shows that none of
the identified PUFs are on the direct productive folding route between globally unfolded and
native apoflavodoxin (Chapter 2 of this thesis). PUF3 and PUF4 are on a non-productive
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Figure 2. Schematic representation of the free energy landscape for folding of A. vinelandii apoflavodoxin
derived from the results obtained from denaturant-induced equilibrium and kinetic (un)folding studies as
presented in Chapter 2 of this thesis, and obtained from native state H/D exchange studies (Chapter 4 of this
Thesis). The horizontal axis represents the reaction co-ordinate, the vertical axis the free energy. The horizontal
axis scales to the denaturant accessibility of the protein; it is expressed as the a-value, with native apoflavodoxin
having an a-value of 1 and unfolded apoflavodoxin an a-value of 0. U and N represent unfolded and native
apoflavodoxin, respectively; I, and I, are the two folding intermediates presented in equation 1. The off-pathway
intermediate I, is represented on the left-hand side of the unfolded state, whereas both the on-pathway
intermediate 1, and native apoflavodoxin reside on the right-hand side of the unfolded state. PUF3 and PUF4
have within error the same free energy barrier for opening as |,, according to their opening rates as determined
from pD dependent H/D exchange data. The heights of the free energy barriers between these latter three species
are unknown, and are therefore represented by dashed lines. PUF1 and PUF2 are on a separate unfolding route
starting from N. Note that on the right-hand side of N (o = 1) the a-values decrease again. The heights of the

barriers AG(fp were calculated from the opening (i.e. unfolding) rates according to AGg‘p =-RT In(kop / ko) using

avalue for k, of 10® (Krieger et al. 2003). All free energy barriers the heights of which are not known from
kinetic (un)folding studies are chosen such that they do not influence the (un)folding kinetics, and are
represented by dashed lines. The depth of the minimum in the free energy landscape in which |, resides is
unknown, and is therefore represented by a dashed line.
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folding route that starts with unfolded apoflavodoxin. A common free energy barrier
separates both PUF3 and PUF4 from unfolded apoflavodoxin. This barrier is proposed to be
the same as the one that separates the off-pathway apoflavodoxin folding intermediate |, from
the native state. Both PUF3 and PUF4, as well as |,, need to unfold before productive folding
of apoflavodoxin can occur. PUF1 and PUF2 are unfolding excursions from native
apoflavodoxin that are not on the unfolding route that leads to unfolded apoflavodoxin. A
simple two-dimensional model of the free energy landscape for apoflavodoxin folding that is
consistent with the experimental data on apoflavodoxin equilibrium and kinetic folding and
unfolding as well as with the H/D exchange behaviour of apoflavodoxin's backbone amide
protonsis shown in Figure 2 (see also Chapter 4 of thisthesis).

In case of A. vinelandii holoflavodoxin it has been shown that the equilibrium
stability of the protein equals the sum of the stability of apoflavodoxin and the free energy
that is gained upon binding of FMN to apoflavodoxin (Chapter 5 of this thesis). During
kinetic folding of flavodoxin, binding of FMN only occurs after native apoflavodoxin has
been formed. The presence of FMN does not accelerate the folding process. Release of FMN
is the rate-limiting process during global unfolding of flavodoxin. As long as FMN stays
bound to flavodoxin, the protein remains native even under strong denaturing conditions.
However, as soon as apoflavodoxin is formed under these conditions, it unfolds rapidly. The
kinetic folding scheme for holoflavodoxin (Chapter 5 of this thesis) is given by:

l;+ FMN == U+ FMN == |,+ FMN == Apo+ FMN === Holo (7)

Currently, little is known about the influence ligand binding has on the internal
dynamics of proteins. In several proteins, ligand binding induces large-scale structural
changes (see (Luque et al. 2002) for arecent review). The propagation of binding interactions
to distal sitesin the protein is proposed to enable allosteric regulation and signal transduction
(Luque et al. 2002). In most cases, the backbone conformation of the protein becomes less
flexible upon ligand binding. Remarkably, in case of mouse major urinary protein the protein
backbone is observed to become more flexible upon binding of a small hydrophobic ligand
(Zidek et al. 1999). Clearly, more experimental data are required to further insight into the
role ligands have on the internal dynamics of proteins.

Here, native state H/D exchange is used to probe the influence FMN binding has on
the local stabilities of the residues within A. vinelandii flavodoxin. Measurements are
reported at different pD values, which allows the determination of local opening and closing
rates within holoflavodoxin. Furthermore, the holoflavodoxin data presented here are
combined with the recently obtained insight into the folding kinetics of apoflavodoxin and
into the subglobal unfolding processes that take place within apoflavodoxin. As a result, a
detailed picture of the influence of ligand binding on the folding and stability of A. vinelandii
flavodoxin emerges.
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Materials and Methods

Materials
Potassium pyrophosphate was from Sigma (Bornem, Belgium). >N Ammonium
chloride was purchased from Campro Scientific, Veenendaal, The Netherlands.

Protein purification
Uniformly **N-labelled recombinant C69A A. vinelandii holoflavodoxin was obtained
as described previousy (Steensma et al. 1998; van Mierlo et al. 1998).

pD dependent H/D exchange of A. vinelandii holoflavodoxin

H/D Exchange experiments were started by dissolving lyophilised samples of
uniformly **N-labelled holoflavodoxin in D,O to afinal protein concentration of 2.5to 3 mM.
The samples were immediately transferred into the NMR machine, and a series of 'H-"N
HSQC spectra were recorded at 25 °C. A similarly prepared sample without containing
protein was used to shim the magnetic field, tune the probe, and to determine the length of
the 90° proton pulse prior to the start of the H/D exchange experiment. The dead-time of the
exchange experiment, i.e. the difference in time between the mixing of D,O with lyophilised
protein and the recording of the first HSQC spectrum, was approximately 5 minutes. The
samples contained 100 mM potassium pyrophosphate at various pD values and 100 uM DSS.
The pD of the sample was measured using a glass electrode after the exchange experiment
was completed. Experiments were done at pD values of 6.19, 6.26, 7.73 and 8.82
(uncorrected pH-meter readings). The experiments at pD 6.26 and 8.82 lasted for 11 months.
The experiments at pD 6.19 and 7.73 were stopped after 2 months due to the observation of
unwanted proteolysis taking place. In all cases, afew intense 'H-""N NMR cross peaks were
still present in the final HSQC spectra acquired. As exchange of these protons was far from
complete, this implies that the exchange rates of the most slowly exchanging amide protons
could not be determined accurately.

NMR spectroscopy and data processing

Gradient-enhanced 'H->N HSQC spectra (Paimer |11 et al. 1991; Kay et al. 1992)
were recorded at 25 °C on a Bruker AM X500 spectrometer operating at a proton frequency of
500.13 MHz as described previously (van Mierlo et al. 2000). In all exchange experiments,
first 9 HSQC spectra were recorded with 1024 complex data points in the direct *H
dimension and 96 complex data points in the indirect N dimension with two scans per
increment. Each HSQC spectrum took 8 minutes and 40 seconds to acquire. As a result, a
reasonably high sampling rate in the beginning of the exchange experiment could be
obtained. Subsequently, a series of spectra with identical settings but with an increased
number of complex data points (i.e. 256) in the indirect dimension was recorded. Each HSQC
spectrum now lasted 22 minutes and 46 seconds before completion and has a higher spectral
resolution then the former HSQC spectra.
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The NMR data were processed on a Silicon Graphics Octane workstation using the
program Felix 2D (MSI, San Diego, CA, USA). In the direct 'H dimension, data were
multiplied by a Gaussian function and zerofilled to 2048 points prior to Fourier transform. In
the indirect *N dimension data were zerofilled once (to 192 points if 96 complex points were
recorded, or to 512 points in case 256 complex points were recorded) and multiplied by a
squared cosine bell prior to Fourier transform. Spectra were referenced to internal DSS. Peak
heights were automatically determined using the macros and scripts provided by A. G.
Palmer I11 (Palmer I11), and a single exponential function was fitted to the data using the
program CurveFit (Palmer 111) to obtain the exchange rate constants k.. Assignments of most
of the NMR cross peaks were adapted from (Steensma et al. 1998) to the pD and temperature
values used in the present study.

Results and discussion

The H/D exchange rates of those backbone amide protons of A. vinelandii
holoflavodoxin that exchange sufficiently slowly to be followed by NMR spectroscopy are
determined at four different pD values. Equation 5 is fitted to the pD-dependence of the H/D
exchange rate constant (k,,) of those amide protons for which EX2 exchange behaviour was
observed over the entire pD range studied (i.e. pD 6.19 to 8.82), as is shown for Leu34 in
Figure 3. Stabilities against local structural opening of holoflavodoxin (AG,,) are calculated
using the K, values obtained from the fit results and equation 6. In case the pD dependent
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Figure 3. Dependence of the detected backbone amide H/D exchange rates (k,,) of Leu34 (O) and Thr56 (@) of
A. vinelandii holoflavodoxin on the intrinsic exchange rate (k). In case k., increases tenfold with an increase of
pD by one unit, as seen for Leu34, the stability against local unfolding of the micro-environment of a specific
backbone amide proton is determined by fitting equation 5 to the pD-dependent k,, data. The result of the latter
fit to the Leu34 data is shown as a dashed line. In case the dependence of k,, on ki, curves, as is the case here for
the Thr56 data, rate constants for local opening (k,,) and closing (ky) of the micro-environment around this
specific backbone amide proton are determined by fitting equation 3 to the data (solid lin€). The data are
obtained from 2.5 to 3 mM holoflavodoxin in 100 mM potassium pyrophosphate at 25 °C.
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Local unfolding of holoflavodoxin

log(k,,) data of a specific amide proton deviate from a straight line with a slope of unity, as
shown for Thr56 in Figure 3, equation 3 is fitted to these data. The latter fit gives rate
constants for local opening (k,,) and closing (ky) of the micro-environment around this
specific amide proton and the corresponding AG,, is determined from the ratio of k,, and ky,
according to equation 6. The k-, k- and AG,,-values determined for the backbone amide
protons of A. vinelandii holoflavodoxin are listed in Table 1. In addition, when available, the
corresponding values of apoflavodoxin are also reported in Table 1 as well as the local
stability difference at the residue-level between apo- and holoflavodoxin (AAG).
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Table 1. Dependence of the backbone amide proton H/D exchange rates (k.,) of A.
vinelandii holoflavodoxin on pD, fitted local opening and closing rates (k,, and ky,
respectively), and stabilities (AG,,) against local unfolding of the protein.?

Residue number  k.(6.19) k.(6.26) ko (7.73) k.(8.82)

3 8.29E-07 1.91E-06
5 4.07E-09 6.56E-07 2.90E-06
6 1.97E-09 1.15E-08
7 3.46E-08
8 7.87E-09 8.89E-07 2.79E-06

13 8.13E-04 4.37E-04 1.98E-04

14 4.60E-06 4.33E-06 3.19E-05 2.11E-04

15 5.44E-07 4.17E-05 1.56E-04

16 4.70E-07 7.16E-07 2.42E-04

17 2.56E-08 1.02E-05 4.65E-05

19 1.45E-08 2.85E-06 1.80E-05

21 4.29E-08 1.22E-05 8.65E-05

22 6.85E-08 7.68E-08 3.26E-05 1.97E-04

23 1.80E-06 4.88E-06

24 1.34E-04 4.12E-04

25 1.94E-06 4.64E-06

29 1.52E-03

30 1.34E-05 3.93E-05

31 1.56E-04 4.50E-04

33 8.48E-04 9.87E-04

34 8.11E-08 3.81E-08 8.03E-06 3.75E-05

37 2.11E-05 5.89E-05

38 7.67E-04 1.85E-03

39 8.29E-05 2.58E-04

45 1.06E-05 3.27E-05

46 4.49E-04

47 4.89E-05 2.75E-04

49 1.70E-06 4.14E-06

50 1.69E-09 1.08E-08

51 2.23E-09 8.87E-09

52 7.11E-10 6.29E-09

53 1.53E-09 1.04E-08

54 2.03E-09 2.64E-08

56 8.90E-08 2.04E-07 1.15E-06 4.73E-06

57 6.85E-04 6.57E-04

58 4.76E-04 1.01E-03

60 6.15E-04 8.64E-04

61 3.98E-04

64 1.54E-03

65 8.32E-04 1.27E-03
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Table 1 continued

Residue nr Kop Ky AG,, AG,,, AAG
3 7.07 £ 032 6.42 0.65
5 10.30 + 0.50  6.82 3.48
6  1.16E-08 1.57 11.04 7.54 3.50
7 13.29
8 11.13 + 046  5.36 5.77

13

14  1.67E-04 + 1.12E-04  41.75 + 37.28 7.33 % 1.12

15 8.68 + 0.37

16 8.09 + 0.86

17 8.63 £+ 0.76  4.54 4.09
19 9.91 + 056  6.44 3.47
21 8.57 £ 0.69  6.29 2.29
22 8.54 + 0.68  6.45 2.09
23 7.50 £ 0.41

24 5.09 + 047  4.43 0.66
25 7.36 + 0.34  5.98 1.38
29 3.36

30 6.44 £ 044 567 0.77
31 5.40 + 0.44

33 3.77 £ 0.02

34 8.65 + 0.41

37 6.41 + 0.42

38 4.40 + 0.35

39 4.44 + 0.47

45 6.39 + 0.47  6.04 0.35
46 4.46 4.64 -0.18
47 5.14 + 0.77  5.53 -0.39
49 7.40 + 035  6.86 0.54
50  7.59E-09 * 2.01E-09 0.84 * 0.44 10.93 + 059  7.31 3.61
51  7.59E-09 + 2.01E-09 0.84 * 0.44 10.93 + 059  7.09 3.84
52 7.59E-09 * 2.01E-09 0.84 * 0.44 10.93 + 059  7.26 3.67
53  7.59E-09 * 2.01E-09 0.84 * 0.44 10.93 + 059  7.84 3.09
54

56  3.90E-06 + 2.09E-06  12.79 * 9.36 8.85 + 0.91

57 3.68 + 0.11

58 4.26 + 0.28

60 4.31 + 0.08

61 4.10

64 3.69

65 3.39 + 0.12
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Table 1 continued

Residue number  k.(6.19) k.(6.26) ko (7.73) k.(8.82)
73 2.52E-04 1.97E-04
74 1.90E-04 2.04E-04
75 2.43E-04
76 1.73E-05
77 5.70E-07 7.53E-07 1.59E-04
80 5.20E-06 6.63E-06
81 9.14E-09 2.79E-06 1.36E-05
82 4.97E-06 1.03E-05
84 7.97E-06 2.38E-05
89 1.04E-06 2.32E-06
91 6.74E-09 2.20E-06 9.28E-06
92 6.50E-09
93 6.93E-09 9.72E-07 4.42E-06
94 1.46E-09 8.76E-09
95 2.18E-09 2.12E-07
96 1.67E-07
98 1.18E-07 2.49E-07 3.33E-07 3.31E-07
99 2.25E-08 3.35E-06 2.15E-05
100 2.63E-06 1.19E-05
101 2.70E-06 2.32E-06 1.03E-04
102 1.25E-07 2.88E-07 4.65E-07
105 3.77E-05 8.01E-05
106 3.91E-08 9.35E-06 5.45E-05
108 5.68E-07
110 2.15E-08 4.43E-06 2.20E-05
111 3.18E-08 6.97E-06 4.52E-05
112 1.46E-04 2.76E-04
113 1.56E-07 3.50E-08
114 6.35E-08
118 2.74E-08 1.01E-05 6.24E-05
119 2.95E-04 3.85E-04
120 1.41E-06 2.83E-06
121 5.24E-04
123 1.45E-06 3.49E-06
124 5.47E-04 1.83E-03
125 3.75E-07 5.16E-07 1.80E-04
128 4.92E-07 1.02E-06 4.52E-04
131 9.23E-04 1.71E-03
133 2.56E-04
134 1.28E-04 3.78E-04
135 8.37E-04 1.81E-03
137 6.04E-05 1.53E-04
139 2.67E-04 2.14E-04
141 4.23E-07 7.86E-07 4.15E-04
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Table 1 continued

Residue nr Kop K, AG,, AG,,, AAG
73 5.14 + 0.22
74 4.77 + 0.06
75 4.01
76 5.51
77 7.35 + 0.68
80 6.61 + 0.03
81 9.29 + 0.69 6.81 2.47
82 5.87 + 0.27 4.93 0.94
84 5.93 + 0.45 5.38 0.55
89 7.95 + 0.31 7.12 0.83
91 9.62 + 0.70 7.96 1.66
92 7.59E-09 + 2.01E-09 0.84 + 0.44 10.93 * 0.59 7.87 3.06
93 9.64 + 0.43 7.49 2.15
94 7.76
95 12.54 + 0.65 6.51 6.02
96 12.05
98 3.43E-07 + 8.20E-08 0.63 + 0.42 8.51 + 0.71
99 9.65 + 0.48
100 9.12 + 0.50
101 7.62 + 0.13
102 3.84E-07 + 8.46E-08 1.52 + 0.85 8.96 + 0.60
105 6.13 + 0.28
106 9.39 + 0.62
108 11.2
110 8.97 + 0.57 5.19 3.78
111 9.53 + 0.60 6.78 2.75
112 4.44 + 0.22
113 8.58 + 0.84 5.8 2.78
114 12.53 7.99 4.54
118 9.37 + 0.76 8.34 1.03
119 4.36 + 0.04
120 7.49 + 0.26 7.06 0.43
121 4.95
123 7.50 + 0.35 7.07 0.43
124 3.13 + 0.51
125 6.75 + 0.85 6.69 0.07
128 7.50 + 1.01 4.69 2.81
131 3.69 + 0.22
133 4.68
134 4.23 + 0.45
135 3.31 + 0.30
137 5.64 + 0.37
139 4.52 + 0.20
141 6.79 + 1.05 4.04 2.76
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Table 1 continued

Residue number  k.(6.19) k.(6.26) ko (7.73) k.(8.82)
142 3.11E-06 8.76E-06
143 7.45E-08
145 4.01E-04
146 1.43E-08 5.63E-06 3.13E-05
147 6.92E-09 2.34E-06 1.16E-05
148 3.47E-09 1.46E-07 2.89E-07
150 3.04E-09 4.00E-07 2.91E-07
151 3.96E-09
153 2.59E-04 9.93E-04
154 7.54E-04
155 4.90E-05 1.31E-04
163 3.85E-06 1.09E-05
167 1.31E-07 5.12E-07
168 1.19E-07
169 1.47E-05 4.63E-08 2.06E-05 9.20E-05
170 1.83E-07 2.87E-07 1.66E-04
171 6.27E-09 4.26E-06 2.53E-05
172 2.57E-07
174 1.08E-03
175 1.26E-06 2.60E-06
177 5.12E-04 1.57E-03
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Table 1 continued

Residue nr Kop Ky AG,, AG,,, AAG
142 5.92 + 0.43 3.83 2.09
143 8.92
145 4.73 4.43 0.30
146 9.56 + 0.77 4.77 4.79
147 9.37 £ 0.72 4.76 4.61
148  4.04E-07 * 2.46E-07  106.9 * 89.45 11.44 * 1.03 4.89 6.55
150 11.18 + 0.82 4.80 6.38
151 10.56 4.76 5.80
153 3.33 + 0.58
154 3.49
155 5.87 + 0.40
163 6.84 + 0.43
167 11.05 + 0.57 7.94 3.12
168 11.87 7.58 4.29
169 8.30 + 0.51 7.70 0.60
170 8.37 + 1.05 7.57 0.80
171 9.26 + 0.95 7.40 1.87
172 7.77 £ 1.38 8.61 -0.03
174 2.84
175 7.16 £ 0.27
177 3.47 £ 047 3.20 0.27

& The backbone amide proton H/D exchange rates k., are determined on samples containing 2.5 to 3 mM
holoflavodoxin in 100 mM potassium pyrophosphate at 25 °C at the pD value indicated between brackets (i.e.
kex(6.26) are the kex values determined in a H/D exchange experiment at pD 6.26). Rate constants for exchange
(k). local opening (k,,) and local closing (k) are in s*. The stabilities at the residue level against local opening
(AG,,) as well as the corresponding local stabilities in apoflavodoxin (AG,,,) and the differences in local
stabilities between holo- and apoflavodoxin (AAG) are in kcal/mol. The standard fitting errors are shown. In
cases Where too few data points are available to meaningfully determine a standard fitting error, the latter error
is not shown.
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The global stability of A. vinelandii holoflavodoxin can not be determined from pD-
dependent H/D exchange data

As aresult of the influence of the non-covalently bound FMN, the stability against
global unfolding of holoflavodoxin is higher than the one characterising apoflavodoxin. The
magnitude of the stability difference between holo- and apoflavodoxin depends on the free
FMN concentration in the holoflavodoxin sample. This is the result of FMN shifting the
equilibrium between apo- and holoflavodoxin towards the holo form, as is expressed in
equation 8:

AG

holo

= AG,,, + RTln(1+ MJ (8)

D

in which AG,,, is the stability against global unfolding of holoflavodoxin, AG,,, is the
stability against global unfolding of apoflavodoxin (i.e. 10.45 + 0.52 kcal/mol, Chapter 2 of
thisthesis), R the gas constant, T the absolute temperature, [FMN] the concentration of free
FMN in solution, and K, the dissociation constant of the apoflavodoxin-FMN complex (i.e.
[FMN][Apo]/[Holo] = (3.4 + 0.4) 10™ M, see Chapter 5 of thisthesis). In the study presented,
no free FMN is added to the NMR samples. As a consequence, the concentration of free
FMN in solution is determined by the total protein concentration and by the magnitude of the
dissociation constant. In a typical H/D exchange experiment, the total flavodoxin
concentration is 2.75 mM, which results in a free FMN concentration of 0.97 + 0.01 pM.
Under this circumstance the global stability of holoflavodoxin according to equation 8 is
15.15 kcal/mol, which is 4.7 kcal/mol higher than the global stability of apoflavodoxin.

In many proteins, the local stability of the most slowly exchanging amide protons
equals the global stability of the protein (Huyghues-Despointes et al. 1999). However, in case
of A. vinelandii apoflavodoxin under native conditions not a single amide proton is detected
to exchange solely from the unfolded state of the protein (Chapter 4 of thisthesis). All amide
protons of apoflavodoxin exchange via local or subglobal unfolding processes. Only when
global unfolding is promoted by the addition of denaturant (> 0.5 M GuHCI), some amide
protons exchange mainly from unfolded apoflavodoxin (Chapter 4). Consequently, the global
stability of apoflavodoxin in absence of denaturant can not be determined from H/D
exchange data.

Even if sites would exist in holoflavodoxin where local and subglobal unfolding
processes do not contribute to H/D exchange, the local stabilities determined at these sites
will not match the stability against global unfolding of holoflavodoxin. The unavoidable
occasional release of FMN from holoflavodoxin causes H/D exchange of backbone amide
protons at these sites to is the case via local or subglobal unfolding processes, just as occurs
in apoflavodoxin. As aresult, the global stability of A. vinelandii holoflavodoxin can not be
determined from H/D exchange data. Indeed, none of the experimentally determined AG,,
values of holoflavodoxin corresponds within error to the calculated global stability of 15.15
kcal/mol (Table 1).
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Local unfolding of holoflavodoxin

The N(3)H of FMN is inaccessible to water when FMN is bound to A. vinelandii
flavodoxin

The N(3)H proton of oxidised FMN (Figure 4A) can exchange with water. The
corresponding H/D exchange rate informs about the water accessibility of the FMN cofactor
when it is bound to A. vinelandii flavodoxin. Unfortunately, the intrinsic exchange rate of the
N(3)H proton is not known. Consequently, the N(3)H exchange rates can not be transferred
into free energy values. However, in case the N(3)H proton exchanges under EX1 conditions
the corresponding rate equals the rate for opening of the local micro-environment around
N(3)H. This opening rate can be determined without any knowledge about the intrinsic
exchange rate of N(3)H by using equation 4.

-4.0 T T T T T T T
A (|3H20P03H2 B
HOH
(|: © -4.4¢ -
(|3HOH |

CHOH

CHs N N o)
Y

CH3 N \

log(Kkex)

Figure 4. The N(3)H of FMN in A. vinelandii holoflavodoxin is indicated by an arrow in the FMN structure, and
can exchange with water (A). Fitting of equation 3 to the dependence of the H/D exchange rate constant of this
amide proton on pD (B) leads to k,, = (2 + 1) 10° s*, and ky/k,, = 3 + 2 s™. The data are obtained from 2.5 to 3
mM holoflavodoxin in 100 mM potassium pyrophosphate at 25 °C.

Figure 4B shows the H/D exchange behaviour of N(3)H at different pD values. The
exchange rate of N(3)H does not increase tenfold with every increase of pD by one unit in the
pD range studied. Instead, above pD 7 the exchange rate levels off upon increasing pD. This
switch from EX2 to EX1 amide proton exchange behaviour alows the determination of the
opening rate (k,,) of the process that makes the N(3)H proton of FMN accessible to the
solvent. Fitting of equation 3, with k., fixed arbitrarily to 1 s*, to the data of Figure 4B leads
to k,, = (2 £1) 10° s™. Fixing k,, to a different value would lead to a different k,-value, but
instead the value found for k,, is unaffected as it does not depend on k.

Based on holoflavodoxin unfolding rates at guanidinium chloride concentrations
exceeding 3.5 M, with a protein concentration of 1 pM, the rate constant for flavin release
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from A. vinelandii holoflavodoxin is 8.88 + 0.02 10° s* (Chapter 5 of this thesis). The latter
holoflavodoxin concentration is more than 3 orders of magnitude lower than the protein
concentrations used in the present H/D exchange experiments. The rate constant for flavin
release of 8.88 + 0.02 10° s* and the k,, value for N(3)H exchange of (2 + 1) 10° s* are in
good agreement regarding the large differences in sample conditions between the two
experiments.

In summary, we conclude that the N(3)H proton of the FMN cofactor is inaccessible
to water when FMN is bound to A. vinelandii flavodoxin. Exchange of the N(3)H proton with
solvent deuterons only takes place once FMN is released from holoflavodoxin. The solvent
inaccessibility of the nonpolar environment around N(3) could at least in part establish the
low redox potential of A. vinelandii holoflavodoxin (i.e. -485 mV, (Steensma et a. 1996)).

The backbone amide H/D exchangerate of Lys13 decreaseswith increasing pD

The backbone amide proton H/D exchange rate of Lys13 is the only exchange rate of
A. vinelandii holoflavodoxin that decreases with increasing pD (Figure 5A). This behaviour
can not be explained by H/D exchange theory. The backbone amide proton of Lys13 is
hydrogen bonded to the phosphate moiety of the FMN cofactor (Figure 5B). Probably the
observed decrease of the H/D exchange rate of this amide proton with increasing pD is
caused by a deprotonation of the phosphate group of FMN. The pK of this phosphate group
(mono-anion to di-anion) of FMN within A. vinelandii holoflavodoxin is reported to be 5.5
(MacKnight et al. 1973). In D,O this pK-value may be slightly different. Apparently, the
deprotonation of the FMN phosphate results in a stronger hydrogen bond between Lys13 and
the now di-anionic phosphate group, which leads to a higher stability against H/D exchange.
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Figure 5. (A) Dependence of the backbone amide proton H/D exchange rate, k,, of Lysl3 of A. vinelandii
holoflavodoxin on its intrinsic exchange rate (k). Remarkably, Lys13 is the only residue of holoflavodoxin the
ke Of its backbone amide proton decreases with increasing ki, (ki is increased by increasing the pD of the
solution). The data are obtained from 2.5 to 3 mM holoflavodoxin in 100 mM potassium pyrophosphate at 25 °C.
(B) The backbone amide of Lys13 in A. vinelandii holoflavodoxin is hydrogen bonded to the phosphate group of
the FMN cofactor, as indicated by the dashed line. The graph is generated using Molscript (Kraulis 1991).
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This stronger hydrogen bond can not contribute significantly to the apoflavodoxin-FMN
binding energy. If the latter would be the case, besides the amide proton of Lys13 many
amide protons would display a decrease of k., with increasing pD, which is clearly not
observed (Table 1).

Cofactor binding influences the dynamics of almost all residues the amide protons of
which exchange via local processesin A. vinelandii flavodoxin

In holoflavodoxin, (sub)global protein unfolding is expected to occur less frequently
than in apoflavodoxin due to the increased global stability of holoflavodoxin compared to
apoflavodoxin. In this section, focus lies on the amide protons in holoflavodoxin that
exchange via local opening processes in apoflavodoxin (Chapter 4 of this thesis). These
amide protons most likely exchange mainly vialocal opening processes in holoflavodoxin as
well. If this is the case, the differences in local stabilities of these backbone amide protons
between holo- and apoflavodoxin inform about the extent to which FMN binding influences
the dynamics of the protein the local opening processes in flavodoxin.

Figure 6 shows the free energy differences between apo- and hol oflavodoxin for those
residues the backbone amide protons of which exchange via local opening processes in

Figure 6. Molscript cartoon drawing (Kraulis 1991) of A. vinelandii holoflavodoxin as presented in Figure 1.
Residues of A. vinelandii flavodoxin the backbone amide protons of which exchange vialocal opening processes
in apoflavodoxin are grey shaded. Light grey is used when the stability against local unfolding increases by less
than 1 kcal/mol upon FMN binding, and dark grey is used when this value increases by more than 1 kcal/mol
upon FMN binding.
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apoflavodoxin. None of the residues of holoflavodoxin highlighted in Figure 6 have micro-
environments with significantly lower stabilities against local opening than as observed in
apoflavodoxin. FMN binding thus does not lead to in an increase in the local dynamics within
A. vinelandii flavodoxin. In case of some residues, the difference in local stability between
holo- and apoflavodoxin is small (i.e. < 1 kcal/mol more stable in holoflavodoxin) and FMN
binding only marginally diminishes the local dynamics at these sites. These sites are all at the
periphery of the flavodoxin structure and distant from the FMN binding site (Figure 6). The
stabilities against local unfolding of the remaining backbone amide protons that exchange via
local opening processes all increase substantially (i.e. by more than 1 kcal/mol) upon binding
of FMN to apoflavodoxin.

The influence of FMN binding on subglobal unfolding processes in A. vinelandii
flavodoxin

Four PUFs that can be accessed by A. vinelandii apoflavodoxin have been identified
by H/D exchange measurements. Determination of the H/D exchange rates of the
corresponding residues in holoflavodoxin can reveal whether these PUFs are also formed by
hol oflavodoxin. By doing so, the influence of FMN binding on the free energy landscape for
flavodoxin folding is deciphered.

a. The formation of PUF1 from native holoflavodoxin

Residues the amide protons of which become water accessible in PUF1 of
apoflavodoxin are coloured yellow in Figure 3 of Chapter 4 (i.e. Alal40, Val141, Val142). In
absence of denaturant, only the backbone amide proton exchange behaviour of Val141
characterises PUF1 (Chapter 4 of this thesis). The backbone amide protons of Alal40 and
Val142 exchange via local structural openings and the addition of denaturant causes these
amide protons to exchange from PUF1 (see Chapter 4 of this thesis for details). The stability
against local opening of Val141 is 2.76 kcal/mol higher in holoflavodoxin compared to in
apoflavodoxin. This stability increase is substantially lower than the increase in global
flavodoxin stability of 4.7 kcal/mol upon FMN binding. Holoflavodoxin can unfold to PUF1
just as apoflavodoxin does, although it apparently happens less frequently. However, the
backbone amide proton of Val 141 may not exchange via subglobal unfolding of
hol oflavodoxin, but instead via alocal conformational fluctuation. The stability against local
opening of the protein structure surrounding Val141 may be such that it is larger than the free
energy difference between native apoflavodoxin and PUF1 (AG,,, pyry), but smaller than the
free energy difference between native holoflavodoxin and PUF1 (AG,..purl)- If thisis the
case, AG,..pur; 1S larger than the local stability of Val141 in holoflavodoxin. Whether in
hol oflavodoxin local or subglobal unfolding events determine the amide proton exchange of
residues of PUF1 of apoflavodoxin will become clear by the future study of the denaturant
concentration dependence of the corresponding local stabilities in holoflavodoxin.

b. The formation of PUF2 from native holoflavodoxin
Residues the amide protons of which become water accessible in PUF2 of
apoflavodoxin are coloured green in Figure 3 of Chapter 4 (i.e. Lys145, Phel46, Va 147,
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Gly148, Leul49, Alal50, Leul51). In case of apoflavodoxin in the absence of denaturant,
five of these residues, i.e. Pheld6, Val147, Gly148, Leuld9 and Alal50, display the
characteristic backbone amide proton exchange behaviour from PUF2. The backbone amide
protons of the remaining residues of PUF2 exchange mainly via local opening processes,
unless subglobal unfolding of apoflavodoxin to PUF2 is sufficiently promoted by the addition
of denaturant.

The amide protons of residues 146 to 150 exchange very slowly in holoflavodoxin.
The intensities of the corresponding cross peaks in the HSQC spectra decrease only 10 to 30
% in a 11 month period of exchange in D,O at pD 6.26. Consequently, the exchange rates of
these amide protons can not be determined accurately. The stability against subglobal
unfolding of the part of holoflavodoxin surrounding these residues is at least 4.6 kcal/mol
higher than it is in apoflavodoxin. This stability increase corresponds to the global stability
difference between holoflavodoxin and apoflavodoxin under the experimental conditions
used, which is due to FMN binding to apoflavodoxin. PUF2 must thus be inaccessible to
hol oflavodoxin. Flavodoxin can form the partially unfolded structure PUF2 only once FMN
isreleased.

Some of the residues the amide protons of which become solvent accessible in PUF2
are part of a 23-residue loop that is inserted into B-strand 5 of A. vinelandii flavodoxin. This
insertion is characteristic for the class of long-chain flavodoxins. In case of A. vinelandii
flavodoxin the loop comprises residues Gly126 to Gly148. The function of this 23-residue
insertion is unknown. The insertion is proposed to enhance the stability of holoflavodoxin by
enabling the 100's loop (i.e. amino acids 100 to 106) to form a rigid hydrogen bonding
network with the FMN cofactor (Steensma et a. 1998). The insertion contains a small 3-
sheet (Figure 1). In PUF1 of apoflavodoxin, one strand of this 3-sheet is unfolded. In PUF2,
the remainder of this B-sheet unfolds, together with the second half of B-strand 5 of the
central 3-sheet of apoflavodoxin (Figure 3 of Chapter 4).

The residues of the 23-residue insertion that are not part of the small 3-sheet structure
discussed and do not belong to any of the PUFs identified in apoflavodoxin, i.e. residues 129
to 139, have no regular secondary structure (Figure 3 of Chapter 4). In apoflavodoxin their
backbone amide protons exchange too rapidly to be detected by NMR spectroscopy, which
implies that these residues reside in a highly unstable region of the protein. In holoflavodoxin
however, the backbone amide exchange of these residues shows that now the local stability
against unfolding of this region varies between 4 and 5 kcal/mol. This matches well with the
stability gain due to FMN binding to apoflavodoxin of 4.7 kcal/mol. Apparently, the entire
loop formed by residues 129 to 139 is water inaccessible in holoflavodoxin. The
corresponding backbone amide protons exchange only upon release of the FMN cofactor.
The only exception to the latter forms the backbone amide proton of Phel35, which has a
local stability of only 3.31 kcal/moal in holoflavodoxin. Possibly Phel35 islocally dynamicin
holoflavodoxin causing the low local stability observed. The hydrogen exchange results
obtained indicate that the loop formed by the residues 129 to 139 plays an important role in
the co-operative FMN binding to A. vinelandii apoflavodoxin.
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c. The formation of PUF3 from native hol oflavodoxin

Residues the amide protons of which become water accessible in PUF3 of
apoflavodoxin are coloured blue in Figure 3 of Chapter 4 (i.e. 1le3, Gly4, Leu5, Phe6, Gly8,
Vall7, Alal8, Lysl19, lle21, Lys22, Arg24, Met30, Glu82, Gly83, Trpl28). PUF3 is a
partially folded apoflavodoxin species that resides on a non-productive folding route starting
from unfolded apoflavodoxin (Figure 2). Native flavodoxin has to unfold globally before this
non-productive folding route can be entered. Consequently, due to the influence of FMN
binding, the difference in free energy between native holoflavodoxin and PUF3 is expected to
be 4.7 kcal/mol higher than the free energy difference between native apoflavodoxin and
PUF3.

In apoflavodoxin, five amide protons, i.e. those of Gly4, Leu5, Phe6, 11e21, and
Lys22, display the H/D exchange behaviour characteristic for exchange from PUF3 in
absence of denaturant. As the cross peak associated with the backbone amide of Gly4

overlaps with another cross peak in the
HSQC spectrum of holoflavodoxin, the
L J amide proton exchange rate of Gly4 can
-4 O not be determined in holoflavodoxin. The
backbone amide protons of Ile21 and
Lys22 have H/D exchange rates that show
that the corresponding local stabilities
increase relative to apoflavodoxin by only
2.3 and 2.1 kcal/mol, respectively.
Consequently, the amide protons of 1le21
and Lys22 must exchange via local
opening processes that do not reflect the
transition of native holoflavodoxin to
R """0 — """'1 ol > PUF3. H/D exchange shows that the
10 10 10 10 . - .
Kint (1) stabilities of the remaining residues that
Figure 7. Dependence of the H/D exchange rates, Kk, of exchange from PUF3 in apoflavodoxin in
the backbone amide protons of Leu5 (O), Phes (@), Ile21  absence of denaturant (i.e. residues Leu5

(O) and of Lys22 (m) of A. vinelandii holoflavodoxin on and Phe6) are 3.5 kcal/mol higher in
the intrinsic exchange rate, k.. The theoretically '

expected dependence (as described by equation 3) of k,, holoflavodoxin compared to in

on ki, for amide protons that exchange from PUF3 is apoflavodoxin. This increase is
plotted as a solid line, with the dashed lines indicating -
the standard deviation. The data are obtained from 2.5 to reasonably close to the expected stability

3 mM holoflavodoxin in 100 mM potassium difference of 4.7 kcal/mol and thus Leu5

pyrophosphate at 25 °C. and Phe6 seem to exchange from PUF3in
hol of lavodoxin.

The dependence of the exchange rates of the amide protons of Leu5 and Phe6 on pD

can give additional information about whether these amide protons indeed exchange from

PUF3 in holoflavodoxin. Figure 7 shows k,, as a function of the intrinsic exchange rate k., for

N O i
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the backbone amide protons of Leu5, Phe6, I1e21 and Lys22. The rate constants for
interconversion between native apoflavodoxin and PUF3 are taken from the pD dependent
H/D exchange study of apoflavodoxin (Chapter 4 of this thesis). Use of these rate constants
together with those for FMN binding to apoflavodoxin and for FMN release from
holoflavodoxin enables the calculation of the expected rate constants for interconversion
between PUF3 and native holoflavodoxin, according to equation 9:

k _ kHoIo—ApokApo— PUF3 k _ kPUF3—Ap0kApo— Holo (9)
Holo-PUF3 — k k PUF3-Holo — k k
Apo—- PUF 3 + 'Apo—Holo Apo— PUF 3 + 'Apo—Holo

with k, , being the rate constant with which species X is converted into species Y. The values
used are Kygoapo = (8.88 = 0.02) 10° S*, Kapopioio = 0.92 £ 0.01 S, Koypaape = 6 £ 4 S, Kapopurs =
(7.4 £ 0.7) 10° s™. The values calculated are Koyrz 1o = 6 + 4 S*, and Kygopues = (6.7 £ 0.7) 10
® s (see Chapter 4 of thisthesis).

The theoretically expected dependence of the exchange rate of a backbone amide
proton that exchanges with deuterons from PUF3 on pD is plotted as a solid curve in Figure 7
(the dashed lines indicate the standard deviation). Use is made of equation 3 and the rate
constants determined above. The curve is calculated assuming that PUF3, PUF4 and |, can
only be formed from unfolded apoflavodoxin. Only the exchange behaviour of the backbone
amide proton of Phe6comes close to the latter curve. Its exchange from PUF3 is a bit faster
than theoretically expected. Note however, that the exchange of the backbone amide proton
of Pheb is extremely slow. During the 2-month lasting exchange experiments at pD 6.19 and
pD 7.73 no decrease in intensity of the NMR cross peak corresponding to Phe6 is observed at
all. At pD 6.26 the backbone amide proton exchange rate of Phe6 is 1.97 10° s* (Table 1),
which corresponds to a lifetime of 16 years. The height of the HSQC cross peak
corresponding to the backbone amide of Phe6 diminishes only by a few percent during the
11-month lasting H/D exchange experiment at pD 6.26. This most likely causes the over-
estimation of the corresponding exchange rate constant.

In conclusion, the backbone amide proton of Phe6 seems to exchange from PUF3 in
holoflavodoxin. The other amide protons that exchange from PUF3 in apoflavodoxin, i.e.
those of Leu5, I1e21 and Lys22, must exchange in holoflavodoxin via local opening
processes. The pD-dependent H/D exchange data of the backbone amide proton of Phe6
show that PUF3 is only accessible to native holoflavodoxin upon release of the FMN cofactor
followed by global protein unfolding. Subsequently the non-productive folding route that
leads to PUF3 isfollowed.

d. The formation of PUF4 from native holoflavodoxin

Residues the amide protons of which become water accessible in PUF4 in
apoflavodoxin are coloured red in Figure 3 of Chapter 4 (i.e. GIn46, Tyrd7, Phe49, Leus0,
l1e51, Leu52, Gly53, 1181, Ser87, Lys89, Val9l, Ala92, Leu93, Phed4, Gly95, Aspll9,
Argl20, Lysl123, Vall125, Argl63, Valle4, Alal66, Trpl6e7, Leul68, Alal69, GInl70,
1el171, Alal72, Phel75). PUF4, like PUFS3, is a partially folded apoflavodoxin species that
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resides on a non-productive folding route that starts from unfolded apoflavodoxin, and is
positioned close to I, in the apoflavodoxin folding scheme (equation 1, Figure 2).
Consequently, due to the influence of
FMN binding, the difference in free

4l o © o - energy between native holoflavodoxin
and PUF4 is expected to be 4.7 kcal/mol

0 o 9 . _
i O higher than the free energy difference

between native apoflavodoxin and
O PUF4.

>
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In apoflavodoxin, the amide
protons that characterise the H/D
exchange from PUF4 are of lle51,
Leu52, Gly53, Va9l, Alag2, Leu93,
Phe94, Trpl67, Leul68, Alal69,
GIn170, 1lel71, and of Alal72. In
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Figure 8. Dependence of the H/D exchange rates, k,, of
the backbone amide protons of Val9l, Leu93, Trpl67,
Leul68, Alal69, GInl170, Ilel71, Alal72 (al depicted as
0), of lle51, Leu52, Gly53, Alag2, and of Phe94 (all
depicted as @) of A. vinelandii holoflavodoxin on the
intrinsic exchange rate, k;,,. The theoretically expected
dependence (as described by equation 3) of Kk, on k;,, for
amide protons that exchange from PUF4 is plotted as a
solid line, with the dashed lines indicating the standard
deviation. The data are obtained from 2.5 to 3 mM

holoflavodoxin the corresponding AG,,-
values are 0 to 3.84 kcal/mol higher than
in apoflavodoxin (Table 1). Of the
amide protons mentioned, those that
have the largest difference in AG,
between apo- and holoflavodoxin might
exchange from PUF4 in holoflavodoxin.

Further insight into whether
some of the amide protons that exchange
from PUF4 in apoflavodoxin also

holoflavodoxin in 100 mM potassium pyrophosphate at 25 €xchange from PUF4 in holoflavodoxin
C. can be gained by investigating the pD

dependence of the corresponding amide
proton exchange rates (Figure 8). The rate constants for interconversion between native
holoflavodoxin and PUF4 are calculated according to equation 9 in which PUF3 is
substituted by PUF4. The values used for Keyeg ap @Nd Kapopurs @€ 13 + 4 s and (7.4 + 0.7)
10° s?, respectively (Chapter 4 of this thesis). This results in Koyes 0o = 13 + 4 s* and K.
pura = (6.7 £ 0.7) 10° s*. Both K,,0.purs @Nd Ky, pues NAVe identical values. This is caused by
the same energy barrier being rate limiting for the formation of 1,, PUF3 as well as of PUF4
from both native apo- and holoflavodoxin (Figure 2). The theoretically expected dependence
of the amide proton exchange rate of a backbone amide proton that exchanges with deuterons
from PUF4 on pD is plotted in Figure 8 as a solid curve (the dashed lines indicate the
standard deviation).

The dependence of the k.,-values on k;,, of the amide protons of five residues of
holoflavodoxin, i.e. 11e51, Leu52, Gly53, Ala92 and Phe94, is similar to the one described by
the isotherm for H/D exchange from PUF4. At high pD (i.e. a high k,, values) the amide
proton exchange rates of these residues match with the opening rate calculated for the
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transition of native holoflavodoxin into PUF4. At low pD the exchange rates of these five
amide protons are higher than theoretically expected (Figure 8). This overestimation is the
result of the rate constants in question (i.e. k., varies between 10° and 10" s') being
determined close to the detection limit of the 11-month H/D exchange experiment at pD 6.26,
asis also the case for Phe6 (Figure 7). In case of the H/D exchange experiments done at pD
6.19 and 7.73, which lasted for a period of two months, no exchange at al is observed for the
backbone amide protons of 11e51, Leu52, Gly53, Ala92 and Phe94. Fitting of equation 3 to
the pD-dependent H/D exchange data of the backbone amide protons of I1€51, Leu52, Gly53,
Ala92 and Phe94 shown in Figure 8 resultsin k,, = (7 + 2) 10° s* and k, = 0.8+ 0.4 s*.

In conclusion, five backbone amide protons of holoflavodoxin, i.e. those of 11e51,
Leu52, Gly53, Ala92 and Phe94 have pD-dependent H/D exchange rates that are consistent
with PUF4 being only accessible to native holoflavodoxin after release of its FMN cofactor.

Thefree energy landscape for A. vinelandii holoflavodoxin folding

Combining the results obtained to date about A. vinelandii flavodoxin folding allows
the construction of amodel of the free energy landscape for hol oflavodoxin folding.

The off-pathway folding intermediate I, that populates during both apo- and
hol of lavodoxin denaturant-induced equilibrium (un)folding does not bind FMN. Neither does
unfolded apoflavodoxin (equation 7, and Chapter 5 of this thesis). The results presented here
show that PUF2 can not be formed by holoflavodoxin. Whether PUF1 is accessible to
holoflavodoxin can not be deciphered on basis of the available data. However, as FMN
binding is shown to significantly stabilise most of the flavodoxin structure we propose that
PUFL1 is aso inaccessible to holoflavodoxin. Both PUF3 and PUF4 can not be formed by
hol oflavodoxin as long as the FMN molecule remains bound. This implies that both PUF3
and PUF4 of apoflavodoxin do not bind FMN. As a consequence, the presence of FMN does
not alter the part of the apoflavodoxin folding free energy landscape in which U, PUF3,
PUF4 and I, reside (Figure 2). In addition, as discussed, PUF3 and PUF4 are formed from
hol oflavodoxin with a rate constant that can be predicted by taking into account that FMN is
released first from the protein. This implies that native apoflavodoxin is the actual species
from which PUF3 and PUF4 are formed with rates known from the subglobal unfolding of
apoflavodoxin. The formation of PUF3 and PUF4 starting with holoflavodoxin implies that
the productive part of the free energy landscape of apoflavodoxin folding (i.e. U < |, < N)
must have been ascended (Figure 2). As the corresponding rates can be precisely predicted on
basis of the apoflavodoxin folding results, the free energy landscape for apoflavodoxin
folding is not affected by the presence of FMN with one exception. Binding of FMN to native
apoflavodoxin leads to a free energy of the resulting complex that is much lower than that of
apoflavodoxin itself.

Taking all observations together, the two-dimensional model of the apoflavodoxin
folding landscape (Figure 2) can be easily adjusted to incorporate FMN binding. FMN binds
solely to native apoflavodoxin resulting in the formation of holoflavodoxin. Holoflavodoxin
from A. vinelandii is structurally identical to apoflavodoxin except that in case of
hol oflavodoxin the dynamic disorder in the flavin-binding region does not exist (Steensma et
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al. 1998; Steensma and van Mierlo 1998). In addition, holoflavodoxin is much more stable
against unfolding than apoflavodoxin is. FMN binding to apoflavodoxin thus leads to a
lowering of the minimum in the free energy landscape in which the native state of the protein
resides, as is shown in Figure 9. For reasons of simplicity, the relatively small difference in
denaturant accessibility between apo- and holoflavodoxin is not accounted for in the free
energy landscape for holoflavodoxin folding.

Concluding remarks

H/D exchange combined with NMR spectroscopy shows that ligand binding
affects the dynamics of almost the entire backbone of A. vinelandii flavodoxin. Most local
opening processes, even those that involve amino acids distant from the FMN binding site,
occur less frequently in holoflavodoxin compared to in apoflavodoxin. Subglobal and global
unfolding of holoflavodoxin does not occur as long as FMN is bound to flavodoxin. The
entire flavodoxin molecule is more rigid when FMN is bound.
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Figure 9. Schematic representation of the free energy landscape for folding of A. vinelandii flavodoxin. The
model for apoflavodoxin folding as presented in Figure 2 is now extended to incorporate holoflavodoxin as the
product of FMN binding to solely native apoflavodoxin. Both flavodoxin species are structurally identical except
that apoflavodoxin has some dynamic disorder in the flavin-binding region (Steensma and van Mierlo 1998).
Due to the stabilising effect of FMN incorporation, the minimum in the free energy landscape in which
holoflavodoxin resides is deeper than the minimum in which apoflavodoxin resides. No experimental indications
exist for the presence of FMN influencing any other parts of the free energy landscape for flavodoxin folding.
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Summary

Summary

The research described in this thesis has been carried out to obtain a better
understanding of the fundamental rules describing protein folding. Protein folding is the
process in which a linear chain of amino acids contracts to a compact state in which it is
active. Flavodoxin from Azotobacter vinelandii is chosen as the representative of the group of
o-B parallel proteins. Flavodoxins are small monomeric proteins that contain a non-
covaently bound FMN cofactor. The a-f paralel topology is characterised by a five-
stranded parallel B-sheet surrounded by o-helices at either side of the sheet. The doubly-
wound topology is arather popular fold: it belongs to the five most common observed folds,
together with the TIM-barrel, Rossman, thiamin-binding and P-loop hydrolase folds. In
contrast to most protein folds, this topology is shared by many (i.e. nine) protein
superfamilies. These nine superfamilies exhibit little or no sequence similarity and comprise
a broad range of unrelated proteins with different functions like catalases, chemotactic
proteins, lipases, esterases, and flavodoxins. By studying the folding behaviour of A.
vinelandii flavodoxin insight can be gained into how this large group of proteinsfolds.

First, the equilibrium (un)folding of apoflavodoxin from A. vinelandii (i.e. flavodoxin
in the absence of the FMN cofactor) isinvestigated. Apoflavodoxin is structurally identical to
holoflavodoxin except for some dynamic disorder in the flavin-binding region. A molten
globule-like intermediate is shown to populate during denaturant-induced equilibrium
unfolding of apoflavodoxin (Chapter 2).

Subsequently, the folding and unfolding kinetics of the 179-residue A. vinelandii
apoflavodoxin have been followed by stopped-flow experiments monitored by fluorescence
intensity and anisotropy (Chapter 2). The denaturant concentration dependence of the folding
kinetics is complex. Under strongly unfolding conditions, the kinetics can be described by a
single rate constant. When this unfolding rate constant is plotted against the denaturant
concentration, a change in the slope is observed. This, together with the absence of an
additional unfolding process reveals the presence of two consecutive transition states on a
linear pathway that surround a high-energy on-pathway intermediate.

Under refolding conditions, two folding processes are observed. The slowest of these
two processes is the one that is populated most, and it becomes faster with increasing
denaturant concentration. This means that an unfolding step is rate-limiting for folding of the
majority of apoflavodoxin molecules. This, together with the absence of a lag in the
formation of native molecules, means that the intermediate that populates during refolding is
off-pathway.

The experimental data obtained on apoflavodoxin folding are consistent with the
linear four-state folding mechanism I, < unfolded apoflavodoxin < |, < native
apoflavodoxin. The off-pathway intermediate I, is the one that populates during refolding and
that also populates during denaturant-induced equilibrium unfolding of apoflavodoxin. |, is
the unstable intermediate that is observed during kinetic unfolding.

The presence of such on-pathway and off-pathway intermediates in the folding
kinetics of proteins with an a-3 parallel topology is predicted from simulations of G&-like
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protein models. In addition, two kinetic folding intermediates, one on-pathway and the other
off-pathway, seem to be present under specific experimental conditions during the folding of
all proteins with an o-f3 parallel topology that have been investigated. The appearance of
folding intermediates in this class of proteins is apparently governed by protein topology
(Chapter 3).

Next, the local dynamics of apoflavodoxin have been studied by hydrogen deuterium
exchange detected by heteronuclear NMR spectroscopy (Chapter 4). The use of native state
hydrogen deuterium exchange detected by NMR spectroscopy |eads to the identification of
four partially unfolded forms (PUFs) of apoflavodoxin in which some non-native
interactions apparently play a role. The rates of interconversion of these PUFs with native
apoflavodoxin are determined. These rates are inconsistent with the PUFs being on a direct
folding route between native and globally unfolded apoflavodoxin. PUF1 and PUF2 are on an
unfolding route starting from native apoflavodoxin that does not lead to the globally unfolded
state of the protein. PUF3 and PUF4 are on a non-productive folding route starting from
globally unfolded apoflavodoxin. A common free energy barrier separates both PUF3 and
PUF4 from unfolded apoflavodoxin. This barrier has the same height as the one determined
from stopped-flow kinetic folding studies that separates the known off-pathway
apoflavodoxin folding intermediate |, from the productive folding route. Therefore a single
energy barrier is proposed to separate both PUF3 and PUF4 as well as |, from the productive
folding route. All three species thus need to unfold before productive folding of
apoflavodoxin can occur (Chapter 4).

The influence of the presence of the non-covalently bound flavin mononucleotide
(FMN) cofactor on the global stability and on the kinetic folding of A. vinelandii
holoflavodoxin (i.e. flavodoxin in presence of the FMN co-factor) are reported in Chapter 5.
The denaturant-induced equilibrium (un)folding data of flavodoxin in the presence and
absence of FMN are excellently described by a model in which only native apoflavodoxin
binds to FMN. As the intermediate |, populates during apoflavodoxin equilibrium
(un)folding, the holoflavodoxin equilibrium (un)folding model consists of four species:
unfolded apoflavodoxin, the apoflavodoxin folding intermediate I,, native apoflavodoxin and
hol oflavodoxin molecules. Cofactor binding to apoflavodoxin is shown to affect the protein
stability in atheoretically predictable manner.

Despite that many proteins require the binding of aligand to be functional, the kinetic
role of ligand-binding during folding is poorly understood. FMN binding to native
apoflavodoxin occurs with two kinetically observable rate constants at all denaturant and
protein concentrations studied, asis shown in Chapter 5. These two rate constants arise from
two conformationally differing apoflavodoxin species, which most likely exist due to the
binding of inorganic phosphate to the FMN phosphate binding site of a fraction of the A.
vinelandii apoflavodoxin molecules.

In Chapter 5 it is also shown that excess FMN does not accelerate flavodoxin folding,
and FMN does not act as a nucleation site for flavodoxin folding. During kinetic folding of
holoflavodoxin formation of native apoflavodoxin precedes ligand binding. Even under
strongly denaturing conditions, global unfolding of holoflavodoxin occurs only after release
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Summary

of its FMN. The model that describes A. vinelandii apoflavodoxin kinetic folding, which
includes the stable off-pathway intermediate |, and a high-energy on-pathway intermediate |,
can now be extended to describe kinetic holoflavodoxin folding: I, + FMN < unfolded
apoflavodoxin + FMN < |, + FMN < native apoflavodoxin + FMN < holoflavodoxin
(Chapter 5).

Finally, in Chapter 6 native state H/D exchange combined with NMR spectroscopy is
used to probe the influence of FMN binding on the stability of A. vinelandii flavodoxin
against local, subglobal and global unfolding. Almost the entire flavodoxin backbone is
substantially more rigid in holoflavodoxin than in apoflavodoxin. No areas are detected in
flavodoxin where FMN binding results in an increase of the local dynamics. Occasional
release of FMN from holoflavodoxin results in the population of apoflavodoxin. Until FMN
is rebound, these apoflavodoxin molecules behave as described in Chapter 4. Consequently,
they will adopt the previously described partially unfolded forms (PUFs). At least three out of
the four partially unfolded forms that apoflavodoxin occasionally adopts under native
conditions are inaccessible to holoflavodoxin. Holoflavodoxin can form these partially
unfolded conformations only when FMN is released.

All observations described in this thesis are used to create a schematic free energy
landscape of folding of A. vinelandii flavodoxin. This schematic energy landscape provides
insight into how a protein molecule that adopts the o-f3 paralel topology surfs from its
unfolded state to its characteristic folded state in which it is active.

Outlook

As described in Chapter 3 of this thesis, the appearance of both on- and off-pathway
intermediates during the folding of A. vinelandii apoflavodoxin appears to be governed by its
o-B parallel topology. Folding kinetics of other o- parallel proteins than the ones mentioned
in this thesis need to be determined to verify this hypothesis.

An interesting question is why intermediate |, that A. vinelandii apoflavodoxin
populates during its denaturant-induced equilibrium (un)folding is off the direct folding
route. This question may be resolved by studying the structure of intermediate I, using among
others multidimensional NMR experiments. In addition, the investigation of possible residual
structure within unfolded apoflavodoxin can inform about the origin of the kinetic
partitioning of folding apoflavodoxin molecules into two routes, one leading to native
apoflavodoxin, the other one leading to the molten globule-like intermediate 1.

The kinetic model for A. vinelandii apoflavodoxin folding presented in this thesis
implies that apoflavodoxin molecules once they have formed the intermediate 1, need to
unfold before folding to the native state can proceed. Studying the folding behaviour of single
A. vinelandii apoflavodoxin molecules using sensitive fluorescence techniques can reveal to
what extent an apoflavodoxin molecule has to unfold in the latter process. To date, only the
folding kinetics of small proteins that fold in one step have been studied by single molecule
detection techniques. Studying the folding of individual apoflavodoxin molecules can reveal
the general dynamics involved in the partitioning of individual protein molecules into two
separate folding trajectories.
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Finally, it will be highly interesting to study the folding behaviour of proteinsin their
natural environment. As pointed out in the first chapter of this thesis, the high concentration
of biomacromoleculesin cellsis bound to influence the latter behaviour. Therefore, studying
the influence macromolecular crowding agents have on folding flavodoxin molecules will be
of great interest. In this thesis, a solid, and strongly necessary, basis is laid for the future
perspective of thein vivo investigation of flavodoxin folding in the living cell.
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Samenvatting

Samenvatting

Het doel van het onderzoek beschreven in dit proefschrift is een beter inzicht te
verkrijgen in de fundamentele regels die eiwitvouwing beschrijven. Eiwitvouwing is het
proces waarmee een lineaire keten van aminozuren zich samentrekt tot een toestand waarin
het elwit compact, gestructureerd en actief is. Het onderzoek is uitgevoerd aan flavodoxine
van Azotobacter vinelandii, dat is gekozen as vertegenwoordiger van de familie van o-3
parallelle eiwitten. Flavodoxines zijn kleine monomere eiwitten die een niet-covalent
gebonden flavine mononucleotide (FMN) co-factor bevatten. De o-3 parallelle topologie van
het eiwit wordt gekenmerkt door een centrale parallelle 3-sheet bestaande uit vijf strengen,
die aan beide zijden omgeven is door a-helices. Deze o-3 paralelle topologie behoort tot de
vijf meest geobserveerde topologieén, samen met de TIM-barrel, Rossman, thiamine-
bindende en de P-loop hydrolase topologieén. In tegenstelling tot de meeste andere
topologieén wordt de a-p parallelle topologie gedeeld door meerdere, namelijk negen, eiwit
superfamilies. Deze negen superfamilies hebben weinig of geen homologie in hun
aminozuursequenties en omvatten een breed scala aan eiwitten met verschillende functies,
zoal s catal ases, chemotactische eiwitten, lipases, esterases en flavodoxines. Door de vouwing
van A. vinelandii flavodoxine te bestuderen kan hopelijk inzicht verkregen worden in hoe
deze grote groep van eiwitten zich opvouwt tot hun actieve toestand.

Ten eerste is de evenwichtsontvouwing van flavodoxine in afwezigheid van de FMN
co-factor (apoflavodoxine) bestudeerd. Apoflavodoxine is structureel identiek aan
flavodoxine, behalve dat de flavine bindingsplaats dynamischer isin apoflavodoxine. Tijdens
dit onderzoek is aangetoond dat apoflavodoxine een molten globule-achtige intermediair (1,)
vormt tijdens denaturant-geinduceerde evenwichtsontvouwing (Hoofdstuk 2).

Vervolgens is de vouwingskinetiek van apoflavodoxine bestudeerd met behulp van
stopped-flow experimenten, waarbij het vouwingsproces in de tijd gevolgd wordt aan de hand
van fluorescentie intensiteit en anisotropie (Hoofdstuk 2). De denaturant
concentratieafhankelijkheid van de vouwingskinetiek van apoflavodoxine is complex. Onder
sterk denaturerende condities kan de kinetiek beschreven worden met één
ontvouwingssnelheid. Wanneer de logaritme van de ontvouwingssnelheid word geplot tegen
de denaturant concentratie, wordt een verandering in de helling waargenomen. Deze
verandering wordt niet vergezeld door een additioneel ontvouwingsproces. Dit duidt op de
aanwezigheid van twee opeenvolgende transitietoestanden op een lineaire
(ont)vouwingsroute. Deze twee transitietoestanden omsluiten een hoogenergetische
intermediair die op de directe (ont)vouwingsroute van het eiwit ligt.

Tijdens hervouwing van ontvouwen apoflavodoxine worden twee
vouwingsgerelateerde processen geobserveerd. Het langzaamste vouwingsproces wordt
gevolgd door de meeste apoflavodoxine moleculen en wordt sneller met toenemende
denaturant concentratie. Dit kan enkel verklaard worden door de aanwezigheid van een
ontvouwingsproces dat snelheidsbepalend is tijdens de vorming van natieve apoflavodoxine
moleculen. Additionele experimenten laten zien dat geen vertraging optreedt in de vorming
van natieve apoflavodoxine moleculen. Hieruit is geconcludeerd dat een intermediair wordt
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gevormd tijdens de hervouwing van apoflavodoxine die niet op de productieve
vouwingsroute ligt (Hoofdstuk 2).

De experimenteel verkregen apoflavodoxine vouwingsdata zijn consistent met het
volgende lineaire viertoestanden vouwingsmechanisme: |, < ontvouwen apoflavodoxine <
I, & natief apoflavodoxine. De intermediair |, die niet op de productieve vouwingsroute ligt
is de intermediair die populeert tijdens het hervouwen van ontvouwen apoflavodoxine en
tijdens evenwichtsontvouwing van het eiwit. Intermediair |, is de hoogenergetische
intermediair die tijdens kinetische ontvouwing van apoflavodoxine wordt waargenomen.

De aanwezigheid van twee eiwitvouwingsintermediairen gedurende de
vouwingskinetiek van eiwitten met een o-f parallelle topologie was voorspeld middels
computersimulaties die gebruik maken van Go6-achtige eiwit modellen. Onder bepaalde
experimentele condities lijken zulke vouwingsintermediairen voor te komen tijdens de
vouwing van alle eiwitten met een a-f3 parallelle topologie die tot nu toe experimenteel zijn
bestudeerd. Blijkbaar bepaalt de topologie in deze klasse van eiwitten de aanwezigheid van
vouwingsintermediairen (Hoofdstuk 3).

Vervolgensis de |okale dynamica van apoflavodoxine bestudeerd met behulp van
proton deuterium (H/D) uitwisselingsexperimenten en heteronucleaire NMR (Nuclear
Magnetic Resonance = kernspin resonantie) spectroscopie (Hoofdstuk 4). H/D
uitwisselingsexperimenten in aanwezigheid van kleine hoeveelheden denaturant leiden tot de
identificatie van vier gedeeltelijk ontvouwen vormen ("Partially Unfolded Forms', PUFs) van
apoflavodoxine. De interconversiesnelheden van deze PUFs met natief apoflavodoxine zijn
bepaald en hieruit bleek dat deze snelheden inconsistent zijn met een positie van de PUFs op
de directe (ont)vouwingsroute tussen natief en globaal ontvouwen apoflavodoxine. PUF1 en
PUF2 blijken te liggen op een ontvouwingsroute die met natief apoflavodoxine begint maar
niet leidt tot de globaal ontvouwen vorm van het eiwit. PUF3 en PUF4 liggen op een niet-
productieve vouwingsroute die begint bij globaal ontvouwen apoflavodoxine en waarbij een
gemeenschappelijke energiebarriére zowel PUF3 als PUF4 belemmert om naar de globaal
ontvouwen toestand van apoflavodoxine terug te keren. Deze energiebarriére heeft dezelfde
hoogte al's de energiebarriere die |, scheidt van de productieve vouwingsroute zoals bepaald
met behulp van stopped-flow kinetiek (Hoofdstuk 2). Verondersteld wordt daarom dat één
barriere zowel PUF3, PUF4 als |, scheidt van de productieve vouwingsroute. Zowel PUF3 en
PUF4 as I, moeten dus ontvouwen voordat natief apoflavodoxine gevormd kan worden
(Hoofdstuk 4).

In hoofdstuk 5 van dit proefschrift wordt verslag gedaan van de invlioed van de niet-
covalent gebonden FMN co-factor op de globale stabiliteit en op de vouwingskinetiek van A.
vinelandii holoflavodoxine (dat is flavodoxine in aanwezigheid van de FMN co-factor). De
denaturant-geinduceerde evenwichtsontvouwingsdata van flavodoxine in aan- en afwezigheid
van FMN worden uitstekend beschreven door een model waarin alleen natief apoflavodoxine
FMN kan binden. Aangezien intermediair |, populeert tijdens de evenwichtsontvouwing van
apoflavodoxine moet het model dat de evenwichtsontvouwing van holoflavodoxine beschrijft
uit vier toestanden bestaan: ontvouwen apoflavodoxine, de apoflavodoxine
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vouwingsintermediair 1,, natief apoflavodoxine en holoflavodoxine. (I, wordt niet
geobserveerd tijdens evenwichtsontvouwing omdat deze te onstabiel is.)

Ondanks dat voor vele eiwitten het binden van een ligand een voorwaarde is voor
functionaliteit, is weinig bekend over de kinetische rol van ligandbinding tijdens
eiwitvouwing. Natief apoflavodoxine blijkt FMN te binden met twee observeerbare
snelheden. Dit wordt veroorzaakt doordat een deel van de apoflavodoxine moleculen
anorganisch fosfaat bindt op de plaats waar de fosfaatgroep van FMN hoort te binden. Het
anorganisch fosfaat moet loslaten voordat FMN kan binden (Hoofdstuk 5).

In hoofdstuk 5 wordt tevens uitgelegd dat een overmaat FMN het vouwingsproces
niet versnelt, en dat FMN niet functioneert als een condensatiekern voor de vouwing van
flavodoxine. Tijdens de kinetische vouwing van holoflavodoxine gaat de vorming van natief
apoflavodoxine vooraf aan FMN binding. Zelfs onder sterk denaturerende condities treedt
globale ontvouwing van holoflavodoxine alleen op nadat het FMN is vrijgekomen. Het eerder
genoemde model dat de vouwingskinetiek van apoflavodoxine beschrijft middels de stabiele
intermediair 1, die niet op de productieve vouwingsroute ligt, en de onstabiele intermediair I,
die op de directe vouwingsroute van ontvouwen naar natief apoflavodoxine ligt, kan nu
worden uitgebreid om holoflavodoxine vouwing te beschrijven: 1, + FMN < ontvouwen
apoflavodoxine + FMN < |, + FMN < natief apoflavodoxine + FMN < holoflavodoxine
(Hoofdstuk 5).

Tenglotte wordt in hoofdstuk 6 H/D uitwisseling en NMR spectroscopie gebruikt om
de invloed van FMN-binding op de stabiliteit van flavodoxine tegen lokale en subglobale
ontvouwing te bestuderen. Bijna de gehele hoofdketen van flavodoxine is substantiedl stijver
in holoflavodoxine dan in apoflavodoxine. In holoflavodoxine kunnen geen regio's worden
gevonden waar FMN binding leidt tot een verhoging van de lokale beweeglijkheid.
Incidenteel laat holoflavodoxine de FMN co-factor los, wat resulteert in apoflavodoxine. Dit
apoflavodoxine gedraagt zich als beschreven in hoofdstuk 4, en vormt de reeds beschreven
gedeeltelijk ontvouwen vormen (PUFs). Ten minste drie van de vier PUFs die
apoflavodoxine incidenteel aanneemt onder natieve condities zijn ontoegankelijk voor
hol oflavodoxine. Holoflavodoxine kan deze structuren alleen vormen als het zijn FMN
loslaat.

Alle waarnemingen die in dit proefschrift beschreven zijn, zijn gebruikt om een
schematisch vrij energie landschap te maken voor de vouwing van A. vinelandii flavodoxine.
Dit energie landschap biedt inzicht in hoe een eiwitmolecuul met een a-B paralelle topologie
surft van zijn ontvouwen toestand naar de karakteristieke gevouwen toestand waarin het eiwit
actief is.

Voor uitblik

In hoofdstuk 3 van dit proefschrift staat beschreven dat de aanwezigheid tijdens de
vouwing van A. vinelandii apoflavodoxine van zowel een intermediair op de directe
vouwingsroute als een intermediair die zich niet op die route bevindt bepaald lijkt te zijn door
de topologie van het eiwit. Om deze hypothese te verifiéren moet de vouwingskinetiek van
meer o-3 parallelle eiwitten worden bestudeerd.
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Een interessante vraag is waarom intermediair |, die A. vinelandii apoflavodoxine
populeert tijdens evenwichtsontvouwing niet op de directe vouwingsroute ligt. Deze vraag
kan misschien beantwoord worden door de structuur van deze intermediair te bestuderen met
0.2 NMR spectroscopie. Daarnaast kan de bestudering van eventuele residuele structuur in
de ontvouwen toestand van apoflavodoxine informatie geven over de manier waarop
vouwende apoflavodoxine moleculen verdeeld worden over de twee voor hen toegankelijke
vouwingsroutes: één naar natief apoflavodoxine en één naar de vouwingsintermediair 1,.

Het kinetische model voor vouwing van apoflavodoxine dat in dit proefschrift wordt
geintroduceerd houdt in dat apoflavodoxine moleculen die de intermediair |, hebben gevormd
eerst moeten ontvouwen voordat ze natief apoflavodoxine kunnen vormen. Door de
bestudering van het gedrag van individuele A. vinelandii apoflavodoxine moleculen met
behulp van gevoelige fluorescentie technieken kan onthuld worden in welke mate een
apoflavodoxine molecuul moet ontvouwen in dit proces. Tot op heden zijn dergelijke
technieken alleen gebruikt om de vouwingskinetiek van kleine eiwitten die in een enkele stap
vouwen te bestuderen. Door de vouwing van individuele apoflavodoxine moleculen te
bestuderen kan informatie verkregen worden van meer algemene aard, namelijk over de
dynamica die de scheiding van individuele eiwit moleculen in twee aparte vouwingsroutes
bepaalt.

Tenglotte zal het zeer interessant zijn om de vouwing van eiwitten in hun natuurlijke
omgeving te bestuderen. Zoals in het eerste hoofdstuk van dit proefschrift is vermeld,
beinvlioedt de hoge concentratie aan biomacromoleculen in een cel waarschijnlijk het
vouwingsgedrag van eiwitten. Daarom zal bestudering van de invlioed van macromoleculen
op eiwitvouwing belangrijke informatie opleveren. In dit proefschrift is een solide basis
gelegd voor toekomstig onderzoek naar vouwing van apoflavodoxine in levende cellen.
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