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1    Introduction

Hyperthermostable proteins are increasingly used in, 
among others, biocatalysis, DNA processing and polymer 
degradation [1–3]. Their extraordinary stability and activ-
ity under extreme conditions attracted attention of aca-
demia and industry. Nowadays, a considerable number of 
this class of proteins is produced at large scale using 
mesophilic hosts. A commonly used host for heterologous 

protein expression is the mesophilic prokaryote Escheri-
chia coli [4], which is easy to transform, has a large range 
of expression strains and generally yields high levels of 
protein. However, folding of especially hyperthermostable 
proteins in its crowded cytoplasm may not always pro-
ceed correctly, resulting in formation of substantial 
amounts of soluble and/or insoluble aggregates [5–8].

In cells, ribosomes are responsible for synthesizing pro-
teins by translating mRNA into polymers of amino acids. 
Within prokaryotes, this translation can start even before 
transcription of the mRNA has finished [9, 10]. A nascent 
polypeptide chain potentially starts to fold inside the ribo-
somal exit tunnel, which can encompass elements with 
α-helical structure. Upon subsequent emergence from the 
ribosome, chaperone proteins hovering at the ribosomal 
exit tunnel can start to interact with the nascent chain and 
affect its folding [11–13]. In E. coli, a cluster of ribosomes 
can adhere to mRNA and this so-called polysome translates 
several proteins concomitantly [14]. The ribosomes in a 
polysome are organized in such a manner that the distance 
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between adjacently produced polypeptides is maximized. 
This reduces the probability of intermolecular interactions 
that possibly leads to protein aggregation [15]. Chaperones 
also protect against aggregation, because they prevent 
hydrophobic patches of nascent chains to be exposed to 
the crowded cytoplasm [13]. However, strong overexpres-
sion of a protein can exceed the capacity of the chaperone 
system, which can lead to misfolding, misassembly and/or 
oligomerization of the unprotected protein chains. Aggre-
gation is enhanced if these misfolded proteins are not effi-
ciently degraded by proteases [16]. Ultimately, these events 
can induce formation of insoluble aggregates, called bacte-
rial inclusion bodies (IBs) [11, 17–22].

Within E. coli, depending on the over-expressed pro-
tein, a large number of small aggregates of different sizes 
can form that loosely associate to form bigger aggregates 
[17]. Also, formation of a single large aggregate in a cell by 
continuous deposition of protein molecules on a nucleation 
seed is observed [23]. E. coli cells that contain inclusion 
bodies or fluffy, looser, flocculated material are often abnor-
mally elongated and can contain a large variety of cellular 
aggregates [24]. It is suggested that soluble aggregates 
might be intermediates in the formation of inclusion bodies 
and/or during disaggregation of inclusion bodies [21].

Formation of inclusion bodies happens during the 
expression of many heterologous proteins. To recover bio-
logically active protein, inclusion bodies are isolated and 
solubilized, and the target protein is refolded to its native 
structure. Using a chaotropic agent, like urea or guanidine 
hydrochloride (GuHCl), a reducing agent to break disulfide 
bonds, and alkaline pH, commonly solubilizes inclusion 
bodies (see e.g. [25–30]). Refolding is often achieved by 
diluting the denaturant through addition (or exchange) of 
buffer, or by using liquid chromatography (chromatograph-
ic refolding) like size-exclusion chromatography [27]. High 
pressure treatment, either in the absence or presence of 
chaotropic agent, can also be useful to foster refolding of 
proteins from inclusion bodies [31, 32].

According to computational studies, hyperthermo-
stable proteins have folding energy landscapes that dif-
fer from their mesophilic counterparts [33]. At moderate 
temperatures, folding intermediates of hyperthermosta-
ble proteins are likely more stable than mesophilic ones 
and thus have higher propensity to aggregate in E. coli. 
As a consequence, oligomerization may be significant 
during overexpression of a hyperthermostable protein in 
this mesophilic host. The resulting aggregates need not 
be all converted into IBs, nor degraded by proteases, and 
potentially remain in solution. In the investigation pre-
sented here, we focus on characterizing the soluble 
forms of a heterologously produced hyperthermostable 
glycosyl hydrolase. These forms include non-native 
monomers and oligomeric protein. We use and evaluate 
chaotropic heat treatment of these soluble forms. Also, 
we report the effect this treatment has on the corre-
sponding inclusion bodies.

Endo-β-1,3-glucanase (LamA, EC 3.2.1.39) from the 
hyperthermophilic archaeon Pyrococcus furiosus is one of 
the most heat stable glycosyl hydrolases reported to date, 
displaying optimal activity at 104°C [34]. This enzyme is 
excreted by P. furiosus as a monomer of 31 kDa [34, 35]. 
Recombinant LamA monomer has been isolated from 
E. coli [35] and characterized, using, among others, NMR 
spectroscopy [36] and X-ray crystallography [37]. Here, 
we show that a significant portion of heterologously pro-
duced LamA comprises insoluble aggregates, soluble 
oligomers and non-native monomers, and address the 
properties of these species. Native LamA is exceptionally 
persistent to denaturation by GuHCl [38]. We exploit this 
property to develop a procedure to disrupt soluble and 
non-soluble LamA aggregates and increase the amount of 
properly folded active LamA monomer.

2    Materials and methods

2.1    Materials

Restriction enzymes NcoI and XhoI were purchased from 
New England Biolabs GMBH (Frankfurt am Main, Germa-
ny). T4 DNA ligase, Pfu DNA polymerase and dNTPs came 
from Thermo Fisher Scientific (Breda, The Netherlands). 
Primers were purchased from Eurogentec S.A. (Seraing, 
Belgium). E. coli strains BL21(DE3) and BL21 pRare-LysS 
(Rosetta pLysS), expression vector pET24-d(+), and poly
vinylidene fluoride membrane (Immobilon-P) were from 
Merck Millipore (Merck Chemicals B.V., Amsterdam, The 
Netherlands). Isopropyl-β-d-1-thiogalactoside, kanamycin, 
Terrific broth and LB broth low salt were obtained from 
Duchefa Biochemie (Haarlem, The Netherlands). Nickel-
nitrilotriacetate (Ni-NTA) agarose was purchased from 
Qiagen Benelux BV (Venlo, The Netherlands). Superdex 75 
10/300 GL column, ribonuclease A, chymotrypsinogen and 
Blue Dextran were obtained from Pharmacia Biotech/GE 
Healthcare BV (Eindhoven, The Netherlands). Ovalbumin, 
BSA, Nile red and laminarin were from Sigma-Aldrich BV 
(Zwijndrecht, The Netherlands). Low-range SDS-PAGE 
standards, Bradford protein assay kit and Biogel P6-DG 
came from Bio-Rad (Veenendaal, The Netherlands). All 
other chemicals were from commercial sources such as 
Sigma-Aldrich, Merck or Acros.

2.2    Plasmid construction

Two primers were used to amplify DNA that codes for 
LamA without N-terminal signal sequence (amino acids 
35–297) (5’‑CCGCCATGGTCCCTGAAGTGATAGAAA 
TAGATGG‑3’ and 5’‑GCGCTCGAGACCACTAAGAAT 
GAGTAAACCC‑3’). Underlined bases represent recogni-
tion sites for NcoI and XhoI, respectively. Genomic DNA 
of P. furiosus was used as template [34]. PCR product was 
obtained using Pfu DNA polymerase, with first 10 cycles 
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containing an annealing temperature of 53°C, followed by 
25 cycles containing an annealing temperature of 58°C. 
pLamA-His6 (6025  bp) was constructed by ligating the 
PCR fragment (789  bp) into plasmid pET24-d(+), after 
restriction of both units with NcoI and XhoI. Successful 
cloning was confirmed by automated sequencing (Macro-
gen Europe, Amsterdam, The Netherlands). Constructs 
of pLamA-His6 were electroporated into E.  coli strains 
BL21(DE3) or Rosetta pLysS.

2.3    LamA production

E. coli BL21(DE3) cells harboring pLamA-His6 were inocu-
lated into Terrific broth medium supplemented with 
50  mg  L–1 kanamycin, incubated in a shaker incubator 
(250  rpm) at 37°C. When cell optical density (OD600) 
reached 0.8, protein production was initiated by adding 
isopropyl-β-d-1‑thiogalactoside (IPTG) to a final concen-
tration of 0.4 mM, followed by shaking at 250 rpm for an 
additional 18 h at 37°C. Cells were harvested by centrifu-
gation at 11 000 ×g for 15 min at 4°C. Cell pellets were 
flash frozen with liquid N2 and stored at –20°C.

2.4    �Time, temperature and inducer-concentration 
dependent LamA production

Three 0.5 L cultures were inoculated with E. coli BL21(DE3) 
cells harboring plasmid pLamA-His6 and grown at 37°C. At 
an optical density (OD600) of 0.8, one culture was induced 
with 0.1 mM IPTG and a second with 0.4 mM IPTG, and 
both were incubated further at 37°C. The third culture was 
induced with 0.4 mM IPTG and incubated at 28°C. From 
each culture, 5 mL samples were taken at 0, 1, 2, 4 and 20 h 
after induction, respectively. Optical density was deter-
mined at 600 nm and cells were harvested by centrifuga-
tion at 4140 ×g for 15 min. The obtained cell pellets were 
resuspended in buffer (50 mM sodium phosphate, pH 6.5), 
assuring that equal amounts of cells per volume were pre-
sent in each sample (i.e. about 3.2 × 109 cells mL–1; an OD600 
of 1.0 was assumed to correspond to about 109 cells mL–1). 
To lyse the cells, four freeze-thaw cycles were applied, fol-
lowed by centrifugation (16  100  ×g, 10  min). Protein in 
supernatant was analysed using native polyacrylamide gel 
electrophoresis (PAGE) and Western blotting.

2.5    Enzyme purification

A pellet of E. coli cells, expressing LamA, was resuspend-
ed in a volume of cold buffer A (50 mM sodium phosphate, 
pH  6.5, containing 50  mM imidazole and 0.5  M NaCl), 
equal to the weight of the pellet, followed by three pas-
sages through a precooled French pressure cell, operating 
at 16 000 psi. After each cycle, the sample was cooled. 
Subsequent centrifugation at 39 000 ×g for 45 min at 4°C 
yielded cell extract. Next, cell extract was placed in a 
water bath of 80°C for 30 min, followed by centrifugation 

at 39 000 ×g for 15 min at 4°C. The resulting supernatant 
was subjected to Ni-NTA affinity chromatography. Before 
applying the sample, the Ni-NTA column (15 × 160 mm) 
was equilibrated with buffer A (50  mM sodium phos-
phate, pH  6.5, containing 50  mM imidazole and 0.5  M 
NaCl). After loading the sample, the column was washed 
with buffer A until A280 of eluent reached base-line level. 
LamA was eluted with a gradient of 0–100% buffer B 
(50 mM sodium phosphate, pH 6.5, containing 0.5 M imi-
dazole and 0.5  M NaCl) in 10 column volumes. Finally, 
Superdex 75 (10 × 300 mm) gel filtration in 50 mM sodium 
phosphate, pH  6.5, containing 150  mM NaCl, yielded 
three species of LamA with differing hydrodynamic prop-
erties. To obtain pure samples of each species, gel filtra-
tion was repeated twice. Relative ratios of LamA species 
were estimated by integrating the corresponding elution 
peaks monitored at 280 nm.

2.6    �Chaotropic heat treatment of  
soluble LamA species

LamA species were mixed with GuHCl, resulting in LamA 
concentrations of 2–4 mg mL–1 and GuHCl concentrations 
ranging from 0 to 3 M. Samples were incubated up to 5 h 
at 80°C, then diluted two-fold with 50 mM sodium phos-
phate, pH 6.5, and subjected to Superdex 75 analytical gel 
filtration at room temperature. Relative ratios of LamA 
species were estimated by integrating the corresponding 
elution peaks monitored at 280 nm.

2.7    �Aggregate visualization and  
inclusion body treatment

E. coli cells expressing LamA were stained using Nile red. 
One milliliter of culture was centrifuged at 13 000 ×g for 
5 min and the pellet was resuspended in 1 mL of MiliQ 
water. Subsequently, 40  μL of a Nile red solution 
(80 μg mL–1, dissolved in dimethyl sulfoxide) was added 
to the cell suspension, and this mixture was incubated at 
room temperature for 30 min. After subsequent centrifu-
gation at 13 000 ×g for 5 min, the supernatant was dis-
carded. MiliQ water (1  mL) was added to the resulting 
pellet, followed by vigorous vortexing. An aliquot of the 
suspension was pipetted into an eight-wells microplate. 
Cells settled at the bottom of the well were imaged using 
a Zeiss LSM 510 confocal microscope fitted with a 
40× Zeiss C Apochromat, NA 1.2, water immersion objec-
tive. Excitation wavelength used was 543 nm and emis-
sion was collected using a bandpass filter (560–615 nm).

A 500 mL culture of E. coli cells expressing LamA was 
centrifuged at 5000 ×g for 15 min at 4°C. The cell pellet 
was resuspended in a volume of cold 50 mM sodium phos-
phate buffer, pH 6.5, equal to the weight of the pellet, fol-
lowed by three passages through a precooled French pres-
sure cell operating at 16 000 psi. Sample was cooled after 
each cycle. Half of the resulting French pressure cell sample 
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(FP) was centrifuged at 45 000 ×g for 45 min at 4°C, yielding 
cell-free extract (CFE) and pellet. An amount of buffer 
(50 mM sodium phosphate, pH 6.5), equal to the volume of 
CFE, was used to obtain resuspended pellet (rPellet). Sam-
ples from all fractions were treated with 3 M GuHCl at 80°C 
for 3  h. After centrifugation of GuHCl-treated samples at 
45  000  ×g for 45  min at 4°C, supernatants, pellets and 
untreated samples were analyzed using SDS-PAGE, and 
the amount of LamA protein was quantified and assayed 
for LamA activity. To assess reproducibility, the above 
described procedure was performed three times with sepa-
rately grown cultures of E. coli cells expressing LamA.

2.8    Protein analysis

Protein content was analyzed using Bradford protein 
assay reagent and BSA as reference protein. The amount 
of LamA protein in crude samples was determined using 
SDS-PAGE. SDS-PAGE gels were loaded with samples 
and with a range of known amounts of pure LamA. After 
staining with Coomassie Brilliant Blue and destaining, 
gels were scanned (Biorad scanner) and the obtained 
peaks from each lane were integrated. The amount of 
LamA in raw samples was determined using the peak 
area of the band migrating at the LamA height and a 
calibration plot constructed from peak-areas against the 
corresponding quantities of LamA. LamA species were 
analyzed by Western blotting. Proteins separated by 
native PAGE were transferred to Immobilon-P mem-
branes by electro-blotting o/n at 20 V using transfer buffer 
(10  mM CAPS, pH  11, containing 10%  v/v methanol). 
Membranes were subsequently treated during 1 h incu-
bations with blocking buffer (20  mM Tris-Cl, pH  7.5, 
150 mM NaCl, 0.1% w/v Tween 20 and 1% w/v gelatine), 
rabbit anti-LamA antiserum (diluted 1:500 in blocking 
buffer) as primary antibody, and goat anti-rabbit IgG alka-
line phosphatase conjugate (diluted 1:10 000 in blocking 
buffer) as secondary antibody. Membranes were incu-
bated with 5-bromo-4-chloro-3-indolyl-phosphate and 
nitro blue tetrazolium. Stained protein bands resulted if 
alkaline phosphatase was present.

Enzyme purity was analyzed using SDS-PAGE. Pro-
tein samples were heated for 30 min at 99°C in loading 
buffer (0.1  M Tris-Cl, 4% SDS, 10% 2-mercaptoethanol, 
20% glycerol, 0.02% bromophenol blue, pH 6.8) prior to gel 
application [39]. Native PAGE was used to estimate the 
relative contribution of LamA species with differing 
hydrodynamic properties.

Analytical size exclusion chromatography (SEC) was 
performed on a Superdex 75 10/300 GL column, running 
in 50 mM sodium phosphate buffer, pH 6.5, with 150 mM 
NaCl. Fractions containing LamA oligomers were col-
lected from 7.0 to 11.0  mL, fractions containing non-
native LamA monomer from 11.0 to 13.5 mL and fractions 
containing native LamA monomer from 13.5 to 16.5 mL. 
Ribonuclease A (13.7 kDa), chymotrypsinogen (25 kDa), 

ovalbumin (43 kDa) and BSA (67 kDa) served as reference 
proteins, acetone (2%) was used as total volume (Vt) 
marker and Blue Dextran (2000 kDa) as void volume (V0) 
marker. Partition coefficients (Kav) were calculated using 
peak elution volumes of corresponding proteins (Ve) 
according to the following equation:

K
V V
V V
( )
( )av

e 0

t 0
= −

−�
(1)

Dynamic light scattering (DLS) was performed using a 
Zetasizer Nano ZS (Sysmex Netherlands BV, Etten-Leur, 
The Netherlands). Data were processed using the CONTIN 
algorithm [40]. Filtered protein samples of 1 mg mL–1 LamA 
in 50 mM sodium phosphate, pH 7.4, were measured at 
632.8 nm at a fixed angle of 173°. Each sample – in propy
lene cuvettes – was measured 10 times and signal was 
averaged. Viscosity and refractive index values of samples 
were assumed to be equal to those of water at 20°C.

Far-UV CD spectra were obtained using 61.4 µg mL–1 

LamA in 10 mM sodium phosphate, pH 6.5. All LamA sam-
ples had similar absorption values at 280 nm. Use was made 
of a J-815 CD spectrophotometer (Jasco Europe s.r.l., Cre-
mella, Italy) with a Jasco CDF-426s temperature controller, 
set at 20°C. Parameters used were: bandwidth of 5 nm, time 
constant of 0.5 s, scan rate of 100 nm min–1, and scan averag-
ing set at 20. Spectra were recorded in 0.1  cm quartz 
cuvettes and were corrected by subtracting CD spectra of 
buffer solution recorded under identical conditions.

LamA activity was measured using an adapted 3,5-dini-
trosalicylate assay [41]. In short, 50  µL of LamA solution 
(20 – 200 µg mL–1) was mixed with 950 µL laminarin solu-
tion (5 mg mL–1), both in 50 mM sodium phosphate, pH 6.5, 
and incubated for 20 min at 80°C. At 5 min intervals, sam-
ples of 100 µL were taken and mixed with 100 µL of assay 
mixture (1.6% w/v NaOH, 1.0% w/v 3.5-dinitrosalicylic 
acid, 0.2% w/v phenol, 0.05% w/v sodium sulfite, 30% w/v 
sodium potassium tartrate) and incubated for 5  min at 
95°C. Samples were cooled on ice, diluted with 1 mL water, 
and absorbance was measured at 575 nm. The concentra-
tion of laminarin hydrolysis products was inferred from 
absorbance at 575 nm using samples of glucose, ranging in 
concentration from 0 to 8 mM, assayed under similar condi-
tions. One unit of enzyme activity is defined as the amount 
of enzyme required for releasing one µmole of laminarin 
hydrolysis product per min.

For estimation of steady-state kinetic parameters, the 
LamA activity assay contained different amounts of lami-
narin ranging from 0 to 5.5  mM. Every data point was 
retrieved in triplicate. Using IGOR Pro 6.10A, apparent 
rates (νapp) were fitted to the Haldane equation, taking 
substrate inhibition into account:
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where [S], Vmax, KM and Ki represent the substrate con-
centration, the limiting rate, the Michaelis constant and 
the inhibition constant, respectively.

3    Results

3.1    �Heterologously produced, soluble LamA 
comprises native and non-native monomers  
as well as oligomers

Purification of His6-tagged LamA, obtained after heterolo-
gous expression in E. coli, involves cell disruption, heat 
treatment and metal-affinity chromatography. After these 
steps, the LamA sample consists of a mixture of species, 
which can be separated using SEC (Fig.  1A). Native 
PAGE of samples from SEC elution shows the presence of 
native monomer, non-native monomer and oligomers 
(Fig. 1C). SDS-PAGE applied to these samples shows that 
the unfolded species all have the same subunit molecular 
mass (Fig.  1D). Distinction between native and non-
native species is made based on data and argumentation 
provided below. No rapid dynamic equilibrium exists 
between the obtained LamA species, because, even after 
multiple freeze-thaw cycles, or six months of storage at 
–20°C, or exposure to room temperature for several weeks, 
we obtain unaltered SEC profiles (data not shown). The 
short heat treatment applied during LamA purification 
also has no significant effect on LamA oligomerization 
(data not shown). Hence, we conclude that formation of 
the mixture of LamA species arises during production 
within E. coli.

Dynamic light scattering (DLS) shows that both native 
as well as non-native LamA monomers have the typical 
dimension of a globular protein of approximately 31 kDa 
[42] and that the oligomer sample comprises several high 
molecular mass species (Supporting information, Table S1). 

Native LamA monomer elutes with a larger volume from 
the Superdex 75 SEC column as expected from its mass 
(Fig. 1B). We ascribe this increase in elution volume to weak 
affinity of native LamA for the Superdex matrix, which con-
sists of agarose/dextran polysaccharides. Interestingly, non-
native LamA monomer has no such affinity for this column 
material and elutes at the expected volume (Fig. 1B).

3.2    �Soluble oligomers display, like native LamA 
monomer, substrate inhibition, whereas  
non-native monomer does not

The maximal specific activity (Vmax) of the mixture of 
LamA species obtained after Ni-NTA chromatography, as 
assayed with 3,5-dinitrosalicylate at 80°C, is 1389  ±  19 
(U mg–1 ± s.d.) (Table 1). This blend of native and non-
native monomers as well as oligomers shows substrate 
inhibition (Fig. 2A, Table 1). Native LamA monomer has 
a Vmax of 1894 ± 76 (U mg–1 ± s.d.) and displays enhanced 

substrate inhibition (Fig. 2B, Table 1). This supports the 
presence of a secondary binding site for laminarin in 
LamA [3]. The catalytic efficiency (kcat/KM) of native 
LamA monomer is about 5.5 × 106 M–1 s–1, which is high-
er than the values reported previously [3, 34], where SEC 
was not included in LamA purification. Non-native LamA 
monomer is 4.4-fold less active than native monomer, 
since its Vmax is only 427 ± 19 (U mg–1 ± s.d.) (Table 1). 
Interestingly, this conformer lacks substrate inhibition 
and follows normal Michaelis–Menten kinetics (Fig. 2C, 
Table 1), but shows a higher KM value compared to that of 
native protein. LamA oligomer is enzymatically active, 
but its Vmax of 406 ± 7 (U mg–1 ± s.d.) shows that the oli-
gomer is 4.7-fold less active than native monomer (Fig. 2D, 
Table 1). Just as native monomer, oligomers exhibit sub-
strate inhibition, suggesting that these particles com-
prise protein with a native-like fold. The relatively low 
activity of oligomer probably arises from hampered access 
of the rather large substrate (i.e. laminarin, ± 3 kDa) to 
active sites buried inside the oligomer, which is reflected 
in higher KM and Ki values compared to those of native 
LamA monomer.

3.3    �The secondary structure of protein in LamA 
oligomer resembles more the one of native 
LamA monomer than of non-native LamA 
monomer

The far-UV circular dichroism (CD) spectrum of native LamA 
monomer is characteristic for a protein containing β-strands 
[43] (Fig. 3A, green line). This observation reflects the char-
acteristics of the crystal structure of LamA, which consists 
of a sandwich-like β-jelly roll motif formed by face-to-face 
packing of two anti-parallel sheets that contain seven and 
eight strands, respectively (Fig. 3B) [35]. Non-native LamA 
monomer has a far-UV CD spectrum that is also typical for a 
β-strand containing protein (Fig. 3A, red line), but its ellip-
ticities at 190, 205 and 230 nm and the crossing of its elliptic-
ity at 207–208 nm with the x-axis differ from those observed 
for native monomer. These dissimilarities suggest a slightly 
diminished β-strand content in non-native LamA compared 
to native monomer. In case of LamA oligomer, its ellipticity 
at about 190 nm is decreased and its ellipticity at 230 nm is 
slightly increased compared to the values that characterize 
native LamA monomer (Fig. 3A, blue line). The zero crossing 
of the ellipticity of LamA oligomer at 206 nm is at a similar 
wavelength as observed for native LamA monomer. These 
observations indicate that the secondary structure of protein 
in LamA oligomer resembles more the one of native LamA 
monomer than of non-native LamA monomer.

3.4    �Formation of LamA oligomers takes place  
in E. coli

Emergence of non-native and aggregation-prone LamA 
species can occur during several stages of protein pro-
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duction in E. coli. Rare-codon usage in the gene encod-
ing LamA may lead to temporary stalling of ribosomes, 
which slows down protein translation and could enhance 
aggregation [44]. However, low protein yield is not an 
issue in case of LamA because an expression level of up 
to 15% of total cellular protein is reached [34]. Sequence 
analysis shows that of the 272 codons of the LamA gene, 
21 are infrequently used in E.  coli genes. To verify 
whether this feature relates to proper LamA folding, 
plasmid pLamA-His6 was transformed into E. coli strain 
Rosetta (DE3)pLysS, which contains an additional plas-
mid to relieve rare-codon usage in heterologous genes. 
Neither protein yield nor oligomerization level differs 
compared to LamA isolated from cells lacking this auxil-
iary plasmid, as SEC reveals. Changing other parameters 
(i.e. production time, induction conditions or growth 
temperature) does also not alter the composition of the 
mixture of species (Supporting information, Fig. S1).

3.5    �Chaotropic heat treatment disrupts soluble 
LamA aggregates and increases the amount  
of properly folded active LamA monomer

Native LamA, even under extreme conditions, does not eas-
ily unfold. For example, in 7.9 M GuHCl at room temperature, 
the unfolded state of LamA is not fully populated [38, 45, 46]. 
In the following, we exploit this characteristic feature.

To gain insight into the reversibility of LamA oli-
gomerization, we analyzed the hydrodynamic properties 
of LamA after treating oligomer samples with GuHCl at 
elevated temperature and various incubation periods. 
Significant dissociation of oligomer at 80°C occurs at high 
GuHCl concentration (Fig. 4A, left part). Up to 75% con-
version to the desired monomeric species is observed 
after an incubation period of 5 h in 3 M GuHCl (Fig. 4A, 
right part). The monomeric species formed has the same 
hydrodynamic properties and secondary structure com-

Figure 1.  Hydrodynamic properties of purified LamA. (A) SEC-elution pattern (Superdex 75) of LamA obtained after Ni-NTA affinity chromatography.  
(B) Retention of LamA on Superdex 75. Partition coefficients (Kav) are plotted against the logarithms of the corresponding molecular masses (Mr): LamA 
monomer (green triangle), LamA non-native monomer (red circle), LamA oligomer (blue square). Reference proteins (open squares): ribonuclease A 
(13.7 kDa), chymotrypsinogen (25 kDa), ovalbumin (43 kDa) and BSA (67 kDa). (C) Western blot after native PAGE. (Mix), mixture of LamA species 
obtained using Ni-NTA chromatography; (1) native monomers; (2) non-native monomers; (3) oligomers. Panel (D) SDS-PAGE. (Mix), mixture of LamA 
species obtained using Ni-NTA chromatography; (1) native monomers; (2) non-native monomers; (3) oligomers. Lane M, Low-range SDS-PAGE standards 
with their masses indicated (kDa).
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position as native monomer, as judged by SEC analysis 
and CD spectroscopy (Supporting information, Fig. S2). 
During oligomer dissociation, a small amount of non-
native monomeric LamA forms (Fig. 4A), which also hap-
pens upon treating native monomer for a period of 3  h 
with 3 M GuHCl at 80°C (Fig. 4B). A similar incubation of 
non-native LamA leads to formation of about 25% native 
LamA, as well as some oligomer.

Incubation of the mixture of LamA species, obtained after 
Ni-NTA chromatography, in 3 M GuHCl at 80°C for 3 h leads 
to disappearance of almost all oligomer species and results 
in 90% native and 9% non-native monomers, respectively 

(Fig. 4B). The specific activity of this sample is 950 ± 50 U mg–1, 
which is in good agreement with specific activity of 
native monomer assayed under similar conditions.

We can describe the observed results with the follow-
ing equilibrium scheme:

non native native aggregation prone oligomer  − −

During production in E.  coli, native, non-native and 
aggregation-prone LamA is produced, and the latter can 
form oligomer. Due to their large stability, no rapid equi-
librium exists between these species. Addition of dena-

Figure 2.  Steady-state kinetics of LamA. The Haldane model, including substrate inhibition, has been used to fit the data. (A), Mixture of LamA species 
obtained using Ni‑NTA chromatography. (B) Native monomeric LamA. (C), Non-native monomeric LamA. (D) Oligomeric LamA. Vertical bars represent 
standard errors. Table 1 summarizes the kinetic constants obtained from the fitting procedure.

Table 1. Kinetic parameters of LamA species obtained after Ni-NTA chromatography and of subsequently SEC-purified LamA conformers.  
Activity measurements were performed in triplicate

Species Vmax 
(U mg–1)

KM 
(mM)

Ki 
(mM)

kcat 
(s–1)

Mixture 1389 ± 19 0.19 ± 0.03 9 ± 2 722 ± 10
Native monomer 1894 ± 76 0.18 ± 0.03 3.4 ± 0.3 984 ± 39
Non-native monomer 427 ± 19 0.38 ± 0.06 – 222 ± 10
Oligomers 406 ± 7 0.80 ± 0.05 14 ± 2 211 ± 4
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turant, in combination with high temperature, shifts the 
equilibrium towards native LamA.

3.6    �Chaotropic heat treatment disrupts non-soluble 
LamA aggregates and recovers properly folded 
active LamA monomer

Part of LamA produced by E. coli ends up in IBs. Confocal 
microscopy images of Nile red stained E. coli cells overex-
pressing LamA show high fluorescence intensity at the 
cell poles (Fig. 4C), matching the typical distribution pat-
tern of protein present in IBs. To assess the prospect of 
recovering soluble LamA from these IBs, we applied the 
chaotropic heat treatment procedure. Cell-free extract 
(referred to as CFE sample) was obtained as supernatant 
upon centrifugation of overexpressing cells disrupted by 
French press treatment (referred to as FP sample). The 
pellet obtained after centrifugation was resuspended in 
buffer (referred to as rPellet sample) and, together with the 
FP and CFE samples, assayed for amount of LamA protein 
and LamA activity. Of the total quantity of LamA protein 

present in the FP sample, (54 ± 4)% ends up in the rPellet 
fraction (Fig. 4D).

Incubation of CFE with 3 M GuHCl at 80°C for 3 h, fol-
lowed by centrifugation, results in an increase in LamA 
specific activity of the supernatant from 575 ± 23 U mg–1 to 
952 ± 40 U mg–1 (Fig. 4E), in agreement with the outcomes 
of similar treatment of samples obtained from Ni-NTA 
chromatography. LamA present in the rPellet fraction is 
active (226 ± 10 U mg–1), and re-centrifugation of rPellet 
shows only marginal activity of the resulting supernatant 
(10 ± 5 U mg–1), confirming the presence of insoluble LamA 
aggregates. Incubation of rPellet with 3 M GuHCl at 80°C 
for 3 h, followed by centrifugation, yields a strong increase 
in LamA specific activity (719 ± 29 U mg–1) of the superna-
tant (Fig. 4E). SEC analysis of the subsequently dialyzed 
LamA sample shows an elution pattern almost similar to 
that of native LamA monomer (data not shown).

Finally, it should be stressed that it is the combination 
of chemical denaturant and high temperature that is essen-
tial in increasing the yield of native LamA monomer. Treat-
ment of rPellet with 3 M GuHCl at 20°C for 3 h, or heating 
at 80°C without denaturant for 3 h, results in poor recovery 
of LamA activity (Supporting information, Fig. S3).

4    Discussion

In this paper, we demonstrate that a large fraction of 
hyperthermostable, heterologously produced LamA com-
prises insoluble aggregates, soluble oligomer and non-
native monomer. The mesophilic nature of E. coli is the 
main determinant for the persistence of these anomalous 
LamA species. The stability of native LamA, its oligomer 
and its non-native monomer against (sub)global unfolding 
is considerable and, as a consequence, chaperones of 
E. coli fail to assist these aberrant protein forms in folding 
towards native LamA. As shown by Peng et. al., re-host-
ing the P. furiosus chaperone systems to E. coli cells 
indeed increases the soluble expression of a recombinant 
α-amylase from P. furiosus [47]. In addition, cellular pro-
teases are apparently incapable of degrading the highly 
stable aberrant LamA species, as we isolate these in con-
siderable quantities from E. coli.

Formation of native-like protein aggregates has 
attracted considerable attention, as it can occur in living 
organisms and thus is more relevant than previously 
thought [20, 48]. Here, we demonstrate that the soluble 
LamA oligomers formed in E. coli are composed of native-
like molecules, because these oligomers are enzymati-
cally active and show substrate inhibition just like native 
LamA does. In addition, the far-UV CD spectrum of LamA 
oligomer is similar to that of native enzyme. Oligomer 
LamA is, at 80°C, in slow equilibrium with native and 
non-native LamA. Upon addition of GuHCl, this equilib-
rium can be largely shifted towards native monomer, 
while the amount of non-native LamA only slightly 

Figure 3.  Structural characteristics of LamA species. (A) Far-UV CD spectra. 
Native monomer (green line); non-native monomer (red line); oligomers 
(blue line). The inset shows that the high-tension voltage traces are identi-
cal, which is indicative for an equal amount of protein in the samples (i.e. 
2.0 µM). Spectra were recorded at 20°C. (B) Cartoon representation of the 
crystal structure of LamA (pdb entry 2vy0). The left image highlights the 
presence of a double layer of bend β-sheets and an arrow indicates the 
groove for substrate binding. In the right image, the LamA molecule is 
rotated to show the relatively large amount of β-sheet present in the protein.
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increases. This supports our finding that LamA oligomer 
is composed of an aggregation prone native-like species.

When native LamA is incubated with 3 M GuHCl at 
80°C, almost no oligomer forms and only a small amount 
of non-native monomer is observed. In contrast, when 
non-native monomer undergoes this chaotropic heat 
treatment, an appreciable amount of native LamA forms. 
These findings demonstrate that under these harsh con-
ditions, a significant shift in equilibrium towards the 
native state occurs. Native LamA resides in a deep ener-
getic minimum in the energy landscape of LamA folding 
and is separated from other LamA conformers by ener-
getically high transition states. As a result, treatment of 
native LamA monomer with 3 M GuHCl at 80°C for a 

period of 3  h hardly leads to formation of non-native 
monomer and oligomers (Fig. 4B). In the folding energy 
landscape, non-native LamA monomer is positioned in a 
distinct, less deep energetic minimum, which is sepa-
rated from native and oligomeric LamA species by ener-
getically high transition states. As a result, Fig. 4B shows 
that treatment of non-native LamA monomer leads to 
appreciable formation of native LamA monomer (i.e. 
about 25% recovery) and some oligomer formation. Oligo-
meric LamA, however, is in an even less deep energetic 
minimum and is surrounded by energetically less high 
transition states than is the case for both native and non-
native monomeric protein, as our chaotropic heat treat-
ment of oligomers shows significant formation of native 

Figure 4.  Chaotropic heat treatment of LamA species. (A) Relative ratios of protein species observed with SEC after incubating oligomer at 80°C with 
GuHCl at the indicated conditions. The bar representing the sample before treatment is labeled ‘pre’. Color scheme: oligomer (blue), non-native monomer 
(red), native monomer (green). (B) relative ratio of protein species observed with SEC after incubation of native monomer, non-native monomer, oligomer 
and a mixture of LamA species with 3 M GuHCl at 80°C for 3 h. Color scheme: oligomer (blue), non-native monomer (red), native monomer (green). The 
standard error on the data is ± 4%. (C) Confocal microscope image of Nile red stained E. coli cells that overexpress LamA. (D) relative amounts of LamA 
present in French press (FP), cell-free extract (CFE) and resuspended pellet (rPellet) samples. Color scheme: FP (yellow), CFE (purple), rPellet (brown). 
Vertical bars represent standard errors. (E), specific activities of LamA in supernatants of FP, CFE and rPellet samples before and after incubation with 3 M 
GuHCl at 80°C for 3 h. Color scheme: FP (yellow), CFE (purple), rPellet (brown). Vertical bars represent standard errors.
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LamA monomer (Fig.  4B). This observation reflects the 
native-like nature of LamA monomer in these oligomers 
(i.e. the oligomers are catalytically active, display substrate 
inhibition, and have secondary structure resembling the 
one of native LamA). Apparently, the intermolecular inter-
actions between the monomers in oligomeric LamA are 
substantially weaker than the intramolecular interactions 
in both native and non-native LamA monomer. 

We show that due to differences in affinities for Superdex 
beads, native LamA monomers can be separated from non-
native ones. The catalytic efficiency of native LamA (kcat/KM) 
is about one order of magnitude higher than that of non-
native LamA and shows, in contrast to the latter species, 
substrate inhibition. Based on these kinetic properties and 
on the behavior in SEC, we propose that the affinity of native 
LamA for Superdex beads is due to presence of a secondary 
sugar-binding site, which lacks in non-native monomer. The 
observed differences in CD spectra of native and non-native 
LamA suggests a decreased amount of β-strands in the non-
native species, which may explain the absence of the sec-
ondary binding site.

Conventional purification of heterologously produced 
LamA involves heat treatment of E. coli extract and subse-
quent chromatographic steps [35]. These procedures result 
in relatively low yields of LamA monomer. We show that 
this is due to the presence of (in)soluble LamA aggregates 
and non-native LamA monomers. The yield of native, prop-
erly active, LamA monomer can be increased more than 
two-fold by incubating the soluble and insoluble LamA 
fractions with 3  M GuHCl at 80°C. We argue that this 
chaotropic heat treatment is effective, because GuHCl 
increases the aqueous solubility of the hydrophobic sur-
faces of the aberrant protein species [49], and because 
GuHCl hardly affects the structure of native LamA [38]. 
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Cover illustration
Schematic representation of a microfluidic side-entry reactor with reactants of a penicil-
lin G acylase reaction and pH sensors integrated along the reaction channel. The pH 
sensors enabled real-time monitoring of the reaction progress in a microfluidic reactor. 
Alkaline buffers added to the reactor’s side-entries balanced the pH and increased prod-
uct yield, thereby highlighting the feasibility of pH control. The cover is prepared by Pia 
Gruber, Marco P.C. Marques, Philipp Sulzer, Roland Wohlgemuth, Torsten Mayr, Frank 
Baganz and Nicolas Szita authors of the article “Real-time pH monitoring of industrially 
relevant enzymatic reactions in a microfluidic side-entry reactor (µSER) shows potential 
for pH control” (https://doi.org/10.1002/biot.201600475).


