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General introduction

1. Introduction

Already in the nineteenth century it was discovered that some proteins
(proteases) could degrade other proteins. At that period there was however no
clear understanding of the reactions involved. Progress came first from the
understanding that the constituent amino acids are linked by peptide bonds, as
suggested independently by Fischer (34) and by Hofmeister (51) in 1902.
Convincing demonstrations that proteolytic enzymes hydrolyzed these peptide
bonds were brought forward by the use of synthetic peptides and their derivatives
in 1942 (13). It was noticed that there are two distinct activities, one activity
catalyzed by endoproteases hydrolyzes amino acids distant from the termini of a
protein, the other activity catalyzed by exopeptidases hydrolyzes amino acids at
either the amino- or carboxy terminus of a protein.

Proteases from filamentous fungi are interesting to study for two main
reasons. First, in the industry Aspergilli are being used as hosts for the production
of both homologous and heterologous proteins (18, 19, 52, 76, 89). However,
heterologous expression is often hampered by the proteolytic degradation of the
expressed products by endogenous proteases. Second, the filamentous fungi
Aspergillus nidulans and Neurospora crassa are used as model organisms. Their
genetics have been a subject of study for many decades. It is relatively easy to
generate mutants and powerful genetical, biochemical and molecular biological
techniques are available for analysis.

Eukaryotic microbial proteases have been reviewed by North et al, in
1982 (88), Suarez-Rendueles and Wolf have reviewed the yeast proteases (100)
and more recently the molecular and biotechnological aspects of microbial
proteases have been reviewed by Rao and others (90). A number of endoproteases
from Aspergilli, especially Aspergillus niger, are well characterized. The
aminopeptidase spectrum however, is still unclear, although some of these

aminopeptidases are being used in the food industry.
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Aminopeptidases have routinely been used for various purposes, such as
cheese making, baking and the preparation of soy hydrolysates. Traditionally
starter cultures have been used in the production of cheeses and sauces. In
Camembert and Brie cheeses spores of Penicillium camemberti are added as
starter cultures (63). Prolyl aminopeptidase activity of this fungus is important
during the ripening of Camembert by decreasing the amount of bitter tasting
peptides (39). The production of soy sauce starts with the grinding of soybeans
after which they are mixed with water and inoculated with strains of Aspergilli.
To increase the protein conversion and to accelerate the fermentation, proteases
are added. Addition of aminopeptidases has been successful as debittering agents
by hydrolyzing peptide fragments that would be bitter otherwise (42).

Aspergillus oryzae is a major source of aminopeptidase activity in
commercial preparations. Aminopeptidases from this fungus are major
constituents of commercial preparations such as Debitrase® DBS50 from Rhodia,
Flavorpro™192 from Biocatalysts and Corolase™7093 from Roéhm Tech. In
these preparations one of the most common aminopeptidase activities is referred
to as leucine aminopeptidase, however this actually encompasses a group of
enzymes, which cleave off leucine as well as some other amino acids.

Few of these aminopeptidases are described in patents. For example
patent W0O96/38549 of Gist-brocades and US6.271.013 of DSM describe an
aminopeptidase of A. niger that liberates N-terminal phenylalanine from peptides.
Addition of this aminopeptidase to cheese results in accelerated ripening of the
cheese without off-flavors and addition to dough liberates phenylalanine from
proteins present in the dough, thereby improving flavor and aroma of the baked
product.

The use of Aspergilli as hosts for the production of industrial proteins has
resulted in detailed studies of the proteolytic spectra and construction of protease
deficient strains and has improved the knowledge about protease expression and

regulation in these organisms. In 1993 Taylor wrote two reviews about
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aminopeptidases; one about structure and function (104) and one about action
mechanism (105). A number of endoproteases are well characterized in

Aspergillus niger, however the (intracellular) exoprotease spectrum is not.

2. Classification of aminopeptidases

Today there are two major classifications systems for proteases. The
internationally recognized schemes for the classification and nomenclature of all
enzymes from [UMB and MEROPS, include proteases. The update [IUMB text for
protease EC numbers can be found at the URL:

http://www.chem.qmw.ac.uk/iubmb/enzyme/EC3/4/11/. In this system enzymes

are defined by the fact that they catalyze a single reaction. This has the important
implication that several different proteins are all described as the same enzyme,
and a protein that catalyses more than one reaction is treated as more than one
enzyme. The proteases in the EC list are divided in 13 subclasses. The
aminopeptidases are in class 3.4.11. The value of the EC list for proteases resides
in providing standard terminology for the various types of protease activity and
especially in the assignment of a unique identification number and a
recommended name to each protease. The special strength of the EC system is
thus in the area of nomenclature rather than classification.

The second major classification system is described in the handbook of
proteolytic enzymes (7) and at MEROPS [http://www.merops.co.uk]. It is widely
used and more convenient for classification of proteases than the [IUMB system.
In the MEROPS system the proteases are allocated into families, which are then
grouped into clans. A family of proteases is a group in which every member
shows a statistically significant relationship in amino acid sequence to at least one
other member of the family either throughout the whole sequence or in the part of
the sequence responsible for catalytic activity. A clan is the term used to describe
a group of families, the members of which have evolved from a single ancestral

protein, but have diverged so far apart that we can no longer see their relationship
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by comparison of the primary structures. Such indications of distant relationships
come primarily from the linear order of catalytic-site residues and the tertiary
structure. Occasionally other distinctive aspects of the catalytic activity such as
specificity or inhibitory sensitivity are also used as indicators for classification
into clans.

An alternative classification system that is commonly used is the division
of proteases into endo- and exoproteases. Endoproteases are those enzymes that
hydrolyze internal peptide bonds, exoproteases hydrolyze peptide bonds adjacent
to a terminal o-amino group, or a terminal carboxyl group and a penultimate
amino acid.

Another classification uses the number of amino acids cleaved from the
amino-terminus of substrates. Enzymes that sequentially remove the amino-
terminal amino acids from protein and peptide substrates are called
aminopeptidases. Dipeptidylpeptidases and tripeptidylpeptidases remove di- and
tripeptides from the amino-terminal end respectively.

In the field of aminopeptidases additional classification schemes are used.
1. Classification with respect to the relative efficiency with which the 20 different
amino acids are removed. Aminopeptidases of broad specificity (which are
capable of cleaving a range of different amino acids from the N-terminal or P1
position (according to Schechter’s nomenclature (94))) as well as
aminopeptidases that cleave a single type of residue at the P1 position, may be
distinguished.

2. Aminopeptidases are also characterized according to their sensitivity to various

protease inhibitors.

A. Metallo aminopeptidases, which are inhibited by metal chelating agents such
as: EDTA, EGTA and 1,10-phenantroline.

B. Cysteine aminopeptidases, which are inhibited by Hg*", iodoacetamide, N-

tethylmaleimide and p-chloromercuribenzoate.



General introduction

C. Serine aminopeptidases, which are sensitive to phenyl methyl-sulfonyl
fluoride and diisopropyl fluorophosphate.
Although aspartic endoproteases, inhibited by pepstatin are ubiquitously present,
both inside and outside the cell, aspartic aminopeptidases have not been reported.
Obviously, each of these nomenclature or classification systems serves to
identify the protease with respect to a topic of interest, and they are not mutually
exclusive. Knowing that such a labyrinth of classifications exists, it is not
surprising that in recent years several enzymes previously thought to be different
were shown to be identical.
The naming of the clans in the MEROPS system starts with a letter
denoting its catalytic type, M for metallo proteases, S for serine proteases, C for
cysteine proteases and U for unknown catalytic types. The catalytic types of the

aminopeptidases are further explained below.

2.1 Metallo aminopeptidases

Metallo aminopeptidases encompass 85% of the known aminopeptidases
and are widespread among all kingdoms. According to the MEROPS
classification system the metallo proteases are divided into 14 clans; MA(E),
MA(M), MC to MM and clan MX. These clans are further divided into 52
families of which 9 harbor aminopeptidases. Clans and families with
aminopeptidases are listed in table 1.

The M1 family contains by far the most aminopeptidases. According to
MEROPS 44% of the known metallo aminopeptidases belong to the M1 family.
The M1 family is composed of three phylogenetically unrelated subgroups. The
first subgroup consists mainly of aminopeptidase N type aminopeptidases. The
second group consists of leukotriene A4 hydrolase aminopeptidases. The metallo

aminopeptidases in the remaining group are less well characterized.
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Table 1: Clans and families of
metallopeptidases in the MEROPS

system that contain aminopeptidases

Clan Family

MA(E) M1 Mol

MF M17

MG M24

MH M18, M28, M42
MX M29 M55

All aminopeptidases in family M1 have a HEXXH motif that is part of the zinc
binding site. Although the mechanism of catalysis of metallo aminopeptidases is
still poorly understood, it has been demonstrated that the metal cation forms
coordinated bonds with the histidine residues from the HEXXH motif as well as
with the oxygen molecule from the carbonyl goup of the peptide link targeted to
the substrate (56, 92, 105). The mechanism of action of the metallo
aminopeptidases is not specifically described in literature. However, the
mechanism of action of the M1 family of proteases has been determined (Fig. 1).
The aminopeptidases within the other families also require a metal ion for their
activity, however their mechanism of action is not known, nor do they have the
HEXXH motif.

Metallo protease inhibitors function through a direct interaction with the
active site metal ion. Commonly used metallo protease inhibitors are therefore
metal chelators such as EDTA, EGTA and 1,10 o-phenantroline. Inertness to
serine protease inhibitors and sensitivity to these metal chelators is a first
indicator for a metallo aminopeptidase, but as many proteases, including serine
proteases, require calcium for activity and as EDTA is an excellent calcium
chelating agent additional inhibitors are needed to unambiguously prove metallo

protease activity.
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Fig. 1: The catalytic mechanism of a metallo protease of the M1 family. Water is bound to zinc and
the carboxylate group of glutamic acid. After the enzyme-peptide complex is formed, the water
molecule bound to the zinc is displaced by the carbonyl group of the peptide. The water molecule
then attacks the carbonyl of the scissile bond of the substrate, facilitated by the glutamic acid in this
motif that acts as the catalytic base. Adapted from: http://cgat.ukm.my/protease

Little is known about Aspergillus metallo aminopeptidases. From A.
oryzae culture broth, 3 metallo aminopeptidases have been purified and
characterized, but the corresponding genes have not been cloned (82, 84-86). A
fourth metallo aminopeptidase of 4. oryzae is cloned and characterized (15). This
aminopeptidase should be added to the M28 family. From other Aspergilli several
extracellular metallo aminopeptidase activities have been purified, however until

now the corresponding genes have not been reported to be cloned.

2.2 Serine aminopeptidases

Serine aminopeptidases have no metal co-factor associated with their
catalytic site. Catalysis requires a highly reactive serine residue. Serine
aminopeptidases are less frequently found amongst aminopeptidases. Like
metallo-aminopeptidases, serine aminopeptidases may also be divided into
different groups, based on the organization of their catalytic site. The serine
proteases are organized into the clans: SB, SC, SE, SF, SH, SK, SM, SN and SX.

Families 9 and 33 are the only two families in clan SC that harbor
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aminopeptidases. Furthermore family 51 of clan SN also harbors
aminopeptidases.

The active site of a serine aminopeptidase consists of a serine (S), a
histidine (H) and an aspartic acid (D) residue, that together form the catalytic triad
(91). The catalytic mechanism of a serine protease is depicted in Fig. 2 see (64,

98) for reviews on the structure and mechanisms of serine proteases.
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Fig. 2: Catalytic mechanism of serine proteases. Residues in the catalytic triad polarize the OH
group to allow the initial nucleophilic attack on the carbonyl atom. A covalent bond is formed
between the substrate carbonyl atom and the reactive serine atom. A hydrogen atom is transferred to
the histidine in the active site. The intermediate breaks down to the acyl enzyme and liberates the
leaving group. The leaving amino group receives a proton from the His residue of the catalytic
tetrad. The acyl enzyme is than further hydrolyzed with water as the nucleophile to obtain the
enzyme and the carboxylic acid product. Adapted from Http://cgat.ukm.my/protease.

Common serine protease inhibitors that act by modifying the serine active
site  residue are phenylmethylsulphonyl fluoride (PMSF), (44) and
diisopropylfluorophosphate (DIFP). Serine protease inhibitors that act by
modifying other active site residues are N-a-p-tosyl-lysinechloromethylketone
(TLCK) (41) and L-1-tosylamide-2-phenylethylchloromethyl-ketone (TPCK)
(95). In addition, several serine protease specific inhibitors of microbial origin

like leupepstatin inhibit most serine proteases. Some serine aminopeptidases are
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also inhibited by p-chloromercuribenzoate (PCMB) indicative for the
involvement of a cystein residue near the active site.

To date leucine aminopeptidase IV of A. oryzae (82), aminopeptidase of
Penicillium camemberti (39), prolyl aminopeptidase A (chapter 5) and
aminopeptidase C (chapter 4) of Aspergillus niger, are the only fungal serine
aminopeptidases reported. From the 4. oryzae and P. camemberti aminopeptidase
only the purification and characterization of the proteins have been reported while

the structure of the encoding genes has not been resolved.

2.3 Cysteine proteases:

Cysteine aminopeptidases are named as such because catalysis is
mediated through a highly reactive cysteine residue. The cysteine proteases are
found in the clans: CA, CD, CF, CH, CJ, CK and CX. Cysteine aminopeptidases
however, are restricted to family one of clan CA. The catalytic mechanism of a

cysteine protease is depicted in Fig. 3; see (41, 91, 92) for reviews.

_ — — [ ——
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Fig. 3: Mechanism of action of cysteine proteases. Cysteine proteases contain a catalytically active
cysteine (C) sulfhydryl group and a histidine (H) within the active site of the enzyme. The ion pair
between C and H is the reactive nucleophile. An acyl enzyme is formed with the thiol ester of C and
hydrolyzed with water as the nucleophile to obtain the enzyme and the carboxylic acid product.

Adapted from http://cgat.ukm.my/protease.

10



General introduction

Cysteine aminopeptidases are sensitive to thiol-blocking reagents like
iodo- and bromoacetates and p-chloromercuribenzoate (73).

So far only bleomycin hydrolase (BLHI) of S. cerevisiae has been
identified as a fungal cysteine aminopeptidase. BLH1 is a 220 kDa

homotetrameric aminopeptidase with broad specificity (33).

3 Localization of aminopeptidases

An obvious role of aminopeptidases in fungi, which can utilize proteins as
a nutrient source, is the complete hydrolysis of proteins into amino acids. This
would involve the degradation of proteins into oligopeptides outside the cells by
extracellular broad specificity proteases and further extracellular or intracellular
degradation by oligopeptidases, di- tri-peptidases and finally into amino acids by
aminopeptidases.

Intracellular proteolysis in addition has important roles in controlling the
levels of specific proteins, the elimination of damaged or mislocalized proteins
and the maintenance of amino acid pools (27, 47, 50). The major sites for
proteolytic degradation are the cytoplasm for short lived proteins and the vacuole
for long lived proteins (43, 70). In addition, periplasmic proteases are involved in
protein degradation, while many of the membrane-bound proteases have a role in

protein maturation (100).

3.1 Cytoplasmic aminopeptidases

The in vivo half-life of a cytoplasmic protein is related to the N-terminal
amino acid, this phenomenon is described as the N-end rule (5, 109). For that
reason in yeast the amino acids F,L,W,Y,R,K,I,N,Q,D and E are not often present
at the N-termini of cytoplasmic proteins because they are destabilizing the protein
(5, 48, 97). In the cytoplasm the proteasome is responsible for the rapid
degradation of abnormal and intrinsically unstable proteins into oligopeptides (12,

26, 69, 70). The resulting oligopeptides are then broken down to amino acids by a

11
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succession of oligopeptidases and exoproteases, both carboxy- and
aminopeptidases. Aberrant or misfolded proteins destined for the secretory
pathway that do not pass the quality control in the ER are subjected to retrograde
transport, and then also degraded via the proteasome (110).

In the yeast cell several cytoplasmic aminopeptidases can be found, such
as: APEII, AAPI, MAPI, MAPII, BLH, LTA, (23, 25, 40, 57, 66, 72) (Table 2).
There is evidence that APEII is also partially located in the periplasmic space
(36). In Aspergillus niger strains most aminopeptidases characterized so far

(ApsA, ApsB, ApsC and PapA (8-11)) are in the cytoplasm (Table 4).

3.2 Vacuolar aminopeptidases

Vacuoles in fungi are considered to have an important function in
degradation of long lived proteins (43, 70) and as a storage pool of basic amino
acids (111). Several proteases in the vacuole of S. cerevisiae have been
characterized (100). These proteases reach the vacuole by two different pathways.
The majority uses the classical secretory pathway. The aminopeptidase API,
however, uses the cytoplasm to vacuole targeting (Cvt) pathway. When the
secretory pathway is used (Fig. 4), the proteins are synthesized in the cytoplasm,
and sequestered into the lumen of the ER, where they are glycosylated and where
the signal peptide is removed. The proteins transit then to the Golgi complex
where further glycosylation takes place. At least yeast aminopeptidases require a
sorting signal to mediate their vacuolar delivery from the Golgi apparatus. In
absence of such information, these proteins are delivered to the cell surface. Upon
arrival in the vacuole the propeptide is removed (20, 49, 62, 77). Aminopeptidase
Y of . cerevisiae is transported to the vacuole through this pathway (87, 115).

If the Cvt pathway is used, the protein does not pass through the early
stages of the secretory pathway. The Cvt pathway delivers directly from the
cytoplasm to the vacuole. The best described fungal aminopeptidase that uses this

pathway is aminopeptidase I (API) of S. cerevisiae. ProAPI forms a complex in

12
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the cytosol; a membrane is formed around the complex, separating the complex

from the cytosol.

Fig. 4: Sorting of proteins to the vacuole by the secretory route (1,2,3) and the Cvt pathway (4,5,6).
A: Proteins are synthesized in the cytoplasm (1), travel via the ER and Golgi apparatus (2) to the
vacuole (3). B: Proteins are synthesized in the cytoplasm, form a complex (4), a membrane is

formed around the complex (5) and the complex fuses to the vacuolar membrane (6).

Vacuolar delivery is achieved by fusion of the outer membrane of the vesicle with
the vacuolar membrane (Fig. 4). Finally the resulting vesicles are broken down by
vacuolar hydrolases to release proAPI into the vacuole lumen. The precursor form

of the protein is then processed into the mature form (4, 61).

3.3 Extracellular aminopeptidases

There are two possible ways for the degradation of extracellular proteins.
First the complete extracellular degradation of proteins by the subsequent action
of endoproteases, oligopeptidases and aminopeptidases into amino acids, which
can then be transported into the cell by amino acid transporters. An alternative
way for the supply of amino acids from external sources is the degradation of
proteins by endoproteases into oligopeptides, which are then transported into the

cell and further degraded into di- and tripeptides and finally in amino acids by

13
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aminopeptidases in the cytoplasm. In the Aspergillus family several
aminopeptidase activities have been detected extracellularly (Table 4). In S.
cerevisiae however, no extracellular aminopeptidase activity has been reported
except for an aminopeptidase Il activity that is located in the periplasmic space

(36).

4 Regulation of aminopeptidases

Most fungal aminopeptidases are intracellular (Table 4), involved in
house keeping functions and constitutively expressed. Regulation of
aminopeptidases can take place at the transcriptional or post-transcriptional level,
for example by on site activation of zymogens, which prevents proteolysis before
arriving at the correct place. From the few extracellular aminopeptidases reported
it is not known how they are regulated. There are two yeast aminopeptidases from
which some features of the regulation have been described, API and APY of S.

cerevisiae, see sections below.

4.1 Regulation at the transcriptional level

In fungi a number of important pathways are controlled by so called wide
domain regulatory control. These include carbon catabolite repression, nitrogen
repression and pH regulation. The wide domain regulations adapt the cell to use
the easiest metabolisable C- and N-sources first. The pH regulatory system
enables the cell to produce extracellular enzymes optimally adapted to the
external pH of the direct environment. In the yeast S. cerevisiae and in the fungi
A. nidulans and N. crassa and to a lesser extent in A. niger, wide domain

regulation has been studied.

Carbon catabolite repression.
Carbon catabolite repression (CCR) results in the repression of the

synthesis of a range of enzymes required for the utilization of less favored carbon

14
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sources when more easily utilized carbon sources are present in the medium. In A.
nidulans CCR 1is reviewed by Arst and Bailey (2) and Kelly (60). CCR is
mediated by CreA, a negatively acting regulatory protein (2, 6). The cred genes
of A. nidulans (30, 31) and A. niger (32) have been cloned and encode a two zinc-
fingers protein of the C,H, class. The consensus binding site of CreA is
SYGGRG, Y being T or C and R being G or A. Yeast aminopeptidase I (4PJ) is
subjected to CCR (16), if glucose is present in the medium AP/ mRNA is hardly
detectable (37). Aminopeptidase Y (4PY) mRNA levels increase when the cells
are deprived of glucose, however the enzyme activity drops 3-fold under these
conditions suggesting that there is an additional mechanism that regulates APY

enzyme activity (see section below).

Nitrogen repression and pH regulation

In analogy to carbon catabolite repression a number of genes is repressed
when ammonium is present in the growth medium. All enzymes and permeases in
A. nidulans whose synthesis is subject to nitrogen metabolite repression are under
the control of the positively acting regulatory gene ared (3, 53). The ared genes
of A. nidulans (21, 65), and A. niger (74) have been cloned, the ortholog of areA
in N. crassa, nit2 has been described by Davis and Hynes (29) and Fu ef al (38).
AreA and Nit2 are both members of a multi gene family of transcription factors
characterized by their zinc finger DNA binding domains and affinity for a GATA
binding site (22). API of yeast is not only reported to be regulated by carbon

catabolite repression but also by the nitrogen source (16, 17, 37).

4.2 Post-transcriptional level

To prevent unwanted proteolytic activities, proteases are often
synthesized as zymogens. Activation of the zymogen occurs at places where the
enzyme must be active. In the yeast S. cerevisiae the activation of the vacuolar

aminopeptidases is well described. The maturation is dependent on PrA and PrB,
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two vacuolar proteases. PrB is synthesized as pre-super-pro-PrB (49, 78, 81) (Fig.
5). In the Endoplasmatic Reticulum (ER) the pre-sequence is removed by
signalpeptidase and autocatalytically, a part of the super-pro-PrB molecule is
transformed into pro-PrB. Both super-pro-PrB and pro-PrB enter the vacuole via
the Golgi apparatus. In the vacuole PrA is required for the processing of pro-PrB
into active PrB. PrA is synthesized as pre-pro-PrA and in the ER the pre sequence
is removed by signal peptidase. After entering the vacuole the pro-PrA is

transformed into active PrA by PrB.

pre-super-pro-PrB pre-pro-PrA
Cytoplasm
\ \ ER
Golei
\/ \}/.
\4
:ﬁ?ﬂ I Vacuole
Vv <
I PrA |
pro-amipopeptidase Y pro-aminopeptidase I pro- other hydrolases
aminopeptidase Y aminopeptidase I other hydrolases
| | |

Fig. 5: Activation cascade in S. cerevisiae of vacuolar aminopeptidases.

1 pre-sequence, [ pro-sequence, [ super-sequence, IIMl mature protein.

In 1993 two genes, pepE and pepC, which are homologous to yeast yscA
(encoding for PrA) and yscB (encoding for PrB) respectively, have been cloned

16
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from A. niger (35, 55)) suggesting evolutionary conservation of the so called

activation cascade of vacuolar proteases.

5 An inventory of fungal aminopeptidases
5.1 A list of fungal aminopeptidases
5.1.1 Yeast aminopeptidases

S. cerevisiae is a well studied organism in the scientific world and its
genome is fully sequenced. 1 have listed the yeast aminopeptidases that are
described in the literature in Table 2. I also did an extensive cross-species search
in the yeast genome to find orthologous genes, putatively encoding additional
aminopeptidases. These sequences are described in Table 3. Interestingly we did
not find a putative prolyl aminopeptidase encoding gene in yeast so far, however,

we did find putative prolidase orthologs in the genomic sequence.

Table 2: . cerevisiae aminopeptidases with their characteristics. Location: IC: intracellular, V:
vacuolar, U: unknown

Family Protein Gene Mw pHope Location Reference
MO1 LTA4 LTA4 72 7.3 IC (66, 67, 93)
MO1 LAPI Ysci 100-140 7.0 IC (36,40, 107)
MO1 AAPI AAPI 59 IC (23)
MI18 LAPIV YSCI 570 7.5 \Y% (16,17,24,
28,79, 107)
Met-AP1 MAPI 42 * IC (25, 72)
Met-AP2 MAP2 48 * IC (72)
M AP-Co 100 8.5 IC (1, 45)
M APY APY 70-75 \Y% (46,87, 115)
M APCO-II YSCCo-11 290 7 U (45)
C Yepl BLHI, 220 7.5 IC (33,57,75
LAP3 114)
M yscX VI 52 7-8 U (106)

* calculated from AA sequence

17
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Table 3: S. cerevisiae putative aminopeptidases.

Accesion no Catalytic Chromosome Most homologous to: Reference
of ORF group no:

NP_012129 M1 9 ApsA Aspergillus niger (11)
NP_116661 M24 6 PepP Aspergillus nidulans (54)

NP 011001 M24 5 AMPP Escherichia coli (112)
NP_010703 M28 4 Moprl Alteromonas sp. (80)
NP 011981 M18 8 HUMDAP Homo sapiens (113)

5.1.2  Aspergillus aminopeptidases

In the food industry, products of Aspergilli are often used to enhance
flavors and to improve structure of certain food products. In the literature several
aminopeptidases from Aspergilli have been described. For some aminopeptidases
this is limited to the enzyme characteristics, while for others the cloning of the

gene, has been described. All characteristics published are summarized in Table 4.

6. Outline of the thesis

There is only a limited of knowledge about aminopeptidases in 4. niger.
This thesis describes the study on the genetics and biochemistry of
aminopeptidases in 4. niger. The work was initiated in the protease group of the
section Molecular Genetics of Industrial Micro-organisms, that studies the
improvement of protein production in 4. niger. The work was continued in the
protease group of the section Fungal Genomics of Microbiology. Not only
elimination of proteases and protease activities is important but also the
characterization of the full protease spectrum is. Individual proteases have a
considerable industrial importance. As stated in this chapter, proteases are
important in the hydrolysis and modification of proteins and for the
production of free amino acids. Aminopeptidases are especially important in the

food industry for improvement of flavor and taste.
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Table 4: Fungal aminopeptidases A: Metallo aminopeptidases, B: Serine aminopeptidases and C:
aminopeptidases from which the catalytic mechanism is unknown. Location: IC: intracellular, EC:

extracellular, U: unknown.

A: Metallo aminopeptidases

Organism Protein Gene Mw pHopt Pi Location Reference
A. niger ApsA apsA 95 7.5 5.5 EC (11)

A. niger ApsB  apsB 99 7.5 5.5 EC ®)

A. oryzae Lapl 27 8.0 EC (83, 84)
A. oryzae LaplI 61 8.0 EC (83, 85)
A. oryzae Laplll 56 8.0 EC (83, 86)
A. oryzae apll 57 9.5 EC (14, 15)
A. oryzae 60 8.0 EC (71)

A. parasiticus 32 8.0 EC (71)

A. flavus 8.6 EC

A. japonica 57 8.0 EC (101-103)
A. oryzae 35 U (58)

B: Serine aminopeptidases

A. niger ApsC  apsC 72 5.5 5.6 IC )
A. niger PapA papd 50 7.5 5.1 IC (10)
A. oryzae LaplV 130 7.0 EC (82)
A. oryzae Lapl 140 8.0 4.5 EC (68)
A. oryzae Lap2 40 8.0 4.5 EC (68)
A. flavus EC (109)
A. sojae Lapl 26 8.5 U (83)
A. sojae Lap II 62 8.0 U (83)
C Unknown catalytic mechanism

A. sojae Lap U (96)
A. oryzae leucine aminopeptidase U (59)
A. sojae leucine aminopeptidase U (108)
A. nidulans aminopeptidase 50 8.5 U (99)
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Although work has been done on prokaryotic aminopeptidases, especially
aminopeptidases of lactobacilli have been studied, little is known on the
aminopeptidases of fungi, except for the yeast aminopeptidases, which are
extensively studied.

The aim of this thesis is to study the aminopeptidase spectrum of 4. niger,
to obtain more information on the architecture and regulation of the genes and to
characterize the encoded enzymes. In chapter 2 Aminopeptidase A is described,
which is a broad specificity aminopeptidase with highest specificity to synthetic
substrates, which start with a lysine or arginine residue. This aminopeptidase is
located in the cytoplasm were it probably functions in the last step of degradation
of proteins into amino acids. In chapter 3 the ortholog of ApsA, ApsB is
described. Both enzymes are metallo aminopeptidases with highest substrate
specificity for lysine and arginine. In an evolutionary context, aminopeptidase A
and B appear to be the result of an ancient duplication. We found that, although
both enzymes have similar substrate specificities towards synthetic substrates, the
specificity of the purified enzymes towards various peptides clearly differs,
explaining the co-existence of both enzymes. In chapter 4 a new aminopeptidase
with industrial importance has been cloned via reversed genetics. This
aminopeptidase liberates aromatic amino acids (especially phenylalanine) from
synthetic substrates and small peptides. Hydrolysis of proline adjacent bonds
requires specific enzymes, therefore a special set of proline specific enzymes has
evolved. Chapter 5 describes a proline specific aminopeptidase. Proline
aminopeptidase can hydrolyze only proline and hydroxyproline from peptide
substrates. Finally in chapter 6 a general discussion is given of the results

presented in this thesis.
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Summary

Conserved regions within the M1 family of metallo aminopeptidases have
been used to clone a zinc aminopeptidase from the industrially used fungus
Aspergillus niger. The derived amino acid sequence of ApsA is highly similar to
two yeast zinc aminopeptidases, LAP1 and AAPI (53.3 and 50.9% overall
similarity, respectively), two members of the M1 family of metallo
aminopeptidases. The encoding gene was successfully overexpressed in 4. niger,
and the overexpressed product was purified and characterised. Aminopeptidase A
was found to be active towards a number of amino acid p-nitroanilide (p-NA)
substrates viz K-pNA, R-pNA, L-pNA, M-pNA, A-pNA and F-pNA. The most
preferred N-terminal amino acid is lysine and not leucine, arginine or alanine, the
N-terminal amino acids preferred by the yeast homologues. The Ky and K,,, for
K-pNA and L-pNA were 0.17 mM and 0.49 pkat mg" and 0.16 mM and 0.31
pkat mg™ respectively.

The pH optimum of the enzyme is between 7.5 and 8 whereas the enzyme
is stable between a pH of 5 and 8. The enzyme is inhibited by the metal chelators
EGTA, EDTA and 1,10-phenanthrolin. Bestatin was also able to inhibit the

activity.

Introduction

Intracellular proteolytic degradation is important for the elimination of
damaged proteins, for the modulation of protein levels and the maintenance of
amino acid pools. The major cytoplasmic proteolytic process in eukaryotes is the
ubiquitin proteasome pathway leaving the cell with short peptides, ranging from 3
to 22 residues in length (16, 25). These peptides, and peptides resulting from the
breakdown of protein substrates that are imported from the external milieu via
peptide transporters, are further degraded to finally amino acids by tri-, di-,

carboxy- and aminopeptidases.
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The majority of aminopeptidases belong to the M1 family of peptidases, they are
metalloenzymes (27) which require zinc for enzymatic activity and share the zinc
binding motif HEXXH (12, 15).

The evolutionary tree of the M1 family of metallo-aminopeptidases (3)
shows that this family can be divided into three main groups. Two of those
groups, the aminopeptidase N group and the leukotriene-A4 hydrolase group,
have been fully characterised. The remaining aminopeptidases within the M1
family are grouped together, mainly because they share a high sequence
similarity. However, peptidases from this group that have been biochemically
characterised differ considerably in their characteristics.

Two yeast enzymes from the M1 group have been actively studied (5, 7,
9). From industrially used filamentous fungi, like Aspergillus spp. only
aminopeptidase activities from 4. oryzae have been described. 4. oryzae produces
at least seven aminopeptidase activities (18) from which four have been purified.
(18-21) and one has been cloned (4).

Our aim is to characterise the pathways involved in protein catabolism in
Aspergillus niger. So far 7 endopeptidases (see van den Hombergh et al., (11) and
references therein) 1 maturase, (13) and 2 carboxypeptidases (6, 10, 24) of 4.
niger have been cloned and characterised. To date no aminopeptidases of A. niger
have been cloned or characterised.

Here we present the characterisation of the apsA gene, encoding an intracellular

zinc aminopeptidase of A. niger and the characterisation of the purified enzyme.

Materials and methods

Strains, DNA and RNA techniques
Escherichia coli DH5a and LE392 were used as hosts for recombinant

plasmids and A DNA. Aspergillus niger strains N402 (cspAl) and NW219
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(espAl, pyrA6, leuAl, nicAl) are derived from A. niger N400 (CBS 120.49).
Transformation and DNA digestion with restriction enzymes, ligation and agarose
electrophoresis were standard procedures as described (23). Cloned fragments
were sequenced using the Thermo Sequenase Fluorescent-labelled primer cycle
sequencing kit with 7-deaza-dGTP from Amersham Pharmacia Biotech (Uppsala,
Sweden) and an ALF automated sequencer (Amersham Pharmacia Biotech).
Hybridisations were done in SHB (6x SSC, 5x Denhardts’ solution (23) 0.5%
(w/v) sodium dodecyl sulphate (SDS) and 100 pg ml" denatured herring sperm
DNA) at 65 °C, washing was performed at 65 °C using a final wash step of 1x
SSC plus 0.1% (w/v) SDS. 1x SSC contains 0.15 M NaCl and 0.015 M sodium
citrate. For northern analysis, strains were either grown for 17 h in minimal
medium (22) supplemented with 1% (w/v) glucose and then harvested or grown
for 17 h in minimal medium supplemented with 1% (w/v) fructose and then
transferred to minimal medium using various other carbon or nitrogen sources as
supplements. As carbon sources were used; 1% (w/v) glucose, 1% (w/v) fructose
or 1% (w/v) galactose, as nitrogen sources were used 75 mM NH,Cl or 70 mM
NaNO;. In addition we used 0.5% (w/v) BSA (pH 3 and pH 8), 0.5% (w/v) casein
(pH 3 and pH 8), 0.5% (w/v) collagen (pH 3 and pH 8) or 0.5% (w/v) elastin (pH
3 and pH 8) as the sole carbon and nitrogen source. The cultures were grown as
50-ml cultures in 250-ml Erlenmeyer flasks in an Innova incubator shaker (New
Brunswick Scientific Co., Inc. Edison N.Y., USA) at 250 rpm at 30 °C. Mycelium
was collected by filtration over a nylon gauze, frozen in liquid nitrogen and then
ground in a Braun II dismembrator (B. Braun Melsungen AG, Melsungen,
Germany). Total RNA was isolated using Trizol Reagent (Life technologies,
Rockville  Md., USA). RNA  concentrations  were  determined
spectrophotometrically and equal amounts of RNA were denatured with glyoxal
by standard techniques (23) and separated on a 1.6% (w/v) agarose gel. RNA
blots were hybridised at 42 °C in SHB to which 10% (w/v) dextran sulphate and
50% (v/v) formamide was added. Washing was performed at 65 °C to a final

36



Lysine aminopeptidase of Aspergillus niger

stringency of 1x SSC plus 0.1% (w/v) SDS. As loading control the blots were
hybridised with the 18S rDNA gene of 4. niger.

Cloning of apsA

An apsA PCR product was generated using degenerate primers based on
regions conserved between the metallo aminopeptidase amino acid sequence of S.
cerevisiae, (P37898, P32454); Mus musculus, (AAC52409); Homo sapiens
(P15144); Oryctolagus cuniculus (S07099); Haemonchus contortus (CAA63897)
and Rattus norvegicus, (AAB38021). The database accession numbers are in
parenthesis.

The conserved peptide sequences GAMENWG and HELAHQW were
used to design a forward primer 5'-GGIGCNATGGARAAYTGGGG-3' and a
reverse primer 5-AAICCRAACCAYTGRTGNGC-3', respectively (standard
IUB-IUPAC symbols are used to indicate the nucleotide mixtures, I denotes
inosine). A standard PCR was performed on genomic DNA of 4. niger N402
using an equal amount of both primer mixtures and an annealing temperature of
50 °C. The amplified product was cloned in pGEM-T (Promega, Madison Wis.,
USA) and sequence analysis followed. The PCR product was used as a probe in
the screening of a A EMBL4 genomic library of 4. niger N400 by standard
methods to obtain the apsA gene. Three phages were isolated and from one
positive phage a 1.7 kb EcoRI - BamHI and a partially overlapping 2.7 kb Sall
fragment were subcloned in pUCI19 and sequenced over both strands. cDNA of
apsA was generated by RT-PCR, using the enhanced avian RT-PCR kit of Sigma
(St. Louis Mo., USA), according to the suppliers' instructions.

Protein and nucleotide sequence analyses were done with the program
DNAstar (Lasergene, Madison, Wis., USA). The Blast algorithm (1) was used to
search the public databases. Multiple alignments were made with Clustal X (14).
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Plasmid construction and overexpression of ApsA

The 1.7 kb EcoRI-BamHI fragment and the partially overlapping 2.7 kb
Sall fragment were merged, resulting in pIM4102 (Fig. 1). Plasmid pIM4102 and
pGW635, which contains the A. niger pyrA gene, were used to co-transform A.
niger NW219 according to Kusters-van Someren et al., (17). PyrA" transformants
were screened for enhanced aminopeptidase activity in cell extracts. For this,
ground mycelium was extracted with 100 mM Na/K phosphate buffer at pH 7.2
and clarified by centrifugation (10.000 x g for 15 min at 4 °C). Aminopeptidase
activity in these cell extracts was determined as described below and protein
concentrations were determined by the bicinchoninic acid method as described by

the supplier (Sigma).

Purification of A. niger aminopeptidase A

Strain Tr7 was grown for 17 h in MM (22) supplemented with 2% (w/v)
glucose, 0.2% (w/v) meat peptone, 0.1% (w/v) yeast extract, 0.1% (w/v) peptone
140 and 0.03% (w/v) yeast ribonucleic acids. The mycelium was harvested and
ground. The ground mycelium was suspended in 100 mM Na/K phosphate buffer
pH 7.2 and stirred for 15 min at 4 °C. Cellular debris was removed by
centrifugation. Then (NH,4),SO,4 was added to 30% saturation. After centrifugation
(15 min 10.000 x g) the supernatant was loaded onto a 20 ml Phenyl Sepharose
high performance column (Pharmacia Biotech), pre-equilibrated with 50 mM
triethanolamine (TEA) pH 7.0 and 1 M (NH4),SO,4. Bound protein was eluted
using a 200 ml linear gradient from 1 - 0 M (NH4),SO,4 in 20 mM TEA pH 7.0.
The fraction size was 5 ml. The active fractions were pooled, dialysed against 20
mM TEA pH 7.0 and loaded onto a 1 ml Resource Q column (Pharmacia Biotech)
pre-equilibrated with 20 mM TEA pH 7.0. The bound protein was then eluted
using a 15 ml linear gradient from 0 - 0.4 M NaCl in TEA pH 7.0. The fraction

size was 1 ml.
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Biochemical characterisation of aminopeptidase A

Aminopeptidase activity was determined as described (2). A range of
amino acids coupled to p-nitroanilide (pNA) were used as substrate. Standard
conditions were 2 mM substrate in 67 mM Na/K phosphate buffer at pH 7.2 and
30 °C. One unit of enzyme activity is defined as the amount of enzyme that
produces 1 uMol pNA min™'. L-pNA, P-pNA, R-pNA, F-pNA, A-pNA, M-pNA,
K-pNA were obtained from Sigma and V-pNA, G-pNA, I-pNA, E-pNA were
obtained from Bachem (Bubendorf, Switzerland). The optimal pH for enzymatic
activity was determined using Mcllvaine buffers at pH values ranging from 3 to §,
200 mM Hepes plus 300 mM NaCl at pH values from 7.2 to 8.5 and 50 mM
Tris/glycine buffer at pH values from 8§ to 10. The pH stability of aminopeptidase
A was tested by preincubation of the purified enzyme in Mcllvaine buffer of
different pH values ranging from 2.2 to 8 at 30 °C for 90 min followed by the
standard enzyme reaction. The temperature stability of aminopeptidase A was
tested by preincubation of the purified enzyme at 0, 30, 40, 50 and 60 °C for 60
min in Na/K phosphate buffer pH 7.2, followed by the standard enzyme reaction.
Here the 0 °C preincubated sample was used as a reference to calculate the
residual activity.

The effect of the protease inhibitors bestatin, 1,10-phenanthrolin, EDTA,
EGTA, phenylmethylsulfonylfluoride (PMSF), tosyl phenylalanyl chloromethyl
ketone (TPCK), tosyl lysyl chloromethyl ketone (TLCK), leupepstatin and
iodoacetamide on the enzymatic activity were measured in Na/K phosphate buffer
at pH 7.2. The purified enzyme was preincubated with the respective compound
for 30 min at 30 °C. After the preincubation period substrate was added, followed
by the standard enzyme assay. The metal ion requirement of ApsA for activity
was tested by preincubating the enzyme with EDTA, EGTA or 1,10-
phenanthrolin for 15 min at 37 °C or for 17 h at 4 °C.
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Results and discussion

Cloning of the 4. niger aminopeptidase A and analysis of the gene

The Amino acid sequences GAMENWG and HELAHQW which are
conserved between  zinc aminopeptidases of nearly all subgroups of
aminopeptidases within the M1 family were used to design primers. These
primers were used in a PCR reaction on genomic DNA of 4. niger and resulted in
a 130 bp product. An 1.7 kb EcoRI-BamHI fragment and a partially overlapping
2.7 kb Sall fragment which hybridised to this PCR product (Fig.1) were
subcloned and sequenced over both strands. Sequence analysis showed that
together these fragments harbour the complete putative aminopeptidase A gene
(apsA) and up- and downstream sequences. RT-PCR techniques were used to
generate apsA cDNA. The cDNA and the genomic DNA sequences were identical
except for two intervening sequences in the open reading frame, one 152 bp

downstream of the start codon and one 48 bp upstream of the stop codon (Fig. 1).

EcoRl Sall BamHl Sall

A

Aminopeptidase A

>90 % B
>70 %
>50 %

HExxH

Fig. 1. Sequence characteristics of the 4. niger apsA gene. (A) Partial restriction map of the apsA
genomic region. The positions of the restriction enzymes used in the cloning strategy are indicated.
The open reading frame is indicated with a filled box, an arrow indicates the direction of
transcription. The position2 of the two introns encountered in the ORF are indicated with an open
box. (B) Identity between 4. niger ApsA and LAPI and AAP1 of yeast. The multiple alignment was
created with the program Clustal X. The ApsA ORF is presented as a solid line, regions with more
than 50% identity are indicated. The percentage of identity was calculated using a window size of

10. The zinc-binding motif (HEXXH) is indicated.
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The encoded protein is similar to the M1 family of metallo
aminopeptidases (3). ApsA has highest similarity with LAPI (encoded by APE2),
(7) and AAPI (encoded by AAPI), (5), both of S. cerevisiae (53.3 and 50.9%
overall identity, respectively, Fig. 1. The region of highest identity is found at the
N-terminal part of the enzyme. The encoded protein contains the signature
sequence of the M1 family of zinc peptidases (HEXXH) (12, 15) and this
sequence was found in a region that is most conserved between ApsA, AAP1 and
LAPI (Fig. 1).

Northern analysis of A. niger N402 grown on several carbon and nitrogen
sources showed that the apsA messenger levels were independent of the carbon or
nitrogen source used (results not shown). The yeast aminopeptidases APE2 and
AAPI are also constitutively expressed, although yeast A4PI mRNA, which is
present during all phases of growth, is reported to be more abundantly expressed
in exponentially growing yeast cells (5).

Since ApsA does not contain a known secretion signal or a known
organellar targeting signal and since apsA transcript levels are apparently not
influenced by the carbon or nitrogen sources tested, we conclude that ApsA is like

LAP1 and AAP1 located in the cytosol.

Overexpression of the aminopeptidase A encoding gene in A. niger

A. niger strain NW219 was transformed with plasmid pIM4102. Nine
transformed strains were further analysed for the occurrence of multiple
integrations of the plasmid in the genome. Southern analysis showed that
transformants 7 (Tr7) and 8 (Tr8) have the highest copy numbers of the integrated
plasmid (Fig. 2). Messenger levels of apsA of Tr7 and Tr8 were compared to the
messenger level of the wild type strain by northern analysis. Scanning of the
northern blots revealed that compared to the wild type strain both transformants
have at least a ten-fold increased messenger level of the correct size compared to

the wild type (Fig. 2).
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Fig. 2. Molecular characterisation of apsA multicopy strains. (A) Southern analysis of apsA
transformants. HindIIl digested genomic DNA of the parental strain (4. niger NW219) and 9
transformed strains were analysed. The two hybridising restriction fragments indicated originate
from the endogenous apsA gene and from (multiple) integrations of pIM4102 in the genome. The
other bands probably result from (partial) integrations of the plasmid at other loci. Transformed
strain numbers are indicated above the lanes. (B) Northern analysis of apsA expression in the wild
type strain (4. niger N402), the parental strain (4. niger NW219) and transformed strains Tr7 and
Tr8.

Tr7 and Tr8 were analysed for increased aminopeptidase activity on four
PNA substrates; K-pNA, R-pNA and L-pNA, substrates that are preferred by the
two homologous yeast enzymes and F-pNA, a substrate which is not hydrolysed
by these yeast enzymes. Compared to the wild type activity, a cell extract of Tr7
and Tr8 had a 36-fold and a 24-fold increase in activity respectively, when K-
pNA was used as the substrate. Furthermore a 19 (Tr 7) and 12 (Tr 8) fold
increase in activity towards R-pNA, and a 9 (Tr 7) and 6 (Tr 8) fold increase in
activity towards L-pNA was found. A cell extract of 4. niger hydrolyses F-pNA
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but the transformants did not display an increased hydrolytic activity on this
substrate, thus both transformed strains overexpress a specific aminopeptidase

with activity towards K-, R- and L-pNA.

Purification and biochemical properties of the enzyme

Aminopeptidase A was purified from a cell extract of Tr7, resulting in an
enzyme preparation with a specific activity of 12 U mg™. The final yield was 5%
(Table 1). The low yield in the first step is probably due to the ammonium

sulphate precipitation.

Table 1. Purification of Aminopeptidase A from A. niger Tr7. Data are means of three separate

experiments in which differences did not exceed 10%.

Step Total activity ~ Total Specific Purification  Yield
) protein activity (-fold) (%)
(mg) (Umg™)
Cell extract 280 390 0.72 1 100
Phenyl Sepharose  18.6 2.5 7.4 10 6.6
Resource Q 14.6 1.2 12.2 17 5.2

One unit of enzymatic activity (U) is defined as the amount of enzyme that produces 1 uMol pNA

min™. Activity was determined with 2 mM K-pNA as a substrate.

An analysis by 10% SDS-PAGE of the active fractions revealed a protein
band with an apparent molecular mass of 95 kDa, identical to the calculated
molecular mass of the protein inferred from the amino acid sequence. The four
aminopeptidases of Aspergillus oryzae isolated from culture broth, differ
considerably in their molecular weight from ApsA (18-21).

Fraction 11 contained the highest activity and was used for further
characterisation of the enzyme (Fig 3.). The enzyme efficiently hydrolyses K-
pNA and R-pNA suggesting that the enzyme prefers basic amino acids at the N-
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terminal end of the substrate. The Ky and K., for K-pNA and L-pNA were 0.17
mM and 0.49 pkat mg”' and 0.16 mM and 0.31 pkat mg" respectively. The
enzyme also hydrolyses M-pNA and has some activity towards A-pNA and F-
pNA (Table 2).

10 11 12 13 14 M
KDa

N‘, R—— 92.5

67

Fig. 3. Purification of aminopeptidase A from A. niger. Coomassie-stained SDS-polyacrylamide gel
(10%) of 20 pl of the active fractions 10 to 14 eluted from the ResourceQ column. Fraction numbers

are indicated above the lanes. M: Protein molecular weight marker.

Table 2: Substrate specificity of ApsA towards amino acid p-nitroanilide substrates. The Activity is
relative to the activity towards K-pNA, which was 12 U mg™. The results are the mean of three

independent experiments in which differences did not exceed 10%.

Substrate Relative activity
K-pNA 1

R-pNA 0.6

M-pNA 0.4

A-pNA 0.1

F-pNA 0.1

V-pNA, G-pNA, E-pNA, [-pNA, P-pNA <0.01
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The yeast homologues LAPI and AAPI have highest activity towards
substrates that have at their N-terminal end respectively a leucine or a lysine and
an alanine or an arginine. Thus their substrate specificity differs from the
Aspergillus enzyme. However, for AAPI Caprioglio et al. (5) did not report on
enzyme activities on substrates other than alanine-, arginine- and leucine-
napthylamide.

In the cell extracts of Tr7 and Tr8, the highest increase in activity was
found towards K- and R-pNA, followed by L-pNA. However no increase in
activity towards F-pNA was found. The purified ApsA however shows some
activity towards F-pNA. This suggest that other, more specific F-pNA
hydrolysing activities present in the cell extract are dominant over a relative small
increase in the two transformants.

The enzyme is active between pH 5 and pH 9 (Fig. 4), the optimal pH is
between 7.5 and 8.0 which is close to the pH of the Aspergillus cytosol which is
pH 7.8 (8). This slightly differs from the optimal pH of LAPI (pH 7.5) (26). The
optimal pH of AAPI has not been reported.

ApsA is stable between a pH range of 5 to 8 (Fig. 4) for 90 min with an
optimal stability at pH 7. At a pH range of 2.2 to 4 the enzyme is unstable. The
enzyme is furthermore stable up to a temperature of 40 °C for 1 h at pH 7.0. After
1 h at 50 °C, 60% of the activity remained. After 1 h at 60 °C, no enzyme activity

was left.
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Fig. 4. Biochemical characterisation of ApsA. (A) The pH optimum of ApsA. The following buffers
were used: Mcllvaine (¢), Hepes (A) and Tris / glycine (). (B) The pH stability of ApsA. Residual
activity was calculated relative to a sample kept in 20 mM TEA pH 7.0 at 30° C.

Several possible inhibitors were tested (Table 3). The three serine
protease inhibitors tested had no effect on the enzyme activity. lodoacetamide
also did not have any effect on the activity of ApsA, indicating that the enzyme is
not a cysteine aminopeptidase. The aminopeptidase inhibitor bestatin was able to
inhibit ApsA activity. 1,10-phenanthrolin was also able to inhibit the activity of
ApsA, probably by chelating the metal ion bound in the enzyme. Surprisingly, the
metal chelators EDTA and EGTA were not able to reduce the activity after a pre-
incubation of 30 min at 30 °C. A 17 h incubation at 4 °C with EDTA or EGTA
was necessary to reduce the activity of ApsA completely. This suggests that the

metal ion is bound strongly to the ApsA enzyme.
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ZnCl, was also capable of reducing ApsA activity completely. This effect
is probably caused by the oxidation of a cysteine residue (nine are present in
ApsA), located near the active site of ApsA, since addition of 5 mM -

mercaptoethanol prevented the inhibitory effects of ZnCl,.

Table 3 Effects of chemicals on the activity of the purified protease. The activity is expressed as
the percentage of residual activity after 30 min incubation of the enzyme with the inhibitor. 100 % is
21U mg". Results are the mean of three experiments; differences did not exceed 10%. PMSF:
phenymethylsulfonylfluoride; TPCK: tosyl phenylalanyl chloromethyl ketone; EDTA:
ethylenediaminetetraacetic acid; TLCK tosyl lysyl chloromethyl ketone.

Inhibitor Concentration Residual activity
(mM) (%)
None 0 100
PMSF 1 100
Leupepstatin 0.042 98
TPCK 0.020 95
EDTA 5 100
EGTA 5 100
1,10-0-phenenatrolin 5 <1
Todoacetamide 0.040 100
Bestatin 0.002 60
TLCK 0.020 94
ZnCl, 0.5 <1

In this study we cloned and characterised the first aminopeptidase gene
of the M1 family of aminopeptidases from a filamentous fungus. We also
determined the general biochemical characteristics of the encoded enzyme. The
substrate specificity is different from that of the yeast enzymes, lysine and not
leucine, arginine or alanine is preferred at the N-terminal position. This genetic
and biochemical characterisation will enable further studies for the understanding

of the in vivo roles of the aminopeptidases, in degradation of (imported) peptides.
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Summary

We have cloned and characterized Aminopeptidase B from Aspergillus
niger which is involved in intracellular peptide catabolism. The inferred amino
acid sequence shows 40% sequence identity to ApsA (3), but the two encoding
genes differ markedly in architecture. The apsB open reading frame (ORF) is
interrupted with nine more intervening sequences than the aps4 ORF and none of
these introns show positional conservation with the introns from the paralogous
gene.

ApsB was overexpressed in 4. niger and the protein was purified and
characterized. Most of the biochemical characteristics of ApsA and ApsB are
similar. Their specificity for peptide substrates however, is markedly different.
The results suggest that aps4 and apsB are the result of an ancient duplication
event and that both proteins have developed their own niche of intracellular

peptide degradation.

Introduction

Eukaryotic cells express a large array of proteases. Similar proteases
which have evolved from a common ancestor are classified into families (17) and
are further grouped into clans (16). The majority of the aminopeptidases belong to
the M1 family of proteases. Within the M1 family of proteases the yeast
Saccharomyces cerevisiae appears to have at least three aminopeptidases.
Arginine/Alanine aminopeptidase (AAPI) (5), Leucine aminopeptidase I (LAPI)
(6) and Leukotriene A4 hydrolase (LTA4) (12, 13, 18). Although the amino acid
sequences of these genes are similar, they have different substrate specificities.
AAPI specifically hydrolyses artificial substrates with an aminoterminal arginine
or alanine residue, LAPI preferentially hydrolyses peptides with leucine and

lysine residues at their amino terminal end and LTA4 converts the fatty acid
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epoxide leukotriene A4 into leukotriene B4, but can also hydrolyze artificial
peptide substrates, preferentially with leucine or methionine at their amino
terminal end.

The most common evolutionary mechanism giving rise to new functions
is that of gene duplication, where after one of the genes may mutate without
compromising the cellular processes (15). The rate of gene duplication is high, but
so is the rate of gene loss. However, if gene duplicates evolve overlapping
beneficial or new functions, then loss of a duplicate gene might not be easily
tolerated (21). To understand the pathways involved in protein catabolism, we
previously characterized aminopeptidase A of A. niger, an aminopeptidase which
shows highest specificity towards a lysine-pNA substrate and thus was
characterized as a lysine aminopeptidase (3). Southern analysis showed the
existence of a paralog of apsA. For a further understanding of their role in protein
catabolism we cloned the duplicate gene (apsB) and characterized the encoded
aminopeptidase. The substrate specificity of ApsB is markedly different from

ApsA, although the genes and some biochemical characteristics are similar.

Materials and methods
Strains, DNA and RNA techniques

Escherichia coli DH5a and LE392 were used as hosts for recombinant
plasmids and A DNA. Aspergillus niger strains N402 (cspAl) and NW249
(cspAl, pyrA6, leuAl, nicAl, AargB) are derived from A. niger N400 (CBS
120.49). Standard DNA and RNA manipulations were done as described in (19).

Cloning of apsB

A 604 bp Hincll-BamHI fragment of apsA from A. niger (acc. no.
AJ292570) was used as a probe in a heterologous screening of the A EMBL4
genomic library of A. niger N400 by standard methods to obtain the duplicate
gene. 50 phages were isolated. Two apsA specific primers, AP-1 (5°-
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AGGGATCCTCCGTTCTG-3") and AP-2 (5’- CGGTGCGCAGAAACGQG), and
a standard PCR using an annealing temperature of 52°C on these 50 phages, were
used to counter select for phages harboring the apsA gene.

apsB cDNA was isolated from a cDNA library of 4. niger N400 in
AZAPII (Stratagene) by homologous hybridization using a genomic 1064 bp Xhol
fragment as probe (Fig. 1).

Basic protein and nucleotide sequence analyses were done with the
program DNAstar (Lasergene, Madison, Wis., USA). The Blast algorithm (1) was
used to search the public databases. Multiple alignments were made with Clustal

X (10).

Plasmid construction and overexpression or deletion of aminopeptidase B
ApsB cDNA was overexpressed in E. coli M15 cells using the plasmid
pQE60 with a C-terminal His-tag according to the manufacture’s instructions
(Qiagen). For overexpression in A. niger, the genomic 1.2 kb SsfI fragment and
the partially overlapping genomic 3.9 kb Kpnl fragment were merged, resulting in
pIM 4124 (Fig.1). Plasmid pIM 4124 and pGW635, which contains the 4. niger

pyrA gene, were used to co-transform 4. niger NW249 according to Kusters-van

Someren et al., (14). PyrAJr transformants were screened for enhanced
aminopeptidase activity in cell extracts as described (3).
An apsB disruption construct was made by cloning the argB gene of 4.

niger (acc. no. M19158) into apsB (Fig. 1). Linearized pIM 4126 was

transformed to A. niger NW249. ArgBJr transformants were selected and DNA
was isolated from 60 transformants. A standard PCR was done on those 60 DNA
samples using primers AP-3 (5-GGCCTCAAGGAGCAGGC-3") and AP-4 (5-
ATATGCGGCTACTCCAC-3). DNA samples that did not give a PCR product
were digested with BamHI and further screened in a Southern analysis using a 1.4

kb Xbal — BamHI fragment as probe (Fig. 1).
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||
250 bp

Fig. 1 A: Plasmid pIM 4124 that harbors apsB with up- and downstream regions. Restriction
sites are indicated. SI: Sacl, K: Kpnl, Xh: Xhol, B: BamHI, X: Xbal, N: Nrul, E: EcoRl, S/N: Smal
site ligated in Nrul site, X-H: Xbal to HindIIl of pUC19, B-X-H: BamHI to HindlIlI polylinker of

pUCI9.

B: Construction of the apsB disruption plasmid (pIM 4126) and probes used in the Southern

analysis (indicated by a gray box). A Nrul-Xbal fragment of argB was cloned in the polylinker Smal

of a SstI subclone of apsB. In the next step a Xbal fragment was cloned in the resulting plasmid.

Purification and biochemical characterization of A. niger aminopeptidase B

ApsB was purified from E. coli MI15 cells as described by the

manufacture’s instructions (Qiagen). 4. niger Tr-3 was used to purify ApsB as

described (3).
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Aminopeptidase activity towards artificial substrates was measured as
described (3). A range of peptides was used as “natural” substrate. K-A, G-G-K,
K-N, K-G, K-G-G, K-A-A, K-K, K-K-K, penta-lysine and the 15-mer K-N-N-Q-
K-S-E-P-L-I-G-R-K-K-T were obtained from Bachem. Conditions for the use of
the peptides were: 1 mM substrate in Mcllvaine buffer at pH 8.0 and 30°C.

Activity was (calculated) from the decrease in OD214'

The pH optimum, pH stability, temperature stability and the effect of

several protease inhibitors were determined as described (3).

LC-MS

A volume of 5 pl sample was injected on a 150*0.3 mm Prontosil 3

CI18H column (prepared in house) eluted at a flow rate of 4.6 ul min"! with 5%
(v/v) acetonitril in water containing 0.5 ml/I trifluoroacetic acid. A gradient from
5 to 15% (v/v) acetronitril in water containing 0.5 ml/I trifluoroacetic acid was

applied in 15 min, followed by a slower increase to 40% (v/v) acetronitril in water

containing 0.5 ml Il trifluoroacetic acid in 40 min (Thermoquest TSP P4000
pump, San Jose, CA, USA). Mass spectrometric analysis (Finnigan MAT 95, San
Jose, Ca, USA) was performed with an electrospray atmospheric pressure source
in the positive mode using a spray voltage of 4.0 kV and a capillary temperature

of 180 °C.

Results and discussion
Cloning and overexpression of the aminopeptidase B encoding gene in 4.
niger

Southern analysis using non stringent hybridization conditions was done
on genomic DNA from A. niger using a 604 bp Hincll-BamHI fragment of apsA.
This Southern analysis indicated the presence of a homologous gene (results not

shown). An A. niger phage library was screened for this homologous gene using
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standard techniques. The homologous gene was cloned and sequencing showed
that the resultant plasmid pIM 4124 harbors the complete putative aminopeptidase
B gene and up- and downstream sequences. The protein belongs to the M1 family
of metallo aminopeptidases (2). Highest similarity was found with ApsA of 4.
niger (3), AAPI (encoded by AAPI/, (5) and LAPI (encoded by APE2, (6) of
Saccharomyces cerevisiae (all approximately 40% overall identity).

Like ApsA, AAPI and LAPI the inferred ORF of apsB does not contain a
secretion signal or a putative organellar targeting signal and since an
aminopeptidase A / B like activity was not found in the culture fluid of a shake
flask culture we conclude that ApsB is like ApsA located in the cytosol.

A. niger strain NW249 was transformed with plasmid pIM 4124 (Fig. 1)
to obtain an ApsB overexpressing strain and with pIM 4126 to obtain an apsB
knock-out strain. Nine pIM 4124 transformants were analyzed for the occurrence
of multiple integrations of apsB and 60 putative apsB knock-out strains were
analyzed for the disruption of the apsB gene. Southern analysis showed that of the
pIM 4124 transformants, transformant Tr-3 has the highest copy number with
more then 30 copies of the integrated plasmid (results not shown) and of the pIM
4126 transformants, transformant KO-60 does have a disrupted apsB gene. Cell
extracts of transformant Tr-3 and KO-60 were analyzed for aminopeptidase
activity on K-pNA, R-pNA and L-pNA. These pNA substrates were chosen
because they are preferred by ApsA and by the two homologous yeast enzymes.
Compared to a wild type strain, a cell extract of Tr-3 showed a 47-fold higher
activity, when K-pNA was used as the substrate. Tr-3 furthermore showed a 24-
fold higher activity towards R-pNA, and only a 3-fold higher activity towards L-
PNA. The apsB knock out strain showed activity levels towards K-, R-, and L-
PNA, which were equal to the activity levels of the parental strain NW249. Thus
the multi copy strain overexpresses an aminopeptidase with activity towards K-
and R-pNA, while the aminopeptidase activities of the knock-out strain do not

differ from the wild type activities when artificial substrates are being used.
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Possibly ApsA, or other aminopeptidases with overlapping substrate specificity

towards these substrates are able to compensate for the loss of ApsB activity.

Gene analysis

The encoded protein contains the signature sequence of the M1 family of
(zinc) metallo proteases (HEXXH) (9, 11). The corresponding cDNA was isolated
and sequenced. The cDNA and the genomic DNA sequences were identical
except for eleven intervening sequences in the open reading frame. The intron
positions between apsA and apsB are not conserved. Intron 8 has an unusual 5’
splice site, GC in stead of GT (20). A GC splice site has been seen before in 4.
niger pgal intron 2 (4). Data base searching at TIGR (www.tigr.org) revealed the
apsA and apsB orthologs of Aspergillus fumigatus and of Neurospora crassa (Fig.
2). The intron positions of apsA are conserved between the A. niger gene and its
homolog from A. fumigatus but not with the N. crassa homolog (Fig. 3). The
same is true for the intron positions of apsB. Thus the two genes might be the
result of an ancient duplication event. Since the two genes can also be found in V.
crassa this duplication event must have occurred more than 670 myrs ago, before
the divergence of the two Aspergilli and Neurospora (7).

The yeast S. cerevisiae also contains two orthologous genes, APEII and
AAPI. Both APEIl and AAPI are more similar to aminopeptidase A than to
aminopeptidase B. Therefore the duplication event of APEIl and AAPI must have
been independent from the duplication of aps4 and apsB. The genomes of A.
niger and A. fumigatus were searched for additional paralogous sequences of
aminopeptidases A and B and two were found. In yeast there are also two
additional paralogs of APEIl and AAPI, LTA4 and an ORF. The half life of
duplicate genes ranges from 3 myrs to 7 myrs, 90% of duplicates disappear before
50 myrs have elapsed (21). Since apsA and apsB co-exist for at least 670 myrs as
functional genes, this strongly suggests that presently they have a different
physiological function.
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A. niger

>
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los]
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Fig. 2 Comparison of the architecture of the ORF of Aminopeptidase A (panel A) and B (panel
B) from A. niger with similar ORFs from A. fumigatus and N. crassa. The exons are represented

by a black box, the white boxes indicate introns.

Purification and biochemical properties of the enzyme
Aminopeptidase B was purified from a cell extract of Tr-3, resulting in an

enzyme preparation with a specific activity of 21 U mg'1

yield was 35%.

(Table 1). The final

Table 1 Purification of Aminopeptidase B from A. niger Tr-3.

Step Total activity Total protein Specific activity
) (mg) (Umg")

Cell extract 98 260 0.4

Phenyl Sepharose 130 12.6 10.3

Resource Q 35 1.7 21

The results are the mean of three independent experiments in which differences did not exceed 10%.

One unit of enzymatic activity (U) is defined as the amount of enzyme that produces 1 uMol pNA

min_l. Activity was determined with 2 mM K-pNA as a substrate.
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An analysis by 10% SDS-PAGE of the active fractions revealed a single protein
band with an apparent molecular mass of 99 kDa, which is identical to the
calculated molecular mass of the protein inferred from the amino acid sequence
(Fig. 3).

6 7 8 9 10 11 M

s 05
e 07

w45

Fig. 3 Purification of aminopeptidase B from A. niger Tr-3. Analysis of active fractions 6 to 11
eluted from the Resource Q column were analyzed by SDS-PAGE. Fraction numbers are indicated

above the lanes. M: Protein molecular weight marker.

The enzyme efficiently hydrolyses K-pNA and R-pNA suggesting that
like ApsA this enzyme prefers a positively charged side group at the N-terminal
end of the substrate, although ApsB hydrolyses R-pNA more efficiently than
ApsA does (Table 2).

To exclude that this substrate specificity is caused by contaminating
activities of aminopeptidase A we also expressed apsB in Escherichia coli. The
purified enzyme from E. coli showed the same substrate specificity as the A. niger

enzyme. The K, and k, . for K-pNA of ApsB were 0.42 mM and 0.57 pkat

mg'1 and are in the same range as the Ky and k cat of ApsA which are 0.17 mM

1

and 0.49 pkat mg " respectively (Table 3) (3).

62



Aminopeptidases A and B of A. niger have different substrate specificities

Table 2 Substrate specificity of ApsA and ApsB towards amino acid p-nitroanilide substrates.
The Activity is relative to the activity towards K-pNA. *Other: V-pNA, G-pNA, E-pNA, [-pNA, P-

pNA. The results are the mean of three independent experiments in which differences did not exceed

10%.
Substrate Relative activity
ApsA ApsB

K- pNA 1 1

R- pNA 0.6 0.8

L- pNA 0.5 0.09
M- pNA 0.4 0.04
A- pNA 0.1 <0.01

F- pNA 0.1 0.08
Other* <0.01 <0.01

Table 3 An overview of biochemical parameters of Aminopeptidase A (ApsA) and

Aminopeptidase B (ApsB).

Parameter ApsA ApsB

koar K-PNA 0.49 pKat mg™! 0.57 uKat mg™!
K, K-pNA 0.17 mM 0.42 mM

pH optimum pH7.5-8 pH7.5-8
Inhibition by ZnCl, 100% 0%

The enzyme is active between pH 5 and pH 9, the optimum being

between 7.5 and 8.0 which is very similar to the pH optimum of ApsA (Table 3).

Like ApsA, ApsB is stable within a pH range of 5 to 8 for 90 min. The enzyme is

furthermore stable up to a temperature of 40°C for 1 h at pH 7.0. After 1 h at

50°C, 60% of the activity remained. After 1 h at 60°C, 10% enzyme activity was

left.

Several possible inhibitors were tested (Table 4). The aminopeptidase

inhibitor bestatin was able to inhibit ApsB activity. 1,10-phenanthrolin is also

able to inhibit the activity of ApsB, probably by chelating the metal ion bound in

the enzyme. The metal chelators EDTA and EGTA were not able to reduce the
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activity after a pre-incubation of 30 min at 30 °C. A 17 h incubation at 4 °C with
EDTA or EGTA was necessary to reduce the activity of ApsB completely. This
suggests that the metal ion is strongly bound to the ApsB enzyme. In contrast to
ApsA, which was completely inhibited by ZnCl,, ZnCI2 did not reduce ApsB

activity.

Table 4 Effects of chemicals on the activity of ApsA and ApsB.

Inhibitor Concentration Residual activity (%)
(mM) ApsA ApsB
None 0 100 100
PMSF 1 100 101
Leupepstatin 0.04 98 96
TPCK 0.02 95 97
EDTA 5 100 85
EGTA 5 100 69
1,10-phenanthrolin 5 <1 98
Iodoacetamide 0.04 100 100
Bestatin 0.02 60 82
TLCK 0.02 94 119
ZnCl, 0.5 <1 108

The activity is expressed as the percentage of residual activity after 30 min incubation of the enzyme
with the inhibitor. Results are the mean of three experiments; differences did not exceed 10%.
PMSF: phenymethylsulfonylfluoride; TPCK: tosyl phenylalanyl chloromethyl ketone; TLCK tosyl
lysyl chloromethyl ketone.

Taken together we can conclude that ApsB has biochemical
characteristics very similar to ApsA. However, ApsA has a broader substrate
specificity towards pNA substrates.

In contrast to ApsA, ApsB hydrolyses L- F- and M-pNA poorly also
when real peptide substrates are being used the substrate specificities of ApsA and
ApsB clearly differ. Peptide substrates were incubated either with purified ApsA
or purified ApsB. According to Table 2, ApsB is an aminopeptidase specific for
lysine and arginine however, the enzyme is able to hydrolyze the dimer leucine

arginine (LR) (Fig. 4).

64



Aminopeptidases A and B of A. niger have different substrate specificities

250

200

150 [ | OApsA
100 WApsB

L& T @&y&ﬁk@
%,

Activity (AU/ mg protein)

&

Substrate

Fig. 4 A comparison of the substrate specificity of ApsA and ApsB for peptide substrates.

Furthermore, the substrate which gives the highest V,,,x does not have an
N-terminal lysine but an arginine. The V.., of the enzyme for the various
substrates is also dependent on the peptide length. ApsB is able to hydrolyze the
dimer lysine-lysine (KK) but not the trimer lysine-lysine-lysine (KKK) and the
pentalysine peptide (KKKKK). ApsA on the other hand is able to hydrolyze these
three peptides. Not only the substrate length appears to determine substrate
specificity but also the amino acid at the penultimate position, since ApsB is not
able to hydrolyze the trimer KKK, but can hydrolyze the trimers lysine-alanine-
alanine (KAA) and Lysine-glycine-glycine (KGG) and ApsB is able to hydrolyze
the dimer Lysine-Lysine (KK) but not the dimer lysine-aspargine (KN) (Fig. 4).
Although ApsB is not able to hydrolyze the dimer KN, LC-MS analysis
demonstrates hat ApsB is able to hydrolyze the 15-mer peptide
KNNQKSEPLIGRKKT (KN15) into NNQKSEPLIGRKKT. ApsA, sequentially
hydrolyses this peptide into SEPLIGRKKT (Fig. 5). When these results are
compared to results obtained with the artificial pNA substrates (Table 2) it is clear
that the artificial substrates only give indications about the substrate specificity
towards the amino terminal amino acid, but that the specificity for real peptides

can be markedly different.
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Fig. 5 Base peak (A) and single ion chromatograms for substrate (B) and three hydrolyses
products. All chromatograms are shown on the same y-scale. Single ions selected are doubly

2

charged substrate ((KNNQKSEPLIGRKKT + 2H+] +, m/z=871, Fig. B) and the first hydrolyzation

product ([KNNQKSEPLIGRKKT + 2H+]2+, m/z=807, Fig. C)). Other products shown are single

charged [SEPLIGRKKT + 2H |", m/z=1129, Fig. D) and [EPLIGRKKT + 2H ], m/z=1042, Fig.

E)

Thus ApsA and ApsB probably have their own role in peptide
degradation. The ApsB null mutant shows that this gene is not essential under the
conditions tested. However the co-existence of these genes during a long period in

evolution shows that both provide the fungus an advantage in its natural habitat.
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Summary

A novel enzyme with a specific phenylalanine aminopeptidase activity
(ApsC) has been characterized from Aspergillus niger (CBS 120.49). The derived
amino acid sequence is not similar to any previous characterized aminopeptidase
but shares sequence similarity with some mammalian acyl-peptide hydrolases.
ApsC was found to be most active towards phenylalanine B-naphthylamide (F-
BNA) and phenylalanine para-nitroanilide (F-pNA), but it also displayed activity
towards other amino acids with aromatic side chains coupled to BNA, while other
amino acids with non-aromatic side chains coupled to either pNA or BPNA were
not or poorly hydrolyzed. ApsC was not able to hydrolyze N-acetylalanine-pNA,
a substrate for acyl-peptide hydrolases.

Introduction

Many food products contain flavors obtained by the hydrolysis of
proteins. These peptides and amino acids can taste sweet, sour and bitter. Often
mixtures of endoproteases are deliberately used in conjunction with exoproteases,
to improve this food flavor. Exopeptidases can reduce the amount of peptides
with undesirable tastes through removal of a single or pairs of hydrophobic amino
acids from the terminal ends. For example, phenylalanine containing peptides
taste more than a 100-fold more bitter than free phenylalanine (13, 14). Control
and termination of the hydrolytic reaction is therefore crucial for obtaining
hydrolysates with the desired organoleptic properties.

Enzymes from Aspergillus niger have been used in food production for
several decades and five different endoproteases (PepA to PepE ((26) and
references therein), two carboxypeptidases (Cpdl, PepF/CpdIl (9, 24, 25)) and one
aminopeptidase (ApsA (4)) have been cloned and characterized. Experiments
have shown that a particular enzyme preparation of 4. niger that contains a
specific aminopeptidase activity can liberate phenylalanine from proteins present

in dough and (semi-) hard cheeses (8) thereby improving the flavor and aroma of
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these products. So far only one phenylalanine specific aminopeptidase is
characterized: APF1 from the basidiomycetous fungus Schizophyllum commune
(6). APF1 is an intracellular zinc metallo aminopeptidase that can also hydrolyze
an N-terminal tyrosine.

In this report we describe a new aminopeptidase. The gene was cloned
from A. niger and purification and characterization of the gene product shows that
it encodes an aminopeptidase that specifically hydrolyzes amino terminal

phenylalanine and other amino acids with an aromatic side group.

Materials and methods
Strains, DNA and RNA techniques

Escherichia coli DH5a and LE392 were used as hosts for recombinant
plasmids and A DNA respectively. Aspergillus niger strains N402 (cspAl) and
NWI171 (cspAl, fwnA6, pyrA6, nicAl, pepA:.argB.iAA, pepB:.argB.AB,
pepE::argBniAE) are derived from A. niger N400 (CBS 120.49). DNA and RNA
manipulations were done as described in (23). For Southern and northern analysis
of the transformants the strains were grown in CM (MM (20) supplemented with
2% (w/v) glucose, 0.2% (w/v) meat peptone, 0.1% (w/v) yeast extract, 0.1% (w/v)
peptone 140, 0.03% (w/v) yeast ribo nucleic acids and either 0.15% (w/v)
KH,PO, or 1.5% (w/v) KH,PO,). To study possible regulation of apsC messenger
levels by the carbon and nitrogen source, strain N402 was grown on MM
supplemented with either 1% glucose, 1% fructose and 0.6% NH4Cl or 0.4%
NaNO; or MM supplemented with 1% BSA, 1% elastin or 1% collagen. RNA

was isolated from these cultures and subjected to northern analysis.

Purification of extracellular ApsC from A. niger NRRL 3112 and peptide
sequencing
A. niger NRRL 3112 was grown in a medium containing 1.5% (w/v)

potato flour, 2% (w/v) bactopeptone, 0.7% (w/v) yeast extract, 30 mM KH,PO,,
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4.2 mM MgSQ,, 4.5 mM CaCl, and 3.7 mM ZnCl, at pH 4.8, for 120 h at 30°C.
20 ml culture broth was harvested by filtration and transferred to 10 mM Tris pH
7.5 over PD10 columns (Pharmacia, Wiesbaden, Germany). The desalted culture
broth was fractionated by anion exchange chromatography on a 1 ml Mono Q
column. Bound protein was eluted using a 25 ml linear gradient from 0 — 1 M
NaCl in 10 mM Tris-HCI pH 7.5. The fraction size was 1 ml. The fractions
containing F-AP activity were pooled and concentrated by ultrafiltration, desalted
over a PD10 column and transferred to 10 mM Tris pH 7.5, concentrated 5-fold
by ultrafiltration and then applied to a preparative polyacrylamide gel (15%
polyacrylamide was used for separation, 5% polyacrylamide was used for
stacking). Two lanes were used for a zymogram to locate F-AP activity using an
overlay of 0.9 mM phenylalanine in 7.5 mM HCI. The protein band showing F-
AP activity was marked and from the remaining untreated lanes, a protein band
located at the same position was cut from the gel and subjected to standard
(internal) amino acid sequencing procedures performed at Eurosequence

(Groningen, The Netherlands) as described in (21).

Cloning of apsC

The N-terminal sequence of the protein and of two peptide fragments
thereof, being: AEPQTAPFGTWDSPIT, VSWIQWN and WGPDGTLFFVSDR
were used to design degenerate forward and reverse primers (Table 1). A
standard PCR was performed on genomic DNA of 4. niger NRRL 3112 using an
equal amount of a forward and reverse primer and an annealing temperature of 54
°C. The amplified product obtained with Sap-5 and Sap-4 was cloned in pGEM-T
(Promega, Madison Wis., USA) and sequence analysis followed.
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Table 1 N-terminal and peptide sequences of ApsC from A. niger NRRL 3112 and DNA
sequences of degenerate primers obtained by reverse translations of the underlined parts of these

sequences. Standard [IUPAC codes are used.

Peptide sequence Forward primer Reverse primer

VSWIQWN Sap-1 SNTGGATHCARTGGAAY Sap-2 RTTCCAYTGDATCCA
WGPDGTLFFVSDR Sap-3 TGGGGNCCNGAYGGNAC Sap-4 GTNCCRTCNGGNCCCCA
AEPQTAPFGTWDSPIT Sap-5 GARCCICARACNGCICCNTT

The PCR product was used as a probe in the screening of a A EMBL4
genomic library of 4. niger N400 by standard methods to obtain the apsC gene
(23). Nine phages were isolated and from one positive phage a 5.5 kb EcoRI and a
partially overlapping 1.8 kb Xhol fragment were subcloned in pUCI19 and
sequenced over both strands. cDNA of apsC was generated by RT-PCR, using the
enhanced avian RT-PCR kit of Sigma (St. Louis Mo., USA).

Protein and nucleotide sequence analyses were done with the program
DNAstar (Lasergene, Madison, Wis., USA). The inferred ApsC protein sequence
was used to search the public non redundant protein and DNA databases using the
blastp and tblastn algorithm respectively and a Blosum 62 substitution matrix (2).
Sequences with expect values higher than 10 were ignored. Multiple alignments

were made with ClustalX (15).

Plasmid construction, overexpression and purification of aminopeptidase C
The 5.5 kb EcoRI fragment and the partially overlapping 1.8 kb Xhol
fragment were merged, resulting in pIM4103 (Fig. 1). Plasmid pIM4103 and
pGW635 (12) which contains the 4. niger pyrA gene, were used to co-transform
A. niger NW171 according to (17). PyrA" transformants were screened for
enhanced F-AP activity in cell extracts in 100 mM sodium/potassium phosphate
buffer (PB) at pH 7.2. Strains with enhanced F-AP activity were subjected to
Southern analysis and northern analysis to determine the copy number and the

expression levels.
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Throughout the purification procedure the fractions with F-AP activity
were determined using standard conditions and F-pNA as substrate (see below).
Multi copy strain Tr10 was grown for 17 h in 400 ml CM at 30°C. Mycelium was
collected by filtration over a nylon gauze, frozen in liquid nitrogen and then
ground in a Braun II dismembrator (B. Braun Melsungen A.G., Melsungen,
Germany). The ground mycelium was suspended in PB pH 7.2 and stirred for 15
min at 4 °C. Cellular debris was removed by centrifugation. This cell extract of
Tr10 in PB was applied to a 15.5 ml SourceQ column (Pharmacia biotech)
equilibrated in 20 mM TEA, pH 7.0 and bound protein was eluted using a 124 ml
linear gradient from 0 — 0.4 M NaCl in 20 mM TEA pH 7.0. The fraction size was
5 ml. The active fractions 13 and 14 were 10-fold diluted in 20 mM Bis-Tris pH
6.5 and separately loaded onto a 1 ml Resource Q column (Pharmacia Biotech)
pre-equilibrated with 20 mM Bis-Tris pH 6.5. The bound protein was then eluted
using a 20 ml linear gradient from 0 - 0.4 M NaCl in 20 mM Bis-Tris pH 6.5. The

fraction size was 1 ml.

Biochemical characterization of aminopeptidase C

Protein concentrations were determined by the bicinchoninic acid method
as described by the supplier (Sigma).

Artificial substrates: Aminopeptidase activity was determined as
described by (3), using different amino acids coupled to para-nitroanilide (pNA)
as substrate. Standard conditions were 1 min at 30 °C, 1 mM amino acid-pNA
substrate in 20 mM Na-citrate pH 5.2 at a final volume of 1 ml. Aminopeptidase
activity was also determined as described by (10), using amino acids coupled to
B-naphthylamide (B-NA) as substrate. Standard conditions were then 1 min at
30°C, 1 mM B-NA substrate in 20 mM Na-citrate pH 5.2 at a final volume of 1
ml. One unit of enzyme activity is defined as the amount of enzyme that produces
1 uMol pNA or BNA min". L-pNA, P-pNA, R-pNA, F-pNA, A-pNA, M-pNA,
K-pNA, W-BNA, H-BNA, N-BNA, S-BNA, L-BNA and F-BNA were obtained
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from Sigma and V-pNA, G-pNA, [-pNA, E-pNA, T-BNA and Y-BNA were
obtained from Bachem (Bubendorf, Switzerland).

Peptide substrates: The liberated amino acids were detected by the method of
(22). Standard conditions were 3 mM substrate in 20 mM Na-citrate pH 5.2.
phenylalanine and leucine concentrations were calculated from a standard curve.
The peptides F-G-G, L-G-G, F-G-G-F and F-L-E-E-I were obtained from Sigma
(St. Louis). One unit of enzyme activity is defined as the amount of enzyme that
produces 1 uMol phenylalanine or leucine min”. The optimal pH for enzymatic
activity was determined using Mcllvaine buffers at values ranging from pH 4 to
pH 8. The pH stability of aminopeptidase C was tested by preincubation of the
purified enzyme in Mcllvaine buffer of different pH values ranging from 4 to 8 at
30 °C for 90 min followed by the standard enzyme reaction. The temperature
stability of aminopeptidase C was tested by preincubation of the purified enzyme
at 0, 30, 40, 50 and 60 °C for 60 min in 100 mM PB, pH 7.2, followed by the
standard enzyme reaction. The 0 °C preincubated sample was used as a reference

to calculate the residual activity.

Sequence accession number
The nucleotide sequence of the apsC gene from A4. niger and the encoded
amino acid sequence have been deposited in the EMBL nucleotide database under

accession number AJ316576.

Results and discussion
Cloning and analysis of 4. niger apsC

Since 4. niger strain NRRL 3112 was used as a source for the F-AP
hydrolyzing activity in a enzyme preparation described by (8), culture broth of
this strain was used to purify a protein with high activity towards F-pNA. N-
terminal sequences were determined from the N-terminal end of the mature

protein and from two peptides of a tryptic digest thereof. A combination of the
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forward primer Sap-5 based on the N-terminal peptide sequence
AEPQTAPFGTWDSPIT and the reversed primer Sap-4 based on the peptide
sequence WGPDGTLFFVSDR was used to amplify a 751 bp genomic DNA
fragment of 4. niger NRRL 3112. The third peptide sequence VSWIQWN exactly
matched an internal region of the inferred amino acid sequence translated from

the amplified fragment.

Xhol EcoRI Xhol Hindlll EcoRl

"

'/

> Bl 2000

Fig. 1 Architecture of the 4. niger apsC gene. The positions of the restriction enzymes used in the

[AEPQIAPFGTWDSPIT  [VSWIQWN] [WGPDGTLFFVSDR

cloning strategy and construction of pIM4103 are indicated. The ORF is indicated with a filled box,
an arrow indicates the direction of transcription. The positions of the two introns encountered in the
ORF are indicated with an open box. The positions of the amino terminally sequenced peptides in

the ORF are indicated.

A 5.5 kb EcoRI fragment and a partially overlapping 1.8 kb Xhol
fragment of A. niger N400 which hybridized to the amplified fragment were
subcloned and sequenced over both strands until the HindlIlIl site 3° of the gene
(Fig. 1). Sequence analysis showed that together these fragments harbor the
complete putative aminopeptidase C gene (apsC) and 5°- and 3’- flanking regions.
RT-PCR techniques were used to generate apsC cDNA, which was identical to
the genomic DNA except for two intervening sequences in the open reading frame
(ORF), one 111 bp and one 917 bp downstream the start codon (Fig. 1). The
previously determined N-terminal sequence of the protein starts at amino acid 5 of
the ORF, indicating that no cleavable amino terminal signal sequence is present in
this protein. The loss of the first 4 amino acids is probably due to proteolysis. The
NRRL 3112 derived N-terminal sequence differs one amino acid (a pro to ala
substitution at position 7) from the N400 derived amino acid sequence which is

probably due to strain differences.

78



Aminopeptidase C of Aspergillus niger is a novel phenylalanine aminopeptidase

Public DNA and Protein databases were searched for similar
characterized aminopeptidases and none were found. Highest overall homology
was found with some putative acylaminoacyl aminopeptidases also referred to as
acyl-peptide hydrolases from Synechocystis sp: slr0825 (41% identity),
Streptomyces coelicolor (37% identity), Ceanorhabditis elegans (36% identity)
and Arabidopsis thaliana (35% identity). None of these proteins however, have
been biochemically characterized. Lower scores were obtained with some genuine
acyl-peptide hydrolases (ACPH) from pig, rat and human (all 15% identity), that
catalyze the hydrolysis of an N-terminal acetylated peptide to release a N-
acetylated amino acid. A comparison at the protein domain level shows that at the
C-terminal end these mammalian ACPHs at least have a putative a/B-hydrolase
fold (abhydrolase) domain, a putative S9-prolyloligopeptidase domain (S9), and a
putative dienelactone hydrolase (DLH) domain (5). ApsC has a putative S9-
prolyloligopeptidase domain and a putative DLH domain at the C-terminal end
(Fig. 2). In the multiple alignment there are furthermore multiple insertions, of
which 6 are 4 amino acids or more in the ORFs of ACPH that are not present in
ApsC and the putative proteins of S. coelicolor, C. elegans., and A. thaliana. One
of these insertions starting at coordinate 616 is part of the abhydrolase domain. In
addition there is one insertion of 4 amino acids starting at coordinate 514 present
in ApsC and in the putative proteins that is not present in ACPH (Fig. 2). The
putative active site serine that is part of the conserved motif GXSXG (16, 18, 19)
is also indicated in Fig. 2. As we will show in the next section, ApsC is not an

acyl-peptide hydrolase but a novel aminopeptidase.
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1 90
ACPH .MERQVLLSEPEEAAALYRGLSRQPALSAACLGPEVTTQYGGQYRTVHTEWTQRDLERMENIRFCRQYLVFHDG.DSVVFAGPAGNSVET
ARATH MSSSSPDAAQTPLTTAPY .GSWKSPITADIVS..GASKRLGGTAVDSHGR. .LVLLESRPNE.SGRGVLVLQG. .ETSIDITPKDFAVRT

SYNY3 .MISMTTKQIAPY.GSWRSPITADALL. .AGSIGLG. .AVQONSGED.VFWLEARPAE . KGRNVLVHRQPDGTVRDVTPAPFNVRT
ApsC .MATPAEAQTAPF.GTWDSPITAATLT. .SKGISFSGIAAAADGT . .IYVNEGRPAE.EGRNCIVEWRN.NQPRDVLPAAYSART
STRCO ........ MGESVRTLSY .GSWPSPVDAALAA . . AHDGRPD. . DVGFVGDE . VWWTAPRPTE . GGRRTLVRRHADGTEEPVLPAPWNVRS

91 180
ACPH RGELLSRESPSGSMKAVLRKAGGTGPGEEKQFLEVWEKNRKLKSFNLSVLEKHGPVYEDDCFGCLSWSHSETHLL.YVAERKRPKAESEFF
ARATH GGAFQISSDDTLVFSNYKDQRLYKQDITDKDSSPKPITPD.Y..GTPAVTYADGVFDSRENRYV . TVREDGRQDRSNPT
SYNY3 .GGAFLVTADG.VYFSNFSDQQVYVQGVGQ.E. .PQRLT...... NRPDCRFADFVLDQPRQRLI .AVGERHHSEAKEP .
ApsC «....GAAFNTTSDGKVIFADWKTHGVYILDPATCD.VTAAVEP...... DEKIWYAAFNSHPKRPELVFAIREDHHGKEVVN.
STRCO RVIEYGGR..PWGAATTDSGPLVVEFVNFADQRLYAFTPGGGE. .PRPLTP. .LSAVGGGLRWIEPDPRPERGEVW.CVLEEFTGEGPTDV

181 270
ACPH QTKALDVSASDDEIAR.LKKPDQPIKGDQFVFYEDWGENMVSKSIPVLCVLDVESGNISVLEGVPENVSPGQAFWAPGDAGVVEVGWWHE
ARATH TT.IVEVNLSGETLED.PEPKVLVSGND...FYA........ F..PR...LDPKCERLAWIEWSHP.N....... MPWDKAELWVGYISE
SYNY3 ..... ENFLAAISLEN.GEVTTIATVHD...FYS........ S..PR...LSPDGQKLAWITWDHP.H....... MPWDATQLWLADIDQ
ApsC  ....... ELVVINTGN.KKVEVAATGAD...FYSH.......... PT...FSPAGDRVSWIQWNHP........ EMPWTGTELFSAPWKD
STRCO RRVPVAVPLDGSAADDRGAVRELAPERHR..FVTG.......... PR...LSPDGRRAAWLAWDHP.R....... MPWDGTELIVAEVGP

271 360

ACPH PFRLGIRFCTNRRSALYYVDLIGGKCELLSDDSLAVSSPRLSPDQCRIVYLQY...P..SLIPHHQC.SQLCLYDWYTKVTSVVVDVVPR
ARATH GGNIDKRVCVAGCDPKY..VESPTEPKWSSRGELFFVTDRKNGCWNIHKWIEST.NE..VVSVYPLD.GEFAKPLWIFGTNSYEIIECS.

SYNY3 AGNLSNLKIIAGQAGN....ESTHEPQWSPDGSLYFVGDRTD.WWNLYRYHKG. ..E..VDNVFPLD.AEFAYPHWVFGLRSYTFVDT. .
ApsC E.KVGTPVKLAGNGEE....ESILQPRWGPDGTLFFVSDRTG.YWQFYRWSPDESDEPRAIVIEGLEKGEFAHPEWLLGSCTYVLPNA. .
STRCO EGTFQAARTVAGGPEE..... SIAQADWAPDGTLLYASDRTG.WWNLYRDGRP......... LCPRE.EEFGGPLWKLGQRWFAPLDS .
361 450
ACPH QLGENFSGIYCSLLPLGCWSADSQRVVEFDSAQRSRQDLFAVDTQVGTVT. ...SLTAGGSGGSWKLLTIDQDLMVAQFSTPSLPPTLKVG
ARATH ...EEKNLIACSYRQKGKS....... YLGIVDDSQGSCSLLDIPLTDFD....SITLGNQ....... Covntn LYVEGASAVLPPSVARV
SYNY3 ...... DTILCTFTQDGAW. ...... QLGKLKPSRKQLSILGLPYSNYS....SLCSDGK....... Too... LWFIGSGPTTSSAVVAL
ApsC ...... NTIVAAWTQONATER. .... LVIIDLEKNTYTFPAHIASLTGIQHSAVALTSPTS............. IAVIASTPTAPSTVYHI
STRCO ....... GLIAVLHGRGAA....... VLGILDPETGEVVDAAGPWTEFAP. . .ALAAHGER............ VAAVGASPRSGYEVVEL
451 540
ACPH FLPSAGK...EQSVLWVSLEEAEPIPDIHWGIRVLQPP. .PEQENVQYAGLDFEAILLQPGSP. .. .PDKTQVPMVVMPHGGPHSSFVTA
ARATH TLDQHKT...KALSSEIVWSSSPDV..LKYKAYFSVPE..LIEFPTEVPGQNAYAYFYPPTNPLYNASMEEKPPLLVKSHGGPTAESRGS
SYNY3 AVEAQET...EILKVASDFTLDP........ AYLAQPQ..AISFSGDD.GQTAHAWYYPPTNGDFRGPSDALPPLLVKSHGGPTAAAGNS
ApsC SLTNNDAFAPTVLRSSTSVTISDT....... YFFSCPTHLIPAHHSTHPDTLSHAFFLPPTNPKYSSAPGELPPLIITIHGGPTIHTDPG
STRCO DARTGRA...RVIGAPHEDATDP........ EFYPRPR. .IRTFTGPG.GREIHAHVYPPHHPGCRAPDGELPPYVIWAHGGPTSRSPLV
541 630
.................................. ABhydrolase............ciiiiiininnnnnnnnn

ACPH WMLFPAMLCKMGFAVLLVNYRGSTGFGQDSILSLPGNVGHQDVKDVQFAVEQVLQEEHFDASHVALMGGSHGGFISCHLIGQYPETYRAC
ARATH LNLNIQYWTSRGWAFVDVNYGGSTGYGREYRERLLRQWGIVDVDDCCGCAKYLVSSGKADVKRLCISGGSAGGYT
SYNY3 LSLKIQYWTSRGFAYVDVNYGGSTGYGRDYRQRLNGQWGIVDVADCVNAARYLADQGLVDGEQLATISGGSAGGYT .
ApsC LSMMWQYYTTRGYAVALLNYAGSSGYGRAYRKLLNGSWGVLDVHDAADCARYLISEGKVHPSRIGTTGVSSGGYAT
STRCO LDLEIAYFTSRGIGVAEVNYGGSSGHGREYRNRLREQWGVVDVEDCAAVALALADEGTADRARLAVRGGSAGGWT .

< s9 >

ACPH VARNPVINIASMLGSTDIPDWCV.VEAGFP..FSSDCLPD...
ARATH AFRDVFKAGASLYGVADLKMLKE.EGHKFESRYIDNLVG....

LSVWAEMLDK . SPIRYIPQVKTPLLLMLGQEDRRVPFKQGMEYY
.DEKDFYER.SPINFVDKFSCPIILFQGLEDKVVTPDQSRKIY

SYNY3 TFHNVFKAGASYYGVSDLTALAT .DTHKFEARYLDGLIGP...... YPERKDLYERRSPVNHADQLTCPVIFFQGLEDKVVPPNQTEMMV
ApsC MFPTLFTGAVSVSGISDVEALVA.ETHKFESHYAFRLLFDDKVPETEEEKRKVYRERSPRFHADKIKAKLLLLQGTDDEIVPLNQAQAMA
STRCO ATTDVYACGTISYPILDLTGWGTGETHDFESQYLESLIGP...... YAEVPDRYTDRSPAEHAERVTAPFLLLQGLDDVICPPVQCERFL
DLH:
701

ACPH RALKTRNVPVRLLLYPKSTHAL.SEVEVESDSFMNAVLWLRTHLG
ARATH EALKKKGLPVALVEYEGEQHGF. RKAENIKYTLEQQMVFFARVVGGFKVADDITPLKIDNFDT
SYNY3 QALKAKGIKVEYVAFPEEQHGF.RMAANIKKALESELAFYGEVEG....... FTPAKN. ..
ApsC DDVQRSGGVAKLVIFEGEGHGYPRKAENGLQAKEVEEGWWKVNLA. . .
STRCO DRMAGRGVPHAYLAFEGEGHGF .RRAETMVRALEAELSLYAQVFG. ..

LTPPGVPVLELTR

Fig. 2 Multiple alignment of A. niger ApsC and putative proteins from S. coelicolor (STRCO),
Synechocystis spp (SYNY3), A. thaliana (ARATH) and ACPH from human. Only the human
ACPH is shown, rat and pig ACPH are more than 90% identical to human ACPH. The conserved
S9-prolyloligopeptidase (S9) and the dienelactone hydrolase (DLH) domains are indicated with a
dashed line. The ACPH specific o/B-hydrolase fold (ABhydrolase) domain is indicated with a
dotted line. The putative active site motif (GXSXG) is underlined and bold.
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Therefore the putative proteins sequences that cluster with ApsC more likely
belong to a new subfamily of aminopeptidases.

Northern analysis of 4. niger N402 grown on several carbon and nitrogen
sources showed that the apsC messenger levels were independent of the carbon or
nitrogen source used (results not shown). 4. niger apsA transcript levels are also
independent of the C- and N- source used (4). Furthermore the yeast Aapl and

Apell encoding genes also show constitutive expression.

Overexpression, purification and characterization of the enzyme.

ApsC was overexpressed in A. niger strain NW171 by transformation
with plasmid pIM4103 (Fig. 1). Twelve transformed strains were analyzed for the
occurrence of multiple integrations of the plasmid in the genome. Southern
analysis showed that transformant 10 (Trl10) has the highest copy number
(approximately 75 copies) of the integrated plasmid (results not shown). Scanning
of northern blots revealed that Tr10 had at least a 70-fold increased messenger
level of the correct size compared to the untransformed strain (results not shown).

Although ApsC was purified from culture broth of strain NRRL 3112, we
were not able to detect ApsC in culture broth of strain N402. However we could
find ApsC activity in cell extracts of this strain. Tr10 had a 50-fold higher activity
towards F-pNA compared to the untransformed strain being 3.6 U mg' and 0.07
U mg™' respectively. ApsC was purified from cell extracts of Tr10. This resulted
in an enzyme preparation with a specific activity of 189 U mg™ when F-pNA is
used as the substrate (Table 2).

An analysis by 10% SDS-PAGE of the active fractions revealed a protein
band with an apparent molecular mass of 72 kDa, identical to the calculated
molecular mass of the protein inferred from the amino acid sequence. The fraction
with the highest activity was used for further characterization of the enzyme. The
N-terminal sequence of the purified protein as determined by Edman degradation

exactly matched amino acids 5 to 16 of the predicted amino acid sequence.
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Table 2 Purification of Aminopeptidase C from A. niger transformant Tr10. S.A.: specific

activity
Step Total activity  Total protein ~ S. A. Purification Yield
Ly* (mg) Umg' (-fold) (%)
*10° *10°
Cell extract 4.6 1.3 3.6 1 100
Source 30Q 1.4 0.9 15 4.2 31
Resource Q 0.42 0.0022 189 53 9

* One unit of enzymatic activity (U) is defined as the amount of enzyme that produces 1 umol pNA
1

min" .

Although there is no secretion signal ApsC is found both intra- and
extracellularly in 4. niger NRRL 3112. NRRL 3112 is a strain that was selected
from a screen for high extracellular levels of F-AP activity. This strain probably
shows more lysis than the N400 derivative strain used for overexpression under
these circumstances. F-pNA was used as a substrate for the determination of the
pH optimum, the pH stability and the temperature stability of the purified
enzyme. The optimal pH is 5 which is different from pH optima reported for 4.
niger ApsA and other intracellular aminopeptidases like the yeast
aminopeptidases which all have pH optima around pH 7.5 (1, 4, 7, 11).

The purified protein is stable between pH 5 and 8 (Fig. 3) for 90 min with
an optimal stability at pH 8. The purified protein is furthermore stable up to a
temperature of 50 °C for 60 min at pH 7.0. After 1 h at 60 °C, 5% of the activity
remained. ApsC specifically hydrolyzed F-pNA and F-BNA substrates, but also
other amino acids with aromatic side chains coupled to NA. The activity towards
amino acids with non aromatic side chains was low (at least 16 times less, Table

3).
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Fig. 3 Biochemical characterization of ApsC. (A) The pH optimum of ApsC using Mcllvaine
buffer. F-pNA was used as the substrate. (B) The pH stability of ApsC. Mcllvaine buffer was used

as pre-incubation buffer.

All acyl-peptide hydrolases tested with the substrate N-acetylalanine-
pPNA could hydrolyze this substrate. ApsC however is not able to hydrolyze this
substrate, thus ApsC is not an acyl-peptide hydrolase. This apparent high
specificity for amino acids with an aromatic side chain was further demonstrated
by the hydrolysis rate of peptides with phenylalanine or leucine at the N-terminal
position. The peptides F-G-G, F-G-G-F and F-L-E-E-I were hydrolyzed by ApsC
at comparable rates (Table 4). In agreement with results obtained with the
artificial substrates, ApsC is not able to hydrolyze LGG, a peptide with an amino

acid with a non-aromatic side chain at the N-terminal end.

&3



Aminopeptidase C of Aspergillus niger is a novel phenylalanine aminopeptidase

Table 3 Substrate specificity of ApsC towards (N-acetylated) amino acid para-nitroanilide
(pNA) or amino acid f-naphthylamide (BNA) substrates.

100% F-pNA activity is 189 U mg™. NacA: N-acetyl-alanine, other pNA substrates tested: A-pNA,
K-pNA, R-pNA, G-pNA, [-pNA, V-pNA, E-pNA, other fNA

Substrate  Relative Activity +/- SD Substrate Relative Activity ~ +/- SD
% %

F-BNA 100 1.1 F-pNA 100 0.4

Y-BNA 72 25 L-pNA 6 0.32

W-BNA 2 0.77 |M-pNA 6 0.6

L-BNA 6 0.46 | NacA-pNA <1 -

Other BNA <1 - Other pNA <1 -

In this report a novel aminopeptidase is described specific for amino acids
with aromatic side chains. This aminopeptidase is most active at a slightly acidic
pH therefore might be used in the controlled preparation of cheese, thereby
improving flavor and aroma by reducing the content of bitter tasting
phenylalanine and tyrosine containing peptides. Further research will focus on the

in vivo role of ApsC.
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Summary

We have cloned the prolyl aminopeptidase encoding gene from
Aspergillus niger (papA). Cell extracts of strains overexpressing the gene using its
own promoter showed a 3 to 5 fold increase in prolyl aminopeptidase activity but
not in phenylalanine and leucine aminopeptidase activity. The overexpressed
enzyme was purified and characterized. The enzyme specifically hydrolyzes N-
terminal proline and hydroxyproline residues from peptides. It is the first enzyme

of its kind from a eukaryotic organism which has been characterized.

Introduction

Proteases normally do not hydrolyze proline adjacent bonds. Instead a
specialized group of enzymes has evolved that hydrolyzes these bonds. Their
activity depends on both the isomeric state of the proline residue and the position
of the proline residue in the peptide chain (7, 23). Proline aminopeptidases (Pap,
prolyl iminopeptidase, EC 3.4.11.5) are serine proteases (5) that catalyze the
cleavage of amino terminal proline residues from peptides and so far these
enzymes have only been characterized from several bacteria. Based on their
molecular mass and on their substrate specificity these enzymes can be divided
into two classes. The first class consists of monomeric enzymes with a molecular
mass of approximately 30 kDa. Enzymes of this class appear to have a strict
specificity for amino terminal proline residues (15). Monomeric enzymes have
been characterized from Bacillus coagulans (16), Lactobacillus delbrueckii (4, 9),
Neisseria gonorrhoeae (1), Serratia marcescens (11, 24) and Xanthomonas
campestris (2, 19). The second class of enzymes comprise large multimeric
enzymes that are not only capable of hydrolyzing proline terminals but have also
been reported to be capable of hydrolyzing N-terminal hydroxyproline residues.
Enzymes from the second class have only been cloned and characterized from the
prokaryotes Aeromonas sobria (15), Hafnia alvei (14) and Propionibacterium

shermanii (18).
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No prolyl aminopeptidase function appears to be present in the genome of
Saccharomyces cerevisiae (http://mips.biochem.mpg.de). Surprisingly we found
an expressed sequence tag (EST) with homology to the multimeric class of
enzymes in the ascomycetous fungus Aspergillus nidulans. This EST was used to
clone the corresponding Aspergillus niger gene. This paper describes the
characterization of the first eukaryotic prolyl aminopeptidase from A. niger, a

fungus from which many enzymes are used in the food industry.

Materials and Methods
Bacterial strains, DNA and RNA techniques and sequence analysis.

Escherichia coli LE392 and DH5a (Promega, Madison, Wis.) were used
for phage amplification and plasmid transformation and propagation respectively.
Standard DNA and RNA manipulations were carried out essentially as described
(21). Protein and nucleotide sequence analyses were done using the program
DNAstar (Lasergene, Madison, Wis., USA). Public databases were searched with
the BLAST search tools (3). Multiple alignments were done with CLUSTAL X
(12).

For Northern analysis strains were grown for 17 h in minimal medium
(20) supplemented with 1% glucose as carbon source and 0.5% yeast extract in 50
ml cultures in 250 ml Erlenmeyer flasks in an incubator shaker at 250 rpm at
30°C. Total RNA was isolated from mycelium samples with Trizol reagent (Life

Technologies, Rockville, Md.).

Cloning and overexpression of papA.

A papA PCR-product was generated by a PCR on genomic DNA of
Aspergillus nidulans WG096 using primers Forward, 5'-
TCTTCGAGGTTCCCCTC-3' and Reverse, 5'-CTATGTATGTCGCTGCG-3'. A
standard program of 30 thermal cycles was composed of 1 min at 94°C, 1 min at

48°C, and 1 min at 72°C preceded by an incubation of 4 min at 94°C and followed

91



Characterization of an Aspergillus niger prolyl aminopeptidase

by an incubation of 5 min at 72°C. The amplified fragment was cloned in vector

pGEM-T (Promega, Madison, Wis.) and identified by sequencing. Genomic

sequences of the 4. niger papA gene were obtained by screening an A EMBL4
genomic library of A. niger strain N400 by standard methods using the A.
nidulans PCR-product as a probe and non-stringent hybridization conditions.
From a hybridizing plaque a 3.7 kb EcoRI fragment was recovered and cloned in
pUCI19 resulting in plasmid pIM4105, containing the papA gene with 5° and 3’
flanking regions.

Plasmids pIM4105 and pGW635 (10) which contain the 4. niger pyrd
gene encoding orotidine-5’phosphate decarboxylase were used to co-transform A.
niger NW219 (cspAl, leudl, nicAl, pyrA6) (17) Transformants were first
selected for uridine prototrophy and subsequently screened for enhanced prolyl
aminopeptidase activity in cell extracts (CE). For this, strains were grown in
shake flask cultures as described for the Northern analysis. Ground mycelium was
extracted with 20 mM Tris-HCI pH 7.5 and clarified by centrifugation (10.000 g
for 15 min. at 4°C). Aminopeptidase activity in these cell extracts was assayed as

described below.

Aminopeptidase enzyme assay

Artificial substrates: ~ Aminopeptidase activity was determined as
described, using different amino acids coupled to para-nitroanilide (pNA) as
substrate (4). Standard conditions were 2 mM P-pNA substrate in 20 mM Tris-
HCl at pH 7.5 at 30°C. Aminopeptidase activity was also determined as described
using amino acids coupled to B-naphthylamide (3-NA) as substrate (8). Standard
conditions were then 1 mM B-NA substrate in 20 mM Tris-HCI at pH 7.5 at 30°C.
L-pNA, P-pNA, R-pNA, F-pNA, A-pNA, M-pNA and K-pNA were obtained
from Sigma (St. Louis, USA). V-pNA, G-pNA, [-pNA, E-pNA, P-BNA, hydroxy-
P-BNA were obtained from Bachem (Bubendorf Switzerland).
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Peptide substrates. The liberated proline from peptides was determined
with ninhydrin (22). Standard conditions were 1 mM substrate in 20 mM Tris-
HCI pH 7.5 at 30°C. Proline concentrations were calculated from a standard
curve. The peptides AP, PA, PLG(NH,), PPGFSPFR and PLSRTLSVAAKK
were obtained from Sigma (St. Louis). One unit of enzyme activity is defined as
the amount of enzyme that produces 1 uMol pNA, BNA or proline per minute.

Protein concentrations were determined with bicinchoninic acid as

described by the manufacturer (Sigma chemical Co., St Louis, USA).

Purification of A. niger proline aminopeptidase A.

Strain Pap-1 was pre-grown in 300 ml MM (20) supplemented with 2%
(w/v) glucose, 0.2% (w/v) meat peptone, 0.1% (w/v) yeast extract, 0.1% (w/v)
peptone 140 and 0.03 (w/v) yeast ribo nucleic acids. After 6.5 h pre-growth this
culture was poured into 5 1 MM supplemented with 2% (w/v) glucose, 0.2% (w/v)
meat peptone, 0.1% (w/v) yeast extract and 0.1% (w/v) peptone 140 and growth
was continued for 17 h.

The mycelium was harvested, ground and resuspended in 20 mM Tris-
HCI pH 7.5 and stirred for 15 min at 4°C. Cellular debris was removed by
centrifugation. Then (NH4),SO, was added to 40% saturation. After centrifugation
(15 min. 10.000 x g) (NH4),SO, was added to the supernatant to a concentration
of 70% saturation. After centrifugation the pellet was dissolved in 20 mM Tris-
HCl1 pH 7.5 and dialyzed against 20 mM Tris-HCI1 + 1.5 M (NH,4),SO,.

Four chromatographic steps were applied to purify the protein. The
dialyzed fraction was loaded onto a 20 ml Phenyl Sepharose high performance
column (Pharmacia Biotech), pre-equilibrated with 20 mM Tris-HCl + 1.5 M
(NH,4),SO4 pH 7.5 and bound protein was eluted using a 200 ml linear gradient
from 1.5 — 0 M (NH,4),SO,4 in 20 mM Tris-HCI pH 7.5. The active fractions were
pooled, dialyzed against 20 mM bis-Tris pH 6.5 and loaded onto a 15.5 ml Source
30 Q column (Pharmacia Biotech), pre-equilibrated with 20 mM bis-Tris pH 6.5
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and eluted using a 155 ml linear gradient from 0 — 0.5 M NaCl in 20 mM bis-Tris
pH 6.5. The active fractions were pooled, 10-fold diluted in 20 mM piperazine pH
6.0 and loaded onto a 1 ml Resource Q column (Pharmacia Biotech) pre-
equilibrated with 20 mM piperazine pH 6.0. Bound protein was eluted using a 50
ml linear gradient from 0 — 0.5 M NaCl in 20 mM piperazine pH 6.0. The active
fractions were pooled and loaded onto a 318 ml superdex 200 column (Pharmacia

Biotech) equilibrated in 20 mM Tris-HCI + 0.1 M NaCl pH 7.5.

Biochemical characterization of prolyl aminopeptidase A

The optimal pH for enzymatic activity was determined using Mcllvaine
buffers ranging from pH 5 to pH 8, 200 mM HEPES buffer from pH 7.2 to pH 8
and 50 mM Tris-glycine buffers from pH 8 to pH 10. P-pNA was used as the
substrate.

For determination of the thermal stability, the purified enzyme was pre-
incubated at 0, 30, 37, 50 and 60°C for 30 min, followed by the standard enzyme
reaction. The 0°C preincubated sample was used as reference.

The pH stability of PapA was determined by preincubation of the purified
enzyme in Mcllvaine buffers ranging from pH 2.2 to pH 8 at 30°C, for 30 min,
followed by the standard enzyme reaction.

The effect of the protease inhibitors bestatin, 1,10-phenanthroline, EDTA,
EGTA, tosyl phenylalanyl chloromethyl ketone (TPCK), tosyl lysyl chloromethyl
ketone (TLCK) leupeptin, iodoacetamide and 4-chloromercuribenzoic acid
(PCMB) on the enzymatic activity were measured in 200 mM HEPES buffer at
pH 7.5. The purified enzyme was incubated with the respective compound for 30

min at 30°C, followed by the standard enzyme assay.
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Results and discussion
Cloning of the papA gene.

By database searching we identified two 4. nidulans expressed sequence
tags (EST) which could encode different parts of a putative fungal prolyl
aminopeptidase (PapA) similar to the multimeric prokaryotic prolyl
aminopeptidases. We designed two primers based on these EST sequences and
amplified a 1534-bp PCR product from A. nidulans genomic DNA. The PCR
product specified a large fragment of the open reading frame (ORF) of the
putative A. nidulans papA gene and the 5’ and 3’ ends of the sequence overlapped
the sequences of two selected ESTs. This indicated that the EST sequences
originated from the same gene. When all available sequences were joined, more
than 95% of the ORF of the putative 4. nidulans gene could be reconstructed.
Under conditions of low stringency a genomic A. niger 3.7 kb EcoRI fragment
hybridized with the A. nidulans PCR product. The fragment was recovered from
an A. niger genomic A—library and cloned, yielding plasmid pIM4105. The cloned
fragment contained the complete open reading frame (ORF) of the gene and
approximately 1600 bp upstream and 300 bp downstream region. The ORF
encodes a protein of 491 amino acids interrupted by 7 introns. With RT-PCR we
could obtain overlapping cDNA fragments, which after sequencing confirmed that
the predicted introns were positioned correctly. Southern analysis using
conditions of low stringency indicated that the papA4 gene is a single copy gene in

A. niger (results not shown).

Analysis of the papA ORF sequence.

The inferred PapA amino acid sequence was analyzed for known
subcellular sorting signals and none were found suggesting that the enzyme is
located in the cytoplasm. Proline aminopeptidases from the bacteria were also
reported as intracellular aminopeptidases (1, 2, 4, 15, 24). In addition, we could

not detect proline aminopeptidase activity in the culture fluid. In a multiple
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alignment the PapA protein displayed highest identity with the multimeric
prokaryotic prolyl aminopeptidases exhibiting 37% and 34% identity with the A.
sobria and H. alvei prolyl aminopeptidases respectively. Only a very limited
similarity was obtained with the monomeric B. coagulans prolyl aminopeptidase
(14%). The inferred A. niger PapA protein sequence is 74% identical to the 4.
nidulans protein sequence translated from the reconstructed DNA sequence.
There is no ortholog of papA in the sequenced genome of S. cerevisiae
(http://mips.biochem.mpg.de), but a Blast search revealed that putative orthologs
exist in Arabidopsis thaliana and Talaromyces emersonii. The motif GXSXG ,
commonly found in regions of the reactive serine in serine proteases (Kanatani et
al., 1993; Mitta et al., 1998; Polgar, 1992) was found at amino acid residues 163-
167, being GQSFG. This suggests that Ser 165 is the active site serine. An
identical motif has been found in the enzymes of H. alvei (14), A. sobria (15), B.
coagulans (16) and P. shermanii (18). By site directed mutagenesis, the serine in
the GQSFG motif of A. sobria and B. coagulans was proven to be responsible for
the catalytic activity (13). This motif is also found in the monomeric class of
enzymes, however the exact motif is different from the multimeric class of

enzymes being in most cases GGSWG but GHSWG and GQSWG also occur.

Characterization of papA overexpressing strains.

We transformed A. niger with plasmid pIM4105, and by Northern
analysis at least 5 transformants could be identified with elevated expression of
the papA gene. Highest mRNA levels were observed in transformant Pap-1.
Southern analysis of transformants Pap-1 and 2 indicated that these transformants
have integrated approximately 30 (Pap-1) and 10 (Pap-2) copies of the gene in
their respective genomes (results not shown). We determined the proline,
phenylalanine and leucine aminopeptidase activity in cell free extracts of Pap-1
and Pap-2 and of a wild type strain with para-nitroanilide (pNA) substrates. Pap-1

and Pap-2 have a 6-fold and 4-fold increase in prolyl aminopeptidase activity
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respectively. No elevated hydrolysis of the phenylalanine and leucine pNA
substrates was measured. In concord with the elevated prolyl aminopeptidase
activities, highest messenger levels and highest copy number were found in

transformant Pap-1.

Purification and biochemical characterization of the A. niger prolyl
aminopeptidase.

Five purification steps were needed to purify PapA 1.4 10° fold from
transformant Pap-1, resulting in an enzyme preparation with a specific activity of
2.9 10° U mg™, and a final yield of 16% (Table 1).

A SDS-PAGE of the purified PapA (Fig. 1) showed a single band with an
apparent molecular mass of 50 kDa, in agreement with the molecular mass of 50.0
kDa calculated from the ORF. The molecular mass of the native enzyme as
determined by gel filtration is 340 kDa, indicating that PapA is a multimeric
enzyme like the reported enzymes from Aeromonas and Hafnia which both occur

as a tetramer (14, 15).

Table 1 Purification of prolyl aminopeptidase A from A. niger Papl.

Data are means of three separate experiments in which differences did not exceed 10%.

Step Total activity ~ Total protein Specific Purification Yield

19)] (mg) activity (-fold) (%)
(Umg™h

Cell free extract 3.7%10° 1.8%10° 0.21 1 100

Phenyl Sepharose 1.4%10 67 2.1 10 38

Source 30 Q 78 1.2 65 3.1*%10° 21

Resource Q 82 0.70 1.2%¥10>  5.7*%10° 22

Superdex 200 58 0.20 2.9%102 1.4*10° 16

One unit of enzymatic activity (U) is defined as the amount of enzyme that produces 1 pmol pNA

min™. Activity was determined with 2 mM P-pNA as a substrate.

The substrate specificity was determined using an extensive list of pNA and BNA
substrates and several peptide substrates (di- tri- and oligomers). PapA was not

able to hydrolyze artificial substrates other than P-pNA and hydroxy-P-BNA.
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Remarkably PapA efficiently hydrolyzes P-pNA but not P-BNA. Cell extracts
from A. niger were also tested for activity towards P-BNA but no (other) activity
could be detected. The hydroxy-P-BNA substrate however, can be hydrolyzed by

PapA, as well as by the enzymes of Aeromonas and Hafnia (14, 15).
kDa M 38 39 40 41 42 43 44

92.5 -

TR 4

45 .
-

Fig. 1 Purification of prolyl aminopeptidase A from A. niger. Coomassie-stained SDS-
polyacrylamide gel (10%) of 20 pl of the active fractions 38 to 44 eluted from the superdex 200

column. Fraction numbers are indicated above the lanes. M: Protein molecular weight marker.

The monomeric Lactobacillus and Bacillus enzymes were reported not to
be active on hydroxy-P-BNA (15). The Ky of PapA for P-pNA is 0.037 mM, ke
is 4.1 pkat mg™.

The activity towards peptide substrates was tested using peptides with
increasing length and compared to the rate of hydrolysis of the Aeromonas and
Bacillus enzymes (15) (Table 2). PapA is apparently able to efficiently hydrolyze
both proline residues from the peptide substrate PPGFSPFR, therefore the overall
hydrolysis rate for both proline residues is reported (Table 2). In contrast to the

Aeromonas enzyme, the PLG substrate is more rapidly hydrolyzed than the longer
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peptide substrates. Hydrolysis rates of dipeptides were not reported for the

Bacillus and Aeromonas enzymes.

Table 2 Comparison of prolyl aminopeptidase activities of 4. niger, A. sobria (15) and B.
coagulans (15) on peptide substrates. n.a.: no activity detected, n.d.: not determined. PLSR(12):
PLSRTLSVAAKK, PPGF(8): PPGFSPFR. A. niger data are the results of three independent

experiments in which differences did not exceed 10%.

Rate of hydrolysis (U mg™)

Substrate  A. niger A. sobria B. coagulans
PA 85.5 n.d. n.d.

AP n.a. n.d. n.d.

PLG(NH,) 33.4 52107 57

PPFG(8)  55.5' 4.710" n.a.

PLSR(12) 6.6 3.6 10" 2.610*

! Overall hydrolysis rate of both proline residues.

The pH optimum for P-pNA was determined. The pH optimum is broad,
highest activity is found at pH 7.5, similar to a previously found intracellular
aminopeptidase of A. niger (6) and equal to the pH optimum of the Hafnia
enzyme (pH 7.0 — 7.5) but different from the pH optimum (pH 8.5) of the A.
sobria enzyme (14, 15). Furthermore, the enzyme is stable from pH 5 to pH 8.
Highest stability was found at pH 6 and pH 7. The enzyme is stable up to a
temperature of 37°C, differing in this aspect from the Aeromonas and Hafnia
enzymes which are reported to be stable up to temperatures of 57°C and 55°C,
respectively (14, 15).

Several potential protease inhibitors were tested. EDTA did not influence
enzyme activity, underpinning that the enzyme is not a metallo protease. The
serine protease inhibitors TLCK and TPCK were able to inhibit the enzyme
activity. 50% inhibition was achieved with 4 mM TLCK. However, PapA was
strongly inhibited by PCMB. This inhibition is possibly caused by the

modification of a cysteine residue located near the active site (11). Similar
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inhibitory effects of PCMB were also reported for the 4. sobria and B. coagulans
prolyl aminopeptidases although these enzymes are proven to be serine proteases
(13).

In this report we describe the biochemical characteristics of the first
eukaryotic prolyl aminopeptidase. This aminopeptidase belongs to the multimeric
class of prolyl aminopeptidases that not only hydrolyzes proline but also
hydroxyproline at the amino terminal. In contrast to the bacterial enzymes, the
hydrolysis rate of the fungal enzyme increases with a decrease in peptide substrate

length.
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Aminopeptidases from Aspergilli were already described in the late
sixties of the twentieth century. At the start of this research in 1997, several
papers were published concerning (extracellular) aminopeptidases from different
Aspergilli; mainly Aspergillus oryzae (4, 5, 23, 24, 28, 31, 35-40, 43-47, 52). In
these papers, the purification and the characterization of the enzymes are
described, however information about the corresponding genes is lacking. At that
time there were only a limited number of fully sequenced organisms. To date
there is a genomic sequence of Aspergillus niger at the Dutch company DSM
(only limited available for research purposes), an annotated sequence of A.

nidulans and a draft version of the A. fumigatus sequence (Table 1).

Table 1 The URLs and details of libraries used in Blast searches.# Seq: number of

sequences in the database.

Organism Strain URL # Seq. Release date Source of DNA
A. fumigatus | AF293 Www.tigr.org 32Mb | December 4, genomic
2002
A. nidulans | FGSC A26 www.genome.ou.edu 6000 March 11, 1999 |EST
mixed vegetative
and 24 asexual
development
FGSC A26 www-genome.wi.mit.edu (31 MB | July §, 2003
genomic
A. flavus www.genome.ou.edu 1400 February 22 EST
2001 vegetative mycelia
A. niger NRRL 3122 | in house 38.8 MB genomic

At the start of this project no aminopeptidase genes from 4. niger (which
is often used in the food industry because its products are generally regarded as
safe) had been described. In this study a number of molecular techniques have
been used to clone four aminopeptidase genes of A. niger. The architecture and
regulation of these genes have been studied and the corresponding enzymes have
been purified and characterized. Together, these aminopeptidases are able to
hydrolyze a range of different peptides. ApsA and ApsB (chapters 2 and 3) are

specific for peptides with arginine and lysine at their N-terminal end. ApsC
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(chapter 4) is specific for peptides that start with an aromatic amino acid. PapA
(chapter 5) specifically hydrolyses N-terminal proline and hydroxy-proline from
peptides.

As all living organisms Aspergilli maintain a particular rate of protein
turnover by continuous degradation and synthesis of proteins. Outside the cell,
proteins are degraded into oligopeptides by extracellular broad specificity
proteases and used as carbon and nitrogen sources. Further degradation of these
oligopeptides into amino acids can be achieved by the interaction of extracellular
or intracellular oligopeptidases, di-, tripeptidases and finally by carboxy- and
aminopeptidases. Intracellular turnover of proteins by proteases provides a ready
pool of amino acids as precursors for the synthesis of new proteins (3). In the
cytoplasm, the proteasome is responsible for the rapid degradation of malfolded
and intrinsically unstable proteins into oligopeptides (2, 11, 29, 30). The resulting
oligopeptides are then broken down into amino acids by a succession of
oligopeptidases and exopeptidases. In the archeon Thermoplasma acidophilum a
factor called Tricorn (TRI) is found that degrades oligopeptides that result from
the proteasome in a sequential manner (49). Tamura et al., (48) describe that TRI
is a self-compartmentalizing protease complex unrelated to the proteasome. With
the Tricorn protease complex several factors seem to be associated. Some of these
interacting factors have been identified as aminopeptidases. This complex acts
downstream the proteasome, which leaves the cell with peptides of 6-12 amino
acids. TRI then further degrades these oligopeptides into smaller peptides of 2-4
residues in size. These small peptides are than further degraded by
aminopeptidases associated with TRI. Although a TRI-like complex has not been
found in eukaryotes yet, the aminopeptidases (ApsA, ApsB, ApsC and PapA)
described in this thesis might be associated with other proteins in a
supramolecular complex.

In yeast large scale analysis of protein complexes has been done (16, 21,

27). The data sets generated in these studies are available at
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http://www.mdsp.com/yeast and http://www.bind.ca. These databases have been

searched for protein complexes harboring aminopeptidases. So far there is
evidence that two aminopeptidases are in a complex. Methionine aminopeptidase
(MAP2) has been found in a complex with RFC3 which is subunit 3 of replication
factor A and is involved in DNA damage response and repair and DNA
replication. The vacuolar aminopeptidase Y is found in a complex with PTCI, a
serine-threonine protein phosphatase and SEC7, a guanine nucleotide exchange
protein for ARF, involved in protein transport. Other aminopeptidases have not
been found in complexes yet, but as these studies are ongoing, it is expected that
more aminopeptidases will be found in complexes, taking a step forward in
unraveling their physiological role.

The vacuole is responsible for the breakdown of long lived proteins (17,
18, 30). In yeast two vacuolar aminopeptidases, APY and LAPIV, are described,.
We found a gene and a ¢cDNA homologous to APY of Yeast, indicating the
existence of such a function in 4. niger. So far we have measured extracellular
aminopeptidase activity only in a multi copy strain of ApsC (chapter 4). Thus the
existence of genuine extracellular aminopeptidases from A. niger remains to be
proven.

For a total hydrolysis of (small) peptides more peptidases are needed
than just ApsA, ApsB, ApsC and PapA. Are there any additional aminopeptidases
or does the organism deal with the remaining peptide fragments in a different
way? In the yeast Saccharomyces cerevisiae 11 aminopeptidases have been
purified and characterized (1, 6-10, 12-15, 19, 20, 22, 25, 26, 32-34, 41, 42, 50,
51, 53, 54) and from A. niger only four aminopeptidases have been purified and
characterized (this thesis), thus it might be that there are more aminopeptidases
present in A4. niger.

In 2001, the Dutch company DSM has sequenced the complete genome of
A. niger. The genome of 4. nidulans has also been sequenced and annotated and

there is a draft of the Aspergillus fumigatus genome (Table 1). We searched these
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databases with the already characterized A. niger aminopeptidases, published
aminopeptidases of other Aspergilli and with the yeast aminopeptidases. In
addition we searched in the publical available EST libraries of 4. nidulans and A.

flavus (Table 1), which contain only a limited number of ESTs.

Homologs of A. niger ApsA and ApsB

A BlastP search with ApsA of A. niger against the annotated 4. niger
library resulted in three significant protein sequences, one being ApsA itself, one
being ApsB and one additional sequence (Table 2). This additional sequence
might be a leukotriene A4 hydrolase, since this sequence has highest homology
with LTA4 of Saccharomyces cerevisiae. A BlastP search with ApsA against the
annotated 4. nidulans library resulted also in three significant protein sequences,
two are orthologs of ApsA and ApsB and one which probably is a leukotriene A4
hydrolase (Table 2). A TblastN search with ApsA against the draft genome of A.
fumigatus identified the same three proteins (Table 2).

A BlastP search with ApsB of A. niger resulted in four significant protein
sequences. One being ApsB itself, one being ApsA, and one being probably an
LTAA4-like aminopeptidase (see above). In this Blast search a fourth ORF is
detected, however this ORF does not contain the two characteristic motifs of the
M1 family of aminopeptidases (GAMENWG and HEXXH). A further study is
needed to determine if this ORF codes for an aminopeptidase.

Both the S. cerevisiae aminopeptidases AAPI and LAPI are most similar
to ApsA and its orthologs in other Aspergilli (chapters 2 and 3). When a BlastP
search with LTA4 of S. cerevisiae is done against the libraries, highest homology
is found with the unknown ORF, therefore it is expected that this sequence codes
for a leukotriene A4 hydrolase (LTA4). LTA4 has aminopeptidase activity.

When ApsA and ApsB were blasted against the A. nidulans and A. flavus
EST data, 4. nidulans ESTs coding for ApsB orthologs were found, indicating
that ApsB is expressed in A. nidulans.
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A more sensitive BlastP search with a HMM profile was done for the M1 family
of aminopeptidases, however this did not result in any additional putative

aminopeptidases.

Homologs of A. niger ApsC

Aminopeptidase C from A. niger seems to be a unique aminopeptidase
among the Aspergilli. In Table 2 one sequence can be found in 4. nidulans which
has homology to ApsC from A. niger, however this homology is only over a small
stretch of amino acids with a low expect value. ApsC hydrolyses N-terminal
aromatic amino acids from peptides, thus the other Aspergilli must have different

aminopeptidases or different ways to hydrolyze these amino acids from peptides.

Homologs of A. niger PapA

A BlastP search against the libraries with PapA revealed only PapA and
its orthologs. So there is no second copy of pap4, although it was expected that
there might be an additional PapA with a narrower substrate specificity and a
lower molecular mass (chapter 5). The organisms from which a prolyl
aminopeptidase has been cloned seem to have either a multimeric
prolylaminopeptidase with broad substrate specificity or a monomeric
prolylaminopeptidase with a narrow substrate specificity. Two sequences were
found in the 4. nidulans library, however these sequences seem to originate from

the same cDNA.

Homologs of S. cerevisiae BLHI

We furthermore used known S. cerevisiae aminopeptidases to search the
genomic and EST libraries. We used bleomycin hydrolase, a cystein
aminopeptidase and could find an ortholog in A. niger and A. nidulans but not
(yet) in 4. fumigatus. We also found an EST sequence in 4. nidulans, indicating

that this gene is also expressed in A. nidulans.
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Homologs of S. cerevisiae MAPI and MAP2

In the yeast Saccharomyces cerevisiae, two methionine aminopeptidases
(MAP) exist. When a BlastP search is done with MAP1 and MAP2 against the
libraries, six sequences can be found with homology towards these
aminopeptidases in A. nidulans and only five and four in A. niger and A.
fumigatus, respectively. However three of these 4. nidulans sequences show only
homology over a short stretch of amino acids. Only biochemical characterization
of the proteins can prove if these are real aminopeptidases.

In the EST library of 4. nidulans we find a large number of MAP2 like
sequences (21) but no MAP] like sequences, probably MAPI is only expressed at

special conditions, not available in the A. nidulans EST library.

Homologs of the S. cerevisiae vacuolar aminopeptidases APY and LAPIV

We know that there is at least one additional aminopeptidase present in 4.
niger, an aminopeptidase with high homology to aminopeptidase Y (APY) of S.
cerevisiae. In yeast, APY is a vacuolar aminopeptidase involved in the breakdown
of peptides in the vacuole. We were able to clone a gene and the corresponding
cDNA of 4. niger similar to APY of S. cerevisiae, however, the sequence was
only partially determined. When BlastP search with APY of S. cerevisiae is done
against the genomic libraries then two different sequences appear in 4. fumigatus,
and three different sequences appear in A. niger and A. nidulans. In the (patent)
literature additional APY like sequences of A. oryzae can be found. When a
BlastP search is done with these sequences, additional APY-like sequences are
found in A. niger, A. nidulans, and A. fumigatus. In total five different putative
aminopeptidase genes from the M28 family are found in the 4. niger sequence.
Only biochemical characterization can prove that these enzymes are
aminopeptidases. In the genomes of A. nidulans and A. fumigatus only four

putative aminopeptidase are found from this family.
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The most extensively investigated aminopeptidase is probably aminopeptidase I
(LAPIV) of S. cerevisiae, a large dodecameric aminopeptidase in the vacuole. All
the Aspergilli tested have two different sequences that might encode for a LAPIV
like enzyme. There are also EST sequences of 4. nidulans, which seem to code
for LAPIV. Thus LAPIV seems to exist in the Aspergilli and there is also
evidence for an additional copy.

With the aminopeptidases of 4. niger cloned so far, 4. niger is able to

hydrolyze N-terminal lysine, arginine, leucine, methionine, aromatic amino acids
and even proline. However, for a total hydrolysis of peptides into its amino acids,
the fungus needs additional proteases.
One possibility is that the not yet cloned and characterized aminopeptidases are
able to hydrolyze these N-terminal amino acids. A second possibility is that these
aminopeptidases have overlapping substrate specificities, but that these enzymes
are expressed under special conditions, or in specialized compartments or outside
the cell. It is known that yeast APY and API are vacuolar. It might be that the
additional aminopeptidases have the same substrate specificity but a different
location. A third possibility is that the fungus uses additional carboxypeptidases,
di-, tri peptidases and or di-, tri- peptidylpeptidases for a total hydrolysis of a
protein into its amino acids.

In this thesis we elucidated (part) of the aminopeptidase spectrum of A.
niger. Four aminopeptidases (ApsA, ApsB, ApsC and PapA) are described. The
genes were cloned, the enzymes were purified, and they were biochemically
characterized. The sequencing of the genomes of A. niger A. nidulans and A.
fumigatus enlarges the knowledge about additional copies of genes, and gives
information about how many additional aminopeptidase genes may be expected.
However, genomic information only is not enough to get a complete picture about
catabolism of peptides. Information of loss of function strains is also important to
elucidate if these enzymes are essential or if other enzymes can take over the lost

function. Furthermore the biochemical data are of outstanding interest. What

112



General discussion

kinds of substrates can be hydrolyzed by the aminopeptidase, why these kinds of
substrates, what are the amino acids involved in substrate binding, what are the
amino acids involved in catalyses? All this information combined enables us to
assess the function of a gene product. Genome information alone is of limited
value.

In this study we have revealed four aminopeptidases from A. niger,
however the whole spectrum may be far from complete yet and it remains an

intriguing area of study.
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Table 2 BlastP searches of aminopeptidases in the protein libraries of A. niger and A. nidulans (A.
nid.). TBlastN searches of aminopeptidases in the genomic A. fumigates (A. fum.) library.

Sequences with an Expect value <0.0001 are shown.

Family Protein Organism  Acc. no. A. niger A. nid A. fum
Seq ID  Score Evalue  SeqID Score Evalue  SeqID Score  E value
(Bits) (Bits) (Bits)
Ml ApsA An CAC38353  g03045 1677 0.0 AN1638 1473 0.0 4826 1509 0.0
211592 642 0.0 AN4282 662 0.0 4892 132 00
209551 69 7e'? AN5812 83 3¢t 4856 53 1e%
ApsB An CADI10746  g11592 881 0.0 AN4281 1443 0.0 4892 414 00
203045 877 0.0 AN1638 674 0.0 4826 671 0.0
209551 539 1.6¢'  AN5812 100  3e?! 4856 50 1e™
211146 584 12¢%  ANI494 55 1”7 4416 45 1e¢®
LAPI Sc CAA4403 203045 877 0.0 AN1638 943 0.0 4826 782 0.0
211592 881 0.0 AN4282 641 0.0 4892 89 0.0
209551 488 47¢"  AN5812 81 1eh
AAPI Sc NP_011913 203045 878 0.0 AN1638 907 0.0 4826 736 0.0
211592 881 0.0 AN4282 634 0.0 4892 107 0.0
209551 485 21e¢"  AN5812 84 le't 4856 48 1e®
LTA4 Sc CAAG64237 09551 658 5¢7108 AN5812 561 1e 4856 327 00
211592 424 1.1¢'  AN1638 86 3¢l 4826 77 1eh
203045 471 52¢™  AN4282 86 4¢ 4892 43 1¢®
MI8 LAPIV Sc NP_012819  gl2070 358 20e”  AN8252 365 Te ™ 4892 339 0.0
207082 265 3.0e7" AN2966 232 2¢° 4805 165 0.0
M24 MAPI Sc AAAT5193  g09712 367 91 AN5199 444 1e'® 4963 278 0.0
209711 372 3.0¢!5 AN5055 348 1¢%° 4917 206 0.0
206818 323 3.0e%  AN6641 84 gel”

AN4404 50 1e%
ANI582 42 4

MAP2 Sc AAC49142  g06818 431 40e'®  AN4404 434 1P 4917 304 0.0
209708 475 1.0e'  AN0369 384 1e'7 4826 119 00
206757 330 28e¢™ 4928 64 0.0
M28 APY Sc AAA19559 12069 489 g el AN3918 417 e 4816 341 0.0
207083 380 7.8¢'0  AN8445 271 2¢7 4968 234 0.0
207080 378 1.7¢%  AN7035 61 7¢0
Apll Ao 212069 504 53¢ AN8445 669 0.0 4968 479 0.0
208436 487 25¢%  AN3918 313 9™ 4816 261 0.0
207080 285 9.6¢”  AN4018 45 5¢0 4516 78 let®
205298 598 20e™  AN7035 44 g et 4932 57 1e®
Ap Ao 207080 389 3.0 AN7035 382 1e'% 4882 23 0.0
207083 436 3.1e*™  AN3918 49 2706 4816 124 1e™
212069 458 8.0e™  AN8445 45 3e®
AN4018 42 3e™
509 ApsC An CAC87723 06359 1311 0.0 AN9372 45 5¢%
212239 87 2¢"7 AN1478 44 1e™
206908 42 6™
S033 PapA An CAC40647 03065 862 0.0 AN2092 737 0.0 4929 18 0.0
o1 BLHI Sc CAA48878 07302 352 2¢7 AN6399 368 '™

Sc: Saccharomyces cerevisiae
An: Aspergillus niger
Ao: Aspergillus oryzae
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Summary

Aspergillus niger is a filamentous fungus that can grow in many
environments, on several substrates at different conditions. In the soil, Aspergilli
recycle nutrients by the degradation of plant material. In particular, Aspergilli are
known for their capability to spoil plant materials like grains and fruits. In the
industry Aspergilli are often being used as hosts for the production of both
homologous and heterologous (foodgrade) enzymes.

In the food industry aminopeptidases from A. niger are being used for the
production of cheese, for baking and the preparation of soy hydrolysates. The use
of Aspergilli as hosts for the production of industrial proteins has resulted in
detailed studies on the proteolytic spectra. Although the endopeptidase spectrum
is thoroughly studied, the aminopeptidase spectrum is not. In this thesis
aminopeptidases of A. niger are analyzed. Aminopeptidases are classified
according to their catalytic activity into metallo, serine and cysteine
aminopeptidases.

Aminopeptidase A (ApsA) was cloned using conserved regions within the
M1 family of metallo aminopeptidases. The derived amino acid sequence of this
aminopeptidase is highly similar to two yeast aminopeptidases. The protein was
overexpressed in A. niger and the purified product was characterized. ApsA
prefers lysine at the N-terminal end of a peptide. The Ky and K, for the artificial
substrate K-pNA is 0.17 mM and 0.49 pkat mg™”. The pH optimum of the enzyme
is between pH 7.5 and 8.

A conserved region of ApsA was used to search for a paralog. Indeed a
paralog was found, aminopeptidase B (ApsB). ApsB has 40% sequence identity
with ApsA, but the encoding genes differ in architecture. apsB is interrupted by
eleven introns while the ORF of ApsA is interrupted by only one. None of these
introns show positional conservation. ApsA and ApsB are encoded by similar
genes but have different substrate specificities. The results suggest that aps4 and
apsB are the result of an ancient duplication event and that both proteins have

developed their own niche of intracellular peptide degradation.
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A third aminopeptidase (ApsC) of A. niger was cloned using degenerated
primers based on sequenced fragments of purified ApsC from an industrial A.
niger strain. This strain was selected for its high (extracellular) ApsC activity. The
amino acid sequence of ApsC is not similar to any previously characterized
aminopeptidase, but shares sequence similarity to mammalian acyl-peptide
hydrolases, however ApsC is not able to hydrolyze N-acetylalanine-pNA, a
substrate for acyl- peptide hydrolases. ApsC is active towards N-terminal
aromatic amino acids, especially phenylalanine. The pH optimum for this
aminopeptidase is between pH 5 and 5.5 which is rather uncommon for a
cytoplasmic aminopeptidase.

The fourth aminopeptidase described in this thesis is PapA. PapA is
capable of hydrolyzing N-terminal proline and hydroxyproline. This enzyme was
described earlier in prokaryotes, however, PapA is the first enzyme of this class of
enzymes described in eukaryotes.

Together these four aminopeptidases are responsible for the breakdown of
a whole range of peptide fragments. However, as discussed, there are still some
aminopeptidases to be found. In this world were genomic sequences become
available fast the actual cloning of a gene is facilitated and less time consuming,
however, the biochemical characterization of the aminopeptidases is still very
important as well as the study of all the interactions of genes and enzymes in the

breakdown of a (large) peptide into its amino acids.
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Samenvatting

Aspergillus niger is een filamenteuze schimmel die in bijna elke
omgeving kan groeien, op verschillende substraten, onder verschillende condities.
Andere Aspergilli zijn bekend vanwege hun vermogen om granen en fruit te
bederven.

In de industrie wordt Aspergillus vaak gebruikt bij de productie van
zowel homologe als heterologe “foodgrade” enzymen. In de voedselindustrie
worden aminopeptidases van A4. niger gebruikt bij de productie van kaas, bij
bakken en bij de productie van soja hydrolysaten. Het gebruik van Aspergilli als
gastheer voor de productie van industriéle enzymen heeft geresulteerd in
gedetailleerde onderzoeken van het proteolytische spectrum.

Alhoewel het endoprotease spectrum uitgebreid bestudeerd is, is dat niet
het geval bij de aminopeptidases. In dit proefschrift wordt een deel van het
aminopeptidase spectrum van A. niger beschreven.

Aminopeptidases worden geclassificeerd naar hun katalytische activiteit
in metallo aminopeptidases, serine aminopeptidases en cysteine aminopeptidases.

Aminopeptidase A (ApsA) is gekloneerd door gebruik te maken van
geconserveerde gebieden binnen de M1 familie van metallopeptidases. De
verkregen aminozuur sequentie van deze aminopeptidase lijkt sterk op twee gist
aminopeptidases. Het eiwit is tot overexpressie gebracht in A. niger en het
gezuiverde product is gekarakteriseerd. ApsA heeft een voorkeur voor lysine aan
de N-terminale kant van een eiwit. De K,,en de k., voor het artificiéle substraat
K-pNA zijn 0.17 mM en 0.49 pKat mg'. Het pH optimum van het enzym ligt
tussen pH 7.5 en 8.

Een geconserveerd gebied van ApsA is gebruikt om een paraloog van
ApsA te vinden. Inderdaad is er een paraloog gevonden, aminopeptidase B
(ApsB). De sequentie van ApsB is 40% identiek aan ApsA, maar de coderende
genen zijn verschillend in architectuur. ApsB wordt onderbroken door elf intronen
en ApsA door slechts twee. Geen van deze intronen is positioneel geconserveerd.

ApsA en ApsB worden gecodeerd door soortgelijke genen, maar ze hebben
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verschillende substraat specificiteiten. De resultaten suggereren dat aspA en apsB
het gevolg zijn van een oude duplicatiec waarna beide eiwitten hun eigen niche
hebben ontwikkeld m.b.t. intracellulaire eiwit afbraak.

Een derde aminopeptidase van A4. niger; ApsC, is gekloneerd door
gedegenereerde primers te gebruiken die gebaseerd zijn op partiele eiwitvolgordes
van gezuiverd ApsC. Dit ApsC was gezuiverd uit een industri€le 4. niger stam en
geselecteerd op z’'n hoge (extracellulaire) ApsC activiteit. De aminozuur
sequentic van ApsC lijkt niet op enige andere eerdere gekarakteriseerde
aminopeptidase, maar heeft enige overeenkomst met acyl-peptide hydrolases van
zoogdieren. ApsC is echter niet in staat om N-acetylalanine pNA (een substraat
voor acyl-peptide hydrolases) te hydrolyseren. ApsC hydrolyseert N-terminale
aromatische aminozuren van eiwitten, vooral phenylalanine. Het pH optimum van
dit eiwit ligt tussen pH 5 en 5.5 wat nogal ongewoon is voor een cytoplasmatisch
eiwit.

De vierde aminopeptidase die in dit proefschrift wordt beschreven is
PapA. PapA kan N-terminale proline en hydroxyproline hydrolyseren van
eiwitten. Een soortgelijk enzym is beschreven in prokaryoten, echter PapA is het
eerst beschreven enzym van deze klasse van enzymen in eukaryoten.

Samen zijn deze vier aminopeptidases in staat om verschillende eiwitten
af te breken, echter zoals bediscussieerd is zijn er nog een aantal additionele
aminopeptidases te verwachten. In deze wereld, waar de complete genoom
sequenties van verschillende organismen steeds sneller beschikbaar komen, wordt
het kloneren van een gen steeds gemakkelijker en minder tijdrovend, echter de
biochemische karakterisering van aminopeptidases blijft nog steeds erg belangrijk
evenals de interactie van genen en enzymen in de afbraak van een (groot) eiwit tot

zijn aminozuren.
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