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The Antarctic notothenioid Trematomus bernacchii (rock cod) lives at a
constant mean temperature of — 1.9 °C. Gastric digestion under these con-
ditions relies on the proteolytic activity of aspartic proteases such as pep-
sin. To understand the molecular mechanisms of Antarctic fish pepsins,
T. bernacchii pepsins Al and A2 were cloned, overexpressed in Escherichia
coli, purified and characterized with a number of biochemical and biophysi-
cal methods. The properties of these two Antarctic isoenzymes were com-
pared to those of porcine pepsin and found to be unique in a number of
ways. Fish pepsins were found to be more temperature sensitive, generally
less active at lower pH and more sensitive to inhibition by pepstatin than
their mesophilic counterparts. The specificity of Antarctic fish pepsins was
similar but not identical to that of pig pepsin, probably owing to changes
in the sequence of fish enzymes near the active site. Gene duplication of
Antarctic rock cod pepsins is the likely mechanism for adaptation to the
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One of the peculiarities characterizing Antarctic noto-
thenioids is their ability to live at a temperature of
—1.9 °C with seasonal variations of about 0.2 °C [1].
To cope with such a harsh habitat, Antarctic fish have
evolved a number of physiological adaptations, includ-
ing the presence of antifreeze glycoproteins [2], the
ability to keep tubulin polymerized at —2 °C [3], and
a substantial reduction of the hematocrit, a process
which, in the Channichthyidae, reaches its extreme
with the complete loss of both erythrocytes and hemo-
globin [4]. In addition to this, cold-adapted organisms
have developed a number of adjustments at the mole-
cular level to maintain metabolic function at low
temperatures. Among other features, they can produce
enzymes characterized by a high turnover number or
high catalytic efficiency.

In our studies on aspartic proteinases in nototheni-
oids, a fish group endemic to Antarctica, we have
focused our attention on pepsins because of their

Abbreviations

harsh temperature environment in which these enzymes must function.

important nutritional role. Pepsins are a family of
aspartic proteinases accomplishing important digestive
functions in both invertebrates and vertebrates [5].
Like other aspartic proteinases, pepsin is produced as
a zymogen. The primary structure of the zymogen
includes a signal peptide (or presequence) and the so-
called propart, whose autocatalytic cleavage leads to
the formation of the active enzyme [6]. The catalytic
mechanism depends on the presence of two aspartic
acids positioned roughly in the center of a deep cleft
forming the active site and covered by a hairpin loop
(flap) protruding from the N-terminal lobe of the
molecule. The active site cleft can accommodate about
seven residues of a substrate. These residues are usu-
ally designated as P4-P3-P2-P1*P1’-P2’-P3’, with the
scissile peptide bond between P1 and P1’ indicated by
an asterisk and normally flanked by two hydrophobic
residues. The corresponding subsites that constitute the
topography of the active site cleft in each enzyme are

ACN, acetonitrile; CK-MM, rabbit muscle creatine phosphokinase; IPTG, isopropy! thio-B-p-galactoside.
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designated accordingly as S4-S3-S2-S1-S17-S2°-S3’ [7].
The two major groups of immunogenetically and bio-
chemically distinct pepsins are pepsin A and pepsin C,
the latter also being known as gastricsin. These
enzymes are active at extremely low pH values [8,9] in
both the stomach and the duodenum, and are quickly
denatured when the pH exceeds 5.5 [10], thus prevent-
ing continuous proteolytic action that may damage
these organs. Pepsin C has a slightly higher optimal
pH than pepsin A, but substrate specificity is nearly
the same for the two enzymes [7]. Most of our knowl-
edge of pepsin derives from studies on human and
mammalian enzymes [11-14], and much less informa-
tion is available on enzymes from other vertebrates,
including fish [13,15,16].

We have previously [17] cloned and sequenced three
forms of pepsin A (which were named Al, A2 and
A3), and a single form of gastricsin (named pep-
sin C), from the gastric mucosa of the Antarctic
notothenioid Trematomus bernacchii (rock cod). Note
that the naming convention used here is tentative,
because fish pepsin A is a close relative of mamma-
lian pepsin A, pepsin F and chymosin, whereas fish
gastricsin is close to a common ancestor of mamma-
lian gastricsin and pepsin B. Phylogenetic analysis has
shown that rock cod pepsin C and pepsin A form
two distinct clades, and the three fish pepsin A iso-
types result from two rounds of gene duplication
leading to the most ancestral pepsin, pepsin A3, and
to the most recent forms represented by pepsin Al
and pepsin A2 [17]. Molecular modeling studies have
unraveled significant structural differences in these
enzymes with respect to their mesophilic counterparts
[17]. Rock cod pepsin A2 displayed local changes in
the substrate-binding cleft, with a significant reduction
of the hydropathic character and concomitant
increase in the flexibility of this region with respect to
the two isoforms Al and A3, the gastricsin and the
other fish pepsins [17]. In general, a reduced level of
hydropathy and higher molecular flexibility character-
ize cold-adapted proteins [18]. Moreover, the central
role of pepsin A in food digestion makes it an attrac-
tive candidate for genetic engineering and identifica-
tion of amino acid residues modulating its activity or
stability.

To better understand the molecular mechanisms
responsible for adaptation of food digestion at temper-
atures below 0 °C, we produced the two T. bernacchii
fish pepsin variants Al and A2 (hereafter referred to
as fish pepsins Al and A2) by heterologous expression
in Escherichia coli. The enzymes were purified, and
their biochemical properties were studied in compari-
son to pepsin A from porcine stomach.
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Results

Expression and purification of recombinant fish
pepsinogens

Isopropyl thio-B-D-galactoside (IPTG) induction of
E. coli BL21 (DE3) cells transformed with plasmid
pET22b—PepAl or plasmid pET22b—PepA2 resulted in
the overexpression of recombinant fish pepsinogens Al
and A2 as inclusion bodies. The inclusion bodies were
purified by several buffer washes and solubilized with
6 M urea, and the refolding was initiated by rapid dilu-
tion at alkaline pH as described in Experimental proce-
dures. Refolded pepsinogens Al and A2 were loaded
onto a Sephacryl S-300 column, and each collected frac-
tion was monitored for protease activity and absorbance
at 280 nm (supplementary Fig. S1A). For both refolded
fish pepsinogens, the peak of proteolytic activity eluted
just before the end of the 4,50 nm peak. Fractions 15-23
did not show proteolytic activity but contained most of
the recombinant fish pepsinogen in association with sev-
eral contaminants, as estimated by SDS/PAGE analysis
(data not shown). Both recombinant fish pepsinogens
eluted under the Asgp nm peak were assumed to be the
incorrectly refolded zymogen forms [19]. The collected
gel filtration fractions containing the active pepsinogen
form (fractions 25-40) were pooled and further purified
by anion exchange chromatography on a Resource Q
column. Fish pepsinogens Al and A2 were both eluted
with 0.1 M NaCl (supplementary Fig. SIB). The
enzyme-containing fractions were pooled and dialyzed
against 20 mm Tris/HCI (pH 8.0).

The dialyzed solution containing pepsinogen Al was
found to be homogeneous by SDS/PAGE and MS
(Fig. 1), and similar data were obtained for fish pep-
sinogen A2 (data not shown). To determine the purity
and validate the correct mass of the purified fish pepsi-
nogens, ESI MS was used. Because pepsins tradition-
ally do not ionize well in the positive ion mode, the
negative ion mode was used. Figure 1 shows represen-
tative ESI spectra for fish pepsinogen Al (Fig. 1A),
fish pepsin Al (Fig. 1B) and, for comparison, pig
pepsin (Fig. 1C). The mass spectra confirmed that the
proteins were relatively pure, as the major peaks in the
spectra were those of pepsinogen (Fig. 1A). Although
a second band of higher molecular mass was seen in
SDS/PAGE, MS did not indicate that this was a
major contaminant.

Characterization of recombinant fish pepsins
Fish pepsins were prepared by activating purified

recombinant pepsinogens by acidification with 2 M
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glycine-HCI (pH 2.0). The solution was neutralized by
dialysis against sodium acetate buffer (pH 5.3). The
recovered solution containing the active form of fish
pepsin Al showed a single band on SDS/PAGE
(Fig. 1D, lane 2), and similar results were observed
with activated fish pepsin A2 (data not shown). The
conversion of pepsinogen to pepsin is expected to
decrease the molecular mass by approximately
4600 Da, owing to the loss of the N-terminal enzyme
propart (residues 1-38). The measured molecular
masses of fish pepsinogen Al and fish pepsin Al were
38 845 Da and 34 250 Da, respectively (Fig. 1A,B).
The observed experimental mass difference (4595 Da)
is very close to the theoretical difference, indicating the
removal of the N-terminal propart during the activa-
tion procedure. In addition, the N-terminal sequence
determined by Edman degradation of the electroblot-
ted recombinant fish pepsins was YQSGTESMTN-
DADLSYYGVI for both isoforms, confirming that the
mature enzymes were generated by autoactivation of
the refolded =zymogen. Taken together, the
SDS/PAGE, Edman degradation and ESI MS analyses
all indicate that both fish pepsinogens were efficiently
converted to the pepsin form at pH 2.0 by elimination
of the N-terminal propart sequence.

The secondary structure of fish pepsins Al and A2
was also investigated by far-UV CD spectroscopy
(supplementary Fig. S2). The CD spectra for the two
fish pepsin isoforms overlapped, indicating no substan-
tial secondary structure differences. Secondary struc-
ture calculations from the far-UV CD spectral data
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pepsin A1. The measured molecular masses
were 38 845 Da for the pepsinogen form
(theoretical mass 38 850.6 Da) and

34 250 Da for the activated form (theoretical
mass 34 241.2 Da). The conversion of pep-
sinogen to pepsin leads to a mass shift of

~ 4600 Da, due to the removal of N-terminal
residues 1-38. (C) Negative ion ESI mass
spectra of pig pepsin A from Sigma, as a
control (theoretical mass 34 583.8 Da; mea-
sured mass 34 584 Da). (D) Commassie-
stained SDS/PAGE gel of fish pepsin A1
before (lane 1) and after (lane 2) activation.

showed that both Antarctic enzymes contained a high
proportion of B-sheets (56.1% for Al and 52.2% for
A2), as reported for mammalian pepsins [20]. This
result indicates that the secondary structure of the
recombinant proteins was not altered during protein
processing.

Alignment of Antarctic fish versus pig pepsins also
revealed strong sequence identity (52.7%) between the
three enzymes (Fig. 2). As compared to pig pepsin,
both Antarctic fish enzymes lack the C-terminal
sequence GMDVP (Fig. 2A,B). Interestingly, some of
these residues belong to the subsites that constitute the
topography of the active site cleft. Notably, the four
amino acids E287, M289, V291 and T293 forming the
loop EGMDVPT are residues of the S4-S1 subsites
(E287 and M289) and S1'-S3” subsites (V291 and
T293) of pig pepsin that make contact with the resi-
dues of an ideal heptapeptide substrate [21].

pH and temperature studies

The enzymatic activity of fish pepsins Al and A2 was
investigated at different pH values and temperatures
and compared with that of pig pepsin. A broad pH
range was tested using hemoglobin as substrate
(Fig. 3A). The mesophilic porcine enzyme exhibited
100% relative activity at pH 2.0, but a rapid reduction
in activity at pH 2.5. In contrast, both Antarctic iso-
enzymes were less active at their optimum pH (2.5 for
fish pepsin Al and 2.0 for fish pepsin A2), and showed
a slow decline of their relative activity at pH values
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Fig. 2. (A) Alignment of amino acid sequences of the Antarctic recombinant pepsins with pig pepsin. Multialignment was achieved using the
program CLUSTAL W version 1.83 [42]. The two aspartic acid residues present in the catalytic site are marked in gray. The missing residues in
fish pepsin isoforms are boxed. (B) Model of fish pepsin A1 based on the crystal structure of pig pepsin (Protein Data Bank code 5PEP [21]),
prepared as described previously [17]. The rendering on the right has been turned 90° towards the observer, as shown, to look down onto
the top of the active site. The conserved residues between pig and fish pepsin, as determined by the alignment, are colored green. The
extra residues in pig pepsin that are boxed in (A) are shown in the position that they occupy in the crystal structure of pig pepsin (5PEP) and
are colored red. The remaining pig pepsin residues are virtually superimposable on the fish pepsin A1 model. The two conserved aspartic
acids present in the catalytic site are drawn as sticks and labeled. The synthetic phosphonate inhibitor IVA-Val-Val-Leu”-(O)Phe-Ala-Ala-OMe
(IVA = isovaleryl; Leu” = phosphinic acid analog of leucine; (O)Phe = L-3-phenyllactic acid) in the active site in this Protein Data Bank file is
shown in stick form with the N-terminus and C-terminus labeled. Modeling of the inhibitor binding to the fish pepsin model was obtained by
overlaying the crystal structure of the model with human pepsin 3A in complex with the synthetic phosphonate inhibitor (Protein Data Bank
code 1QRP [23]).

above their optimum. The effect of the temperature on
enzyme activity was also examined for fish and pig
pepsins (Fig. 3B). The optimum temperatures (the tem-
peratures at which there was the most activity) for
Antarctic fish pepsins Al and A2 were found to be
50 °C and 37 °C, respectively. At lower temperatures
(4°C, 10°C and 25°C), pig and fish pepsin A2
showed similar relative activities, whereas fish

FEBS Journal 274 (2007) 6152-6166 © 2007 The Authors Journal compilation © 2007 FEBS

pepsin Al was slightly less active. Pig pepsin exhibited
100% relative enzyme activity at 60 °C, and its activity
dropped sharply to 20% at 70 °C. At the temperatures
at which they were optimally active, the fish isoforms
were less active than the pig enzyme, and they rapidly
lost activity above 50 °C (Fig. 3B). This prompted an
examination of the stability of all three enzymes at
50 °C and at pH 5.3 (at this pH, all three pepsins show
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times and the residual activity was measured at pH 2.0
using hemoglobin as substrate (Table 1). Under these
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Fig. 3. (A) Effect of pH on the activity of commercial pig pepsin
and recombinant fish pepsins A1 and A2. Active fish isoenzymes
were obtained as described in Experimental procedures. The rela-
tive activity is expressed as a percentage of the highest activity
over the pH range examined. Each data point represents the mean
of three determinations. (B) Influence of temperature on enzymatic
activity. Protease activity was determined using denatured hemo-
globin as substrate. Pepsin obtained from pepsinogen activation
was added to the reaction mixture containing sodium citrate buffer
(pH 2.0). The assay was performed at various temperatures, as
described in Experimental procedures. The results are representa-
tive of three independent sets of measurements. Relative activity
is expressed as a percentage of the highest activity over the tem-
perature range examined for the enzymes considered. (C) Effect of
pepstatin A on fish and pig pepsins. Enzymes were assayed in the
presence of increasing concentrations of pepstatin A using a 2.5%
hemoglobin as substrate. Pepsin activity was determined at pH 2.0
and 37 °C. The fish and pig pepsin concentration in each assay
was 0.021 pum. B, activity of commercial pepsin; A, activity of fish
pepsin A1; O, activity of fish pepsin A2.

Table 1. Stability of pig and fish pepsins at 50 °C and pH 5.3. Aliqu-
ots were removed at appropriate times and the residual activity
was measured at pH 2.0 and 37 °C using hemoglobin as substrate.

Enzyme Half-life (min)
Pig pepsin 310 £ 1.55
Fish pepsin A1 270 £ 1.35
Fish pepsin A2 72 + 0.46

conditions, a half-life of 310 min was observed for the
mammalian enzyme. By comparison, the half-lives of
Antarctic fish pepsins A1 and A2 under the same con-
ditions were 270 and 72 min, respectively. As com-
pared to pig pepsin and fish pepsin Al, fish pepsin A2
appeared to be more labile at the temperature at which
it is maximally.

Effect of pepstatin A

Fish and pig pepsin activity was assayed in the pres-
ence of increasing concentrations of pepstatin A,
using hemoglobin as substrate. Pepstatin A is a well-
known acid protease inhibitor that binds in the active
site cleft of the enzyme [12,22]. Figure 2B shows a
ribbon representation of pig pepsin in complex with
the phosphonate inhibitor IVA-Val-Val-Leu”-(O)Phe-
Ala-Ala-OMe [IVA = isovaleryl; Leu” = phosphinic
acid analog of leucine; (O)Phe = L-3-phenyllactic
acid]. The occupancy as well as the hydrogen bond
network between the enzyme and this inhibitor are
essentially the same as those observed with pepsta-
tin A [23]. Pepsin activity was determined at pH 2.0
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and 37 °C for all three enzymes (Fig. 3C). Fish and
porcine pepsins are inhibited completely by the equiv-
alent molar amount of pepstatin, but fish isoforms
showed different behavior in pepstatin A inhibition.
Commercial pig pepsin required an inhibitor/enzyme
ratio of 0.3:1 to produce 50% inhibition, whereas
fish pepsins Al and A2 required an inhibitor/enzyme
ratio of 0.1 : 1 to reach about 50% and 60% inhibi-
tion, respectively.

Kinetic analysis

Kinetic parameters were determined for the purified
Antarctic enzymes and pig pepsin using the synthetic
chromogenic substrate Pro-Thr-Glu-Phe-(p-nitro-Phe)-
Arg-Leu-OH (peptide 1) and are shown in Table 2.
The K, values were lower for fish enzymes, as might
be expected for an enzyme from an Antarctic specie
[24]. The measured k., values for fish pepsins Al and
A2 were 22 and 130 times smaller, respectively, than
that of pig pepsin. Although the K, values of fish pep-
sins were lower, the resultant values for the specificity
constant (kc,/Ky,) of fish pepsins Al and A2 were six
and 12 times smaller, respectively, than that of pig
pepsin. These data suggest that the differences in the
3D structure of fish and pig pepsins may well affect
the kinetic behavior of the porcine and the fish
enzymes. In porcine pepsin, there is a loop formed by
the following residues: EGMDVPT (Fig. 2A,B). It
contains four amino acids that are residues of the
S4-S3” subsites. This loop is missing in the Antarctic
fish enzymes, as shown in the model of fish pepsin Al
in Fig. 2B. As a consequence, fish pepsins might
accommodate the synthetic substrate in the catalytic
pocket better than pig pepsin, due to a reduction in
steric hindrance in fish pepsin. This hypothesis is cor-
roborated by the fact that fish pepsins were more sen-
sitive to pepstatin A than was pig pepsin (Fig. 3C). On
the other hand, the specificity constants (kc,/Ky) of
fish pepsins were lower than that of the mammalian
enzyme. This may be because the differences in subsite
residues decrease the rate of hydrolysis. To explore the
possibility that differences between fish and pig pepsins
result from sequence changes that affect the substrate

Table 2. Kinetic parameters for the hydrolysis of a chromogenic
substrate (peptide 1; see also Fig. 4A) by Antarctic and pig pepsins.

Enzyme Koy (MM) Kegt (571 Keat/ Ky (MM~ "-s7")
Pig pepsin 0.26 + 0.023 72.02 + 3.67 277 = 30.47

Fish pepsin A1 0.074 £ 0.006 3.32 + 0.29 45 + 6.75

Fish pepsin A2 0.025 + 0.002 0.54 + 0.043 22 + 3.52

Characterizing pepsins from Antarctic fish

recognition region of the active site, we analyzed the
digestion of two different substrates, as shown below.

Specificity analysis

To determine whether changing the residues in proxim-
ity to the scissile peptide bond Phe—Phe would cause a
difference in the activity of Antarctic pepsins, we used
an HPLC assay involving two substrates that have dif-
ferent sequences on either side of the Phe—Phe scissile
bond residues (Fig. 4A). In this assay, the p-nitro-Phe
group acts as a reporter, and when the substrate is
cleaved, the resulting smaller peptide containing the
reporter has a different elution time in HPLC
(Fig. 4B). Digestion of peptide 1 is shown in Fig. 4C
and digestion of Phe-Gly-His-Phe-(p-nitro-Phe)-Ala-
Phe-OMe (peptide 2) is shown in Fig. 4D. Both fish
pepsin A1 and fish pepsin A2 were less efficient at
cleaving peptide 1 than was pig pepsin, a result consis-
tent with the previous data given in Fig. 3A,B and
Table 2. However, both fish pepsins were unable to
cleave peptide 2, and pig pepsin activity towards this
substrate was reduced as compared to its digestion of
peptide 1. These results are consistent with the hypoth-
esis suggested above, whereby the missing loop in Ant-
arctic pepsins (formed by residues EGMDVPT in pig
pepsin) alters the substrate specificity of the fish pep-
sins by removing some of the residues near the scissile
peptide bond.

The specificity of the Antarctic fish pepsins Al and
A2 for residues at the P1 and P1’ positions that flank
the scissile peptide bond was determined by digesting a
test protein with each enzyme (also with pig pepsin)
and sequencing the resulting peptic peptide by MS.
The digestion pattern of the test protein, rabbit muscle
creatine phosphokinase (CK-MM), was different for
digestion with pig versus fish pepsins (Fig. 5A). In gen-
eral, the fish pepsins produced much larger pieces than
the pig pepsin during the 3.5 min digestion time, again
indicating the difference in the overall activity between
the mesophilic and the Antarctic enzymes. The pep-
tides in each part of the HPLC separation were visual-
ized, compared (Fig. 5B), and then sequenced by
tandem MS (MS/MS). An sample MS/MS spectrum is
shown in Fig. 5C and is representative of the quality
of the spectra obtained for the majority of the peptic
peptides. High-quality MS/MS allowed the prepara-
tion of a digestion map of CK-MM, as shown in
Fig. 6. The location of each peptic cleavage was tallied
(supplementary Fig. S3 and supplementary Tables S1—
S3), and the P1-P1” amino acid preference for CK-MM
was summarized (Fig. 7). The results of this analysis
indicate that both pig pepsin and fish pepsins Al and

FEBS Journal 274 (2007) 6152-6166 © 2007 The Authors Journal compilation © 2007 FEBS 6157
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Fig. 4. Analysis of pepsin digestion of synthetic test peptides. (A)
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Digestion Time (min)

Amino acid sequence of the two synthetic peptides used in this study.

The P4 to P3’ nomenclature refers to the position of each residue. The arrow indicates the position of the scissile peptide bond between P1
and P1”. (B) Example of the HPLC elution profile observed at 280 nm for pepsin A1 digestion of synthetic peptide 1; S, substrate; P, product.
The digestion was performed in 100 mm sodium acetate buffer (pH 2.5) at 0 °C using a 1 : 10 protease/substrate ratio (w/w). At defined
time points, 600 pmol was loaded onto a Jupiter 4u Proteo 90A column, and peptides were eluted using a 5-70% ACN gradient in 20 min.
(C) Digestion of synthetic peptide 1 by pig pepsin, pepsin AT and pepsin A2. Solid and empty symbols correspond to the substrate and the
product, respectively. Arrows indicate time points at which additional amounts of fish pepsins were added (60 min, 4 ug of pepsin A1 and
pepsin A2; 160 min, 4 ug of pepsin A2). (D) Digestion of synthetic peptide 2 by pig pepsin, pepsin A1 and pepsin A2. No digestion was
observed with pepsin A1 and pepsin A2. Solid and empty symbols correspond to the substrate and the product, respectively.

A2 prefer hydrophobic residues in the P1-P1” positions
and that the overall specificity was similar among the
three enzymes. However, important differences were
apparent. Fish pepsin Al could tolerate histidine or
methionine in the P1 position, whereas fish pepsin A2
tolerated lysine and threonine in the P1 position. Pig
pepsin was able to accommodate aspartic and glutamic
acids in the P1 position, whereas neither of the fish
pepsins produced any peptides that had these charged
amino acids in the P1 position. As a result, the overall
digestion profiles of the three pepsins on CK-MM
were different. Figure 7B shows that pig pepsin
produced many fragments in one portion of the sub-
strate protein, whereas the fish pepsins preferred other
regions.

6158

Discussion

Antarctic fish are highly cold adapted and remark-
ably stenothermal [25], as a consequence of evolution
of antifreeze glycoproteins and the higher catalytic
efficiency of many enzymes at low temperatures [4].
For this reason, the study of enzymes in these poiki-
lothermic species is of interest, especially in relation
to the strategies adopted by these organisms to
achieve a normal level of proteolysis at temperatures
well below that of homeothermic species. Organ-
isms can follow two strategies to achieve cold adap-
tation at the metabolic level: one way is to increase
enzyme production in order to compensate
for reduced kinetic efficiency; the other is via the
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Fig. 5. (A) Comparison of the total ion chromatograms (TICs) obtained after digestion of CK-MM by pig pepsin, pepsin A1 and pepsin A2.
The gray box corresponds to the region that was selected to compare the CK-MM peptide fragments generated after 3.5 min of digestion
on ice (see below). (B) Representative mass spectra comparing the different peptide fragments eluted after 12 min of elution. Identical ions
are indicated by a circle; nonidentical ions are indicated by a diamond. (C) MS/MS of the [M + 3HI** ion (m/z 850.49) of the peptide

Met360-Lys381, generated after pepsin A2 digestion.

expression of enzymes with relatively higher substrate
turnover and the capacity to maintain ligand-binding
properties at low temperature [26]. Multiple forms of
type A pepsinogens are known to occur in vari-
ous animals [27], and most of them are known to be
products of different genes, as has been shown
in humans [28] and cows [29]. The presence of multi-
ple forms of pepsin A in some species may be corre-
lated with the type of food or to the feeding habitat
[30].
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The present article describes the characteristics of
the enzymatic properties of two recombinant pepsino-
gen isoforms, Al and A2, from the Antarctic rock
cod. The two Antarctic isoenzymes are, to our knowl-
edge, the first Antarctic fish pepsinogens obtained
using the strategy of expression in E. coli followed by
refolding and purification. The effectiveness of this
strategy was demonstrated by the fact that the purified
fish pepsinogens were efficiently converted to the active
form upon incubation in acidic conditions. The high
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X-ray crystallography [43] are shown above
the sequence.
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Fig. 7. (A) Cleavage preference of pig pep-
E sin, pepsin A1 and pepsin A2 at the P1 and
P1” positions. The size of the letters indi-
L cates the probability of cleavage. (B) Three-
A2 F dimensional structures of the monomeric
KT H form of CK-MM showing the regions that
’ . were extensively covered by the pig pepsin
. [Tyr39-Asp90 (green); Leu193-Phe250

(orange)], pepsin A1 [Asp335-Lys381 (red)]
and pepsin A2 [Leu193-Val237 (blue)].

percentage of -sheet structures, estimated by CD pepsin, including pig pepsins [20], suggesting that the
spectroscopy conducted on fish pepsins, was consistent Antarctic recombinant fish pepsins were correctly
with the literature data for properly folded forms of  folded. The enzymatic assays further demonstrated
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that the recombinant proteins were active and there-
fore properly folded.

All reported cold-adapted enzymes display modifica-
tions in their kinetic parameters that allow catalytic
reactions to take place at low temperatures [31]. These
changes may include a high specific activity at temper-
atures ranging from 0 °C to 30 °C [32]. Fish pepsins
from Antarctic rock cod seem to constitute an excep-
tion, as their specific activities at low temperatures
(4 °C, 10 °C and 25 °C) were similar to or lower than
that of pig pepsin. On the other hand, as compared to
pig pepsin and fish pepsin Al, fish pepsin A2 appeared
to be more temperature sensitive, showing a half-life at
50 °C of 72 min (pig pepsin, 310 min; fish pepsin Al,
270 min). The full inactivation observed for pepsin A2
might be a consequence of the increased structural
flexibility of the protein. Carginale et al. [17] reported
that, apparently, fish pepsin A2 underwent local
changes such as reduced hydropathy and increased
flexibility at the level of the substrate cleft.

The most striking feature of the primary structure
of Antarctic pepsin isoenzymes with respect to their
mammalian counterparts is the absence of a loop near
the active site. In the 3D structure of pig pepsin, the
sequence EGMDVPT forms a loop near the active site,
and this is missing in the fish isoforms (see red segment
in the model of fish pepsin Al, Fig. 2). The loop is
positioned close to the enzyme pocket and contains
four amino acids (E, M, V and T) that are residues of
the S4-S3’ subsites. Because these residues are missing
in fish pepsins, they might accommodate substrates in
the catalytic pocket better than pig pepsin. This
hypothesis was corroborated by kinetic analysis carried
out on fish and pig pepsins using peptide 1 (Fig. 4A).
Fish pepsins showed lower K, values than pig pepsin
for this substrate. In addition, both fish isoenzymes
required an inhibitor/enzyme ratio lower that that
needed for pig pepsin to reach 50% inhibition. The
specificity constants (ke./Ky,) of fish pepsins were
lower than that of the mammalian enzyme. This may
be because the differences in subsite residues decrease
the rate of hydrolysis.

In comparison experiments with two different sub-
strate peptides (Fig. 4A), there was a significant differ-
ence between the activity of fish isoenzymes and that
of pig pepsin. Fish pepsins were able to cleave pep-
tide 1, with sequence PTEFF*RL, but were unable to
cleave peptide 2, with the sequence FGHF*FAF
(where the p-nitro group is indicated by the asterisk).
Pig pepsin was active towards both substrates, with
diminished activity towards peptide 2. These data sug-
gest that the flanking residues on either side of the
P1-P1’ position play a role in the specificity of the fish
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enzymes. To further investigate which residues fish
pepsins preferred in the P1-P1” positions, in compari-
son to pig pepsin, test digestion with CK-MM was
performed. The results (Fig. 7A) suggest that the gen-
eral specificities of all three enzymes at the P1-P1” posi-
tions are highly similar, with some notable exceptions.
Fish pepsin Al could tolerate histidine or methionine
in the Pl position, whereas fish pepsin A2 tolerated
lysine and threonine in the P1 position. Pig pepsin was
able to accommodate aspartic and glutamic acids in
the P1 position, whereas neither of the fish pepsins
produced any peptides that had these charged amino
acids in the P1 position. In the P1’ position, pig pepsin
and both fish pepsins were similar, except for the abil-
ity of fish pepsin Al to accommodate aspartic acid.
The size of the peptide population in this study was
too small to allow any definitive conclusions about the
contribution to specificity from amino acids in posi-
tions outside P1 and P1’ [33]. Taken together, our data
indicate that the specificities of fish pepsins Al and A2
are similar but not identical to that of pig pepsin, and
we attribute the differences to the key changes in the
active site of the fish enzymes.

In terms of the cold adaptation of pepsins from Ant-
arctic fish, our study suggests that fish pepsin A2 meets
the criterion for a cold-adapted enzyme showing lim-
ited stability at a moderate temperature (i.e. 50 °C).
However, neither isoform meets the criterion that cold-
adapted enzymes have a specific activity higher than
that of their mesophilic counterparts over a tempera-
ture range from 0 °C to 30 °C. We now believe that
Antarctic rock cod have adopted primarily gene ampli-
fication to accomplish efficient food digestion at low
temperatures. Gene amplification increases enzyme
production to compensate for the reduced kinetic effi-
ciency. Antarctic rock cod have three forms of pep-
sin A [17] resulting from two gene duplication events:
the first event consisted of the duplication of the pep-
sin A3 ancestor gene; the second duplication led to the
appearance of pepsin Al and A2 genes that contrib-
uted to a further increase in enzyme concentration.
Through the production of isoenzymes that perform
nearly the same type of digestion with similar specific-
ity, Antarctic fish may accomplish a similar overall
rate of digestion as their mesophilic counterparts.

Experimental procedures

Chemicals

Hemoglobin, pepstatin A, porcine pepsinogen and CK-MM
were obtained from Sigma (St Louis, MO, USA).
Sephacryl S-300 was obtained from Pharmacia Biotech
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(Uppsala, Sweden). IPTG was obtained from Bio-Rad
(Hercules, CA, USA). Immobilon-P membranes were
obtained from Perkin-Elmer (Waltham, MA, USA). All
other reagents were of analytical grade. The chromophoric
peptides (peptides 1 and 2) were obtained from Bachem
(Weil am Rhein, Germany).

Amplification, cloning and sequence analysis of
the recombinant fish pepsinogen isoforms

The cDNAs encoding the propart and the mature regions
of the two Antarctic fish isoforms (pepsin Al, GenBank
accession number AJ550949; pepsin A2, GenBank accession
number AJ550950), previously cloned in the pCR4-TOPO
vector [17], were amplified by PCR using the forward pri-
mer 5-GGAATTCCATATGTTCCACAAGATTCCCCT-3’
for fish pepsinogens Al and A2, and the reverse primers
5-ACCGGTCGACTTAGACAGACTTGGCCAA-3" and
5-ACCGGTCGACTTACACAGACTTGGCCAG-3" for
fish pepsinogens Al and A2, respectively. The upstream
primer contained an Ndel restriction site just before the
start of the coding region. In the downstream primers, an
adjacent Sal/l restriction site followed the stop codon.
Amplification was performed with 5 units of 7ag DNA
polymerase (Perkin-Elmer), 50 pmol of each of the above
primers, and 0.2 mm dNTPs (final concentration). The
mix was buffered with Perkin-Elmer PCR storage buffer
(100 mm Tris/HCI, pH 8.3, 500 mMm KCI, 15 mm MgCl,,
0.01% gelatin). The reaction was carried out in a DNA
Thermocycler Express (Hybaid, Ashford, UK), with an ini-
tial denaturation step at 95 °C for 3 min, 30 cycles of 95 °C
for 1 min, 55 °C for 1 min, and 72 °C for 1 min, and a
final step at 72 °C for 15 min. The PCR fragments were
gel-purified using a Qiagen gel extraction kit (Qiagen,
Germantown, MA, USA) and subcloned in a pCR4-TOPO
vector using a Topo TA Cloning kit (Invitrogen, Leek, the
Netherlands). Pepsinogen cDNAs were sequenced with an
automatic sequencer available at PRIMM (DNA Sequenc-
ing Service, Naples, Italy). The pCR4-TOPO vectors, con-
taining fish pepsinogen Al or fish pepsinogen A2, were
digested with Ndel and Sall, and the resulting fragments
were ligated into the corresponding sites of expression vec-
tor pET22b(+) (Novagen, Madison, WI, USA). The resul-
tant recombinant plasmids can produce the recombinant
pepsinogen. The sequence of the fish pepsinogens cloned in
pET22b(+) was again verified by sequencing in both
directions.

Expression of recombinant pepsinogens

Competent BL21(DE3) E. coli cells were transformed with
recombinant plasmid DNA containing either pepsinogen Al
or pepsinogen A2 cDNA to produce pET22b-PepAl and
pET22b—PepA2 cells. Transformed E. coli cells were grown
overnight at 37°C in LB broth supplemented with
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100 pgmL ™' ampicillin. The overnight culture was diluted
100-fold using 1 L of fresh LB broth containing ampicillin.
The cells were then incubated at 37 °C until midexponential
growth phase (Dgpp nms» 0.6). At this point, IPTG was added
to a final concentration of 1.0 mm. After 10 h of induction
at 37 °C, cells were collected by centrifugation at 7410 g for
20 min and washed twice in NaCl/P; (140 mm NaCl,
2.7 mm KCl, 10 mm Na,HPO,, 1.8 mm KH,PO,, pH 7.3).

Isolation and solubilization of inclusion bodies

The bacterial pellet was frozen and thawed twice, resus-
pended in 50 mMm Tris/HCl (pH 8.0) containing 150 mM
NaCl, and subjected to sonication. Lysozyme (1 mg),
RNase (1 mg), DNase (1 mg) and 30 mm MgCl, were
added to the suspension and incubated for 30 min at 37 °C.
The suspension was then diluted in 1 L of 50 mm Tris/HCI
(pH 8.0) and 150 mm NaCl, and gently shaken for 2 h at
4 °C. After 30 min of centrifugation at 7000 g, the pellet
containing the inclusion bodies was resuspended in 1 L of
100 mMm Tris/HCI (pH 8.0) and 50 mm B-mercaptoethanol.
The suspension was gently shaken at 70 r.p.m. for 2 h at
4 °C, and then centrifuged at 7000 g for 30 min. The pellet
was solubilized in 6 M urea, 100 mMm Tris/HCI (pH 8.0),
1 mM glycine, ] mM EDTA and 50 mM B-mercaptoethanol
at 4 °C with gentle shaking for 12 h.

Refolding and purification

The solubilized material was centrifuged at 44 380 g for 2 h,
using a 60Ti rotor. Renaturation of the supernatant contain-
ing pepsinogen Al or pepsinogen A2 was achieved by a 200-
fold dilution of the denaturant in 100 mm Tris/HCI buffer
(pH 8.0), and the resultant solution was reconcentrated
using a Prep/Scale-TFF cartridge, 10 kDa cut-off, tangen-
tial flow concentrator (Millipore Corporation, Billerica,
MA, USA), and then further concentrated to about 50 mL
in an Amicon ultrafiltration cell (Millipore). After removal
of residual insoluble material by centrifugation at 20 000 g
for 1 h, the clear supernatant was subjected to chromato-
graphic purification using Sephacryl S-300 (1.5 x 45 cm) gel
filtration. About 40 mg of total protein was loaded onto the
Sephacryl S-300 column, which was equilibrated and eluted
with 20 mm Tris/HCI (pH 8.0) at a flow rate of 0.8 mL-
min~!. Fractions containing active pepsin were pooled and
loaded onto a Resource Q column (30 x 6.4 mm; Pharmacia
Biotech) equilibrated with 20 mm Tris/HCI (pH 8.0). Pro-
teins were eluted with a linear gradient of 0-500 mMm NaCl

in 20 min at a flow rate of 1 mL-min™".

Conversion of pepsinogen into the active form

Acidification was carried out by adding 5 mL of 2 M gly-
cine-HCI (pH 2.0) to 40 mL of the pepsinogen preparation
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and incubating the mixture at 25 °C for 2 h [34]. The solu-
tion was neutralized by dialyzing against 20 mM sodium
acetate (pH 5.3) at 4 °C, using dialysis membranes with
12-14 kDa cut-off. The recovered solution containing the
active form of pepsinogen was centrifuged at 20 000 g for
30 min at 4 °C, and used as purified Antarctic fish pep-
sin Al or A2.

CD spectra of fish pepsins

CD spectroscopy was performed on homogeneous sam-
ples of recombinant fish pepsins Al and A2 (0.1 mgmL™"
in 2.5 mM sodium acetate buffer, pH 5.3), at 25 °C, using
a J-710 spectropolarimeter (Jasco, Tokyo, Japan) cali-
brated with a standard solution of (+)-10-camphosulfonic
acid. A cuvette with 0.1 cm path length was used to
record spectra in the far-UV region (240-200 nm), and
each spectrum was averaged six times. Photomultiplier
high voltage did not exceed 600 V in the spectral region
measured. The results are expressed in terms of residue
molar ellipticity. The percentages of secondary structures
were estimated according to the method of Yang et al.
[35].

Negative ion ESI mass spectra of fish
pepsinogens and pepsins

Negative ion mass spectra were acquired on a Waters LCT-
Premier mass spectrometer equipped with a standard elec-
trospray source, a capillary voltage of 2.8 kV, and a cone
voltage of 50 V. The m/z scale was calibrated in negative
mode with a 10 nguL ™" sodium formate solution in 90 : 10
isopropanol/H,0. Pepsin samples were loaded onto a self-
packed POROS 20R2 trap (POROS media; Applied Biosys-
tems, Framingham, MA, USA) equilibrated with H,O and
0.3% NH4OH (pH 8.0), desalted for 10 min, and eluted in
the mass spectrometer with a 5-50% isopropanol gradient
in 20 min at 50 pL-min~".

SDS/PAGE, western blotting and sequencing

In addition to MS, the purity of the pepsinogen and pep-
sin was examined by SDS/PAGE carried out according to
Laemmli [36]. Samples were dissolved in buffer containing
5% B-mercaptoethanol. Gels were stained with Coomassie
blue. Blotting from gels onto Immobilon-P membranes
was performed as described by Matsudaira [37]. N-termi-
nal sequencing was performed on the blotted protein by
automated Edman degradation. The protein concentration
was determined using two methods: (a) Bio-Rad protein
assay, based on the Bradford method [38]; and (b) absor-
bance at 280 nm using absorption coefficients of
56 840 M~ 'cm™ and 62 340 M~'-em™' for pepsin Al and
pepsin A2, respectively. Extinction coefficients were deter-
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mined using the PROTPARAM program on the ExPASy
server [39].

Activity assay with hemoglobin

All enzyme assays were performed using a Cary 50 UV—
visible spectrophotometer (Varian, Palo Alto, CA, USA).
The proteolytic assay was performed using 2.5% dena-
tured bovine hemoglobin as substrate, as described previ-
ously [40]. Pepsin activity was determined at acidic pH
and 37 °C. After 60 min of incubation, the reaction was
stopped by the addition of 5% trichloroacetic acid. The
samples were centrifuged twice for 10 min at 16 000 g,
and the resulting supernatant containing the small peptides
produced by proteolytic digestion was analyzed at 280 nm.
One enzyme unit was defined as the amount capable of
producing a A4s80 nm [4280 nm  (sample) — 4280 nm (blanky] OF
0.1 in 60 min.

Determination of pH optimum

In order to determine the optimum pH values, 0.35 pg of
fish pepsins (Al or A2) were assayed in 100 mm HCI/KCI
buffer at pH 1.0 and 150 mMm sodium citrate buffer at
pH 2.0, 2.5, 3.0, 3.5, 4.0, 4.5 and 5.0, using hemoglobin as
substrate. Incubation was carried out at 37 °C for 60 min.
Pig pepsin was also tested using the same experimental con-
ditions.

Temperature studies

The optimum temperatures for pig and fish pepsin activi-
ties were determined by incubating pepsins in 0.15 M
sodium citrate buffer (pH 2.0) at 4°C, 10 °C, 25 °C,
37°C, 50°C, 60 °C and 70 °C with 2.5% hemoglobin.
After 60 min, the reaction was terminated by the addition
of 5% trichloroacetic acid. All the determinations were
done in triplicate. The stability of pepsins at 50 °C in
20 mMm sodium acetate (pH 5.3) was also investigated.
Aliquots were removed at appropriate times, and the
residual activity was measured at 37 °C and pH 2.0, using
hemoglobin as substrate.

Inhibitory effect of pepstatin A

Fish and pig pepsins were assayed in the presence of
increasing concentrations of pepstatin A in the range from
2.1 % 107° uM to 2.1 x 107" pM, using a 2.5% hemoglobin
solution as substrate (the final hemoglobin concentration in
the assay was 1%). Pepsin activity was determined at
pH 3.0 and 37 °C. After 60 min of incubation, the reaction
was stopped by the addition of 5% trichloroacetic acid.
The samples were centrifuged twice for 10 min at 16 000 g,
and the resulting supernatant was analyzed at 280 nm. The
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fish and pig pepsin concentrations used in each assay were
0.021 pm.

Cleavage of chromogenic substrates determined
by following the rate of decrease in absorbance
at 300 nm

The enzymatic cleavage of the Phe—(p-nitro-Phe) bond in
the two chromogenic substrates peptide 1 and peptide 2
was followed spectrophotometrically at 300 nm, as
described by Dunn et al. [41]. A stock solution (2.0 mm) of
peptide substrate was prepared in 0.1 M acetic acid. The
incubation mixture contained 0.2 mM chromogenic sub-
strate and 0.35 pg of fish or pig pepsins in 0.15 M sodium
citrate buffer (pH 2.0). The assay was performed by moni-
toring the decrease in absorbance at 300 nm (AA4zgg nm'
min~") at 25 °C for at least 10 min.

Determination of kinetic parameters

Peptide 1 was used as the substrate for kinetic analyses.
The assay with the synthetic substrate was performed as
described above. The kinetic constants K, and V., were
determined from the plot of the reciprocal of the initial
velocity versus the reciprocal of the concentrations of the
synthetic substrate (up to 0.3 mM). k., values were
obtained from the equation: Viy.x = kcal[E], where [E] is the
enzyme concentration. The reported kinetic values corre-
spond to the average of three independent determinations.

Analysis of chromogenic substrate cleavage
by HPLC

The chromogenic substrates peptide 1 and peptide 2 were
reconstituted in 30% acetic acid (pH 1.8) to a final concen-
tration of 1 mg'mL™". Digestions were performed at 0 °C
and 37 °C in 100 mM sodium acetate buffer (pH 2.5), with
a 1:10 protease/substrate ratio (w/w). Fish pepsins and
pig pepsin were diluted to a final concentration of
0.05 mgmL™". At defined time points, 25 pL of the diges-
tion mixture was removed and immediately loaded onto a
Jupiter 4p Proteo 90A column (50 x 1.00 mm; Phenomenex
Corp., Torrance, CA, USA) equilibrated with 5% acetoni-
trile (ACN). Peptides were eluted in 20 min with a linear
gradient of 5-70% ACN at 50 uL'min™' on a Shimadzu
(Columbia, MD, USA) HPLC column (LC-10ATvp). The
elution profiles were recorded at 214 and 280 nm with a
Shimadzu UV-visible detector (SPD-10Avp).

Protein digestions — identification of the
generated peptide fragments

Creatine phosphokinase b from rabbit muscle was reconsti-
tuted in double distilled H,O to a final concentration of
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0.5 mg'mL™!. Digestions were performed at 0 °C in 20 mm
Tris/HCI buffer (pH 2.5), using a 1 : 1 protease/substrate
ratio (w/w). After 3.5 min of digestion, samples were
loaded onto a Magic C18 5p 200A column (1.0 x 50 mm;
Michrom Bioresources, Auburn, CA, USA) equilibrated
with 5% ACN and 0.05% trifluoroacetic acid. Peptide frag-
ments were eluted into the mass spectrometer using a
5-50% ACN gradient in 30 min (for MS analysis) or in
50 min (for MS/MS analysis) at 50 pL-min~' with a Shima-
dzu HPLC column (LC-10ADvp). Mass spectral analyses
were performed on a Waters (Milford, MA, USA) Q-TOF
Ultima mass spectrometer equipped with a standard elec-
trospray source and a lockspray interface. The capillary
and the cone voltages were set to 3.00 kV and 35 V, respec-
tively. For each acquisition, a 250 fmol-uL™" green fluores-
cent protein solution in 50 :50 ACN/H,O and 0.2%
formic acid was continuously infused through the reference
probe at 5 uL'min~'. Data from the reference spray were
used to calculate a mass correction factor in order to pro-
vide exact mass information. Peptide mass assignments
and/or

were confirmed by exact mass measurement

MS/MS experiments.
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Supplementary material

The following supplementary material is available
online:
Fig. S1. (A) Elution profile from a Sephacryl S-300
chromatography column of Antarctic recombinant
pepsinogens.
Fig. S2. Far-UV CD spectra of fish pepsins Al and
A2.
Fig. S3. Frequency of cleavage at (A) the P1 site and
(B) the P1’ site observed after rabbit muscle creatine
phosphokinase digestion by pig pepsin, fish pepsin Al
and fish pepsin A2.
Table S1. Pig pepsin cleavage preference for rabbit
muscle creatine phosphokinase.
Table S2. Fish pepsin Al cleavage preference for rab-
bit muscle creatine phosphokinase.
Table S3. Fish pepsin A2 cleavage preference for rab-
bit muscle creatine phosphokinase.

This material is available as part of the online article
from http://www.blackwell-synergy.com

Please note: Blackwell Publishing is not responsible
for the content or functionality of any supplementary
materials supplied by the authors. Any queries (other
than missing material) should be directed to the corre-
sponding author for the article.
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