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The relationships between structure, activity, stability and flexibility of a cold-adapted aminopeptidase
produced by a psychrophilic marine bacterium have been investigated in comparison with a mesophilic
structural and functional human homolog. Differential scanning calorimetry, fluorescence monitoring of
thermal- and guanidine hydrochloride-induced unfolding and fluorescence quenching were used to show
that the cold-adapted enzyme is characterized by a high activity at low temperatures, a low structural
stability versus thermal and chemical denaturants and a greater structural permeability to a quenching agent
relative to the mesophilic homolog. These findings support the hypothesis that cold-adapted enzymes
maintain their activity at low temperatures as a result of increased global or local structural flexibility, which
results in low stability. Analysis of the thermodynamic parameters of irreversible thermal unfolding suggests
that entropy-driven factors are responsible for the fast unfolding rate of the cold-adapted aminopeptidase. A
reduced number of proline residues, a lower degree of hydrophobic residue burial and a decreased surface
accessibility of charged residues may be responsible for this effect. On the other hand, the reduction in
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enthalpy-driven interactions is the primary determinant of the weak conformational stability.
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1. Introduction

Life on Earth has successfully colonized diverse environments
considered extreme. Recent research has suggested that microorgan-
isms are able to maintain their metabolic function at temperatures
ranging from -39 °C in polar environments [1] to temperatures in
excess of 100 °C in hydrothermal vents [2,3]. The microorganisms that
survive and grow at these temperature extremes, termed thermally-
adapted extremophiles, have adopted a variety of adaptive strategies
to maintain activity and metabolic function despite challenging
conditions. These strategies include synthesis of unique compounds
such as cold- and heat-shock proteins [4,5], molecular chaperones [6],
compatible solutes [7] and structural modifications leading to the
maintenance of membrane fluidity [8], to name a few.

In addition to adaptations at the cellular level, a key adaptive
strategy of extremophiles is the modification of enzyme Kkinetics,
allowing the maintenance of sufficient reaction rates at thermal

Abbreviations: ColAP, Colwellia psychrerythraea aminopeptidase; LTA4H, human
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extremes. To maintain function, proteins must strike a balance of
structural rigidity and flexibility in their respective environments.
Rigidity is needed to ensure correct active site geometry for substrate
and ligand binding, as well as to avoid denaturation, while flexibility is
needed to enable accommodation of substrates and appropriate rates
of catalysis [9,10]. While enzymes in low-temperature environments
must contend with exponential decreases in chemical reaction rates
and increasing structural compactness that can limit the conforma-
tional movement necessary for catalysis [11], enzymes in high-
temperature environments must withstand thermal energies that
lead to irreversible denaturation and chemical degradation. Therefore,
a key question in the adaptation of organisms to different tempera-
tures is, how do homologous enzymes maintain their function under
extreme and divergent conditions?

To investigate the structural basis of enzymatic adaptation to
different temperatures, numerous comparative studies on homolo-
gous proteins from mesophilic and thermophilic sources and more
recently, from psychrophilic sources have been performed. The cold-
active enzymes produced by psychrophiles derived from perennially-
cold habitats have been found to be characterized by high catalytic
efficiency at low temperatures and low structural stability relative to
enzymes from meso- and thermophilic sources [12]. Current theory
suggests that in order to maintain molecular movement necessary for
catalysis at low temperatures, cold-active enzymes must possess
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enhanced flexibility in certain areas (e.g., catalytic site or hinge regions
necessary for catalysis) of their protein structure, which also reduces
their stability against thermal and denaturing reagents. The primary
modifications implicated in the increased flexibility of cold-active
enzymes are a general decrease in stabilizing weak interactions, such
as salt bridges or hydrogen bonds, in the strength of the hydrophobic
effect and in rigidifying structural factors such as proline residues. At
present, thermal adaptation appears to be achieved by a combination
of unique alterations for each enzyme investigated rather than a
general universal strategy. Therefore, despite great fundamental and
biotechnological interest [13], the structural determinants enabling
maintenance of enzymatic activity and stability at different tempera-
tures remain unclear. Further investigations of the structural features,
thermodynamics of unfolding and conformational plasticity of
enzymes obtained from different thermal environments are needed
to address this issue.

In this paper we investigated the determinants of thermal adap-
tation in the case of M1 aminopeptidases. We directly compared the
thermal and chemical stabilities, temperature dependence of activity
and conformational flexibility of a cold-active aminopeptidase (ColAP)
from the Arctic psychrophile Colwellia psychrerythraea 34H [14] with
that of its mesophilic human homolog leukotriene A, hydrolase
(LTA4H) involved in inflammation processes. The latter is a bifunc-
tional zinc metalloenzyme which integrates aminopeptidase activity
with a sophisticated epoxide hydrolase activity in a common active
center [15]. LTA4H is a well-characterized enzyme for which the three-
dimensional structure has been determined [16]. It was chosen as the
mesophilic reference in this study because it resembles ColAP in terms
of peptide substrate preferences, and it displays close conservation of
the amino acid sequence and perfect conservation of amino acids
involved in catalytic activity. ColAP is predicted to exhibit a similar
folded structure consisting of three domains that together create a
cleft forming the catalytic zinc site. The results presented here are the
first of their kind for cold-active aminopeptidases, revealing relation-
ships between activity, stability and flexibility in these enzymes.

2. Materials and methods
2.1. Three-dimensional modeling and analysis

Marine psychrophile C. psychrerythraea 34H was isolated from
Greenland continental shelf sediment samples and characterized [17].
The colap gene encoding for the cold-active extracellular aminopepti-
dase was identified and sequenced as previously described [14]. Due
to the high sequence similarity with ColAP relative to other proteins
with known structures, the crystal structure of LTA4H [16] was chosen
as a template for initial construction of a three-dimensional (3D)
model of ColAP. Subsequent to construction of the initial comparative
model, a structure prediction was performed by de novo methods [18].
Template selection, 3D modeling, and structural analysis were
performed by using RAMP software available at the protein modeling
server http://protinfo.compbio.washington.edu. lonic interactions
were determined by using cut-off distances of 4.0 A between
interacting groups. The solvent-accessible surface area was deter-
mined with a probe radius of 2.0 A.

2.2. Cloning of colap

Genomic DNA was extracted from a batch culture of C. psychrer-
ythraea 34H using the Promega wizard genomic DNA purification kit.
The colap gene, including its signal sequence, was PCR-amplified using
Ventg Thermopol Polymerase (New England Biolabs), with the sense
primer (5’-TAAAATCATATGAAACATTTTTCAAAACTTTGC-3’) containing
an Ndel site (underlined) and the antisense primer (5'-GATATTCTC-
GAGTTATTTCAATACACCGTC-3') containing an Xhol site (underlined)
and the stop codon (bold). The PCR product was cloned into the PCR-

Script Amp SK(+) cloning vector (Stratagene), excised with Ndel and
Xhol and ligated into the pET22b(+) cloning vector (Novagen). The
resulting recombinant plasmid was transformed into Escherichia coli
BL21 (DE3) cells (Stratagene).

2.3. Production and purification of recombinant ColAP and LTA4H

Single colonies of the E. coli BL21 (DE3) cells transformed with the
vector carrying the colap gene were used to inoculate 25 ml of an
overnight culture of LB containing 200 pg ml™! ampicillin at 18 °C.
Five-ml aliquots were centrifuged at 5000 xg for 10 min at 4 °C, and
the pellets were resuspended in 250 ml of Terrific broth (12 g 1! Bacto
tryptone (Difco), 24 g I"! yeast extract (Difco), 4 ml 1! glycerol,
12.54 g 1" K,HPO,, 2.31 g 1" KH,PO,, pH 7.2) containing 200 mg ml™'
ampicillin in a 3-I flask. The cultures were incubated at 18 °C and
250 rpm until an absorbance at 550 nm reached 3-4. Expression of the
enzymes was induced with 0.1 mM isopropyl-1-thio-3-galactopyr-
anoside. Following a further 16-h incubation at 18 °C, the cells were
harvested by centrifugation at 10,000 xg for 30 min at 4 °C, resuspended
in Buffer A (20 mM PIPES pH 6.75), disrupted in a prechilled high-
pressure cell disrupter (Constant Systems) at 28 kpsi, centrifuged at
30,000 xg for 30 min at 4 °C, and dialyzed against Buffer A overnight.
The dialysate was then subjected to Q-Sepharose High Performance
(75-ml bed volume; Amersham Pharmacia) chromatography using a
linear gradient of Buffer A to Buffer A+350 mM NaCl over 12 bed
volumes at 5 ml min~ . Active fractions were pooled and further
purified on a Hydroxyapatite column (75-ml bed volume; Bio-Rad)
using a linear gradient from 10 mM Na,HPO, pH 7.2 to 300 mM
Na,HPO, pH 6.8 over 12 bed volumes at 5 ml min~ .. Finally, active
fractions were pooled and purified on a Mono-Q column (5-ml bed
volume; Amersham Pharmacia) using a linear gradient of Buffer A to
Buffer A+350 mM NaCl over 45 bed volumes at 1 ml min~’. The Q-
Sepharose and Mono-Q chromatography steps were performed at 4 °C,
while the Hydroxyapatite chromatography was performed at room
temperature due to precipitation of Na,HPO, at low temperatures. The
N-terminal amino acid sequence of the recombinant enzyme was
determined by automated Edman degradation using a pulsed-liquid-
phase protein sequencer Procise 494 (Applied Biosystems). The purified
mesophilic homolog LTA4H was produced and purified as described [19].

2.4. Aminopeptidase assays and activity characterization

Immediately before all activity and biophysical characterizations,
enzyme aliquots were centrifuged at 16,000 xg for 10 min to remove
any precipitated protein, and the resulting supernatant was used for
subsequent characterization. Aminopeptidase activity was deter-
mined in 20 mM PIPES (pH 7.2), 400 mM NaCl using L-alanine-4-
nitroanilide hydrochloride substrate in a thermostatted Uvikon 860
spectrophotometer (Kontron). The reaction was followed by monitor-
ing the linear release of p-nitroaniline at 410 nm [20] over a period of
20 s. Concentration of the product was determined using an extinction
coefficient of 8480 M~ ! cm™ . Kinetic constants for recombinant ColAP
and LTA4H were determined at various temperatures from a series of
initial rates at different substrate concentrations over the range of 0.1
to 50 mM. The thermodependence of activity was determined by
performing assays using 10 ug ml™! enzyme at various temperatures
ranging from 3 to 60 °C in the presence of 10 and 20 mM substrate for
ColAP and LTA4H, respectively. Protein concentrations were deter-
mined with the Coomassie Protein Assay Reagent (Pierce) using BSA as
a standard, and by absorbance at 280 nm.

2.5. Leukotriene hydrolase activity assay
Epoxide hydrolase activity was assayed as described previously

[21]. Briefly, 4 pg of protein was diluted into 100 pl of 25 mM Tris
buffer, pH 7.8 containing 40 uM of leukotriene A,4 (5S-trans-5,6-oxido-
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7,9-trans-11,14-cis-eicosatetraenoic acid). Reactions were performed
for 10 s at 10, 15, 20, 25 and 30 °C. Activity was terminated by adding
200 pl methanol. The samples were further diluted with 100 pl water
and a defined amount of the internal standard prostaglandin B, was
added prior to HPLC analysis.

2.6. Unfolding recorded by intrinsic fluorescence

Fluorescence of ColAP and LTA4H was measured on an SML-
AMINCO Model 8100 spectrofluorimeter (Spectronic Instruments) at
excitation and emission wavelengths of 280 nm (2-nm band pass) and
330 nm (4-nm band pass), respectively. Protein samples were
prepared in 20 mM MOPS, 100 mM NaCl pH 7.2 buffer at a
concentration of 25 pg ml~ . Heat-induced unfolding was performed
at a scan rate of 2 °C min~! using a programmed Lauda RE306 water
bath. Data were normalized using the pre- and post-transition baseline
slopes as described previously [22]. Scans were also performed in the
presence of 2.5 mM L-arginine to reduce protein aggregation.

2.7. Differential scanning calorimetry

DSC was performed with a Microcal VP-DSC apparatus using the
Observer software package (Version 7) for data acquisition, analysis
and deconvolution. Samples were dialyzed overnight against 20 mM
MOPS, 100 mM NacCl pH 7.2. Prior to DSC analysis, a non-detergent
sulfobetaine 3-(1-pyridinio)-1-propanesulfonate was added at a
concentration of 500 mM to decrease the effects of heat-induced
protein aggregation [23]. A final protein concentration of 0.8 mg ml™!
was used. The rate constant for irreversible thermal unfolding (Kgenat)
was calculated as follows [24]:

kdenat = ch/(AHcal_Q)

where v represents the scan rate (K min~!), Cp the excess heat capacity
at a given temperature, AH.,, the total heat of the unfolding process
and Q the heat evolved at a given temperature.

2.8. Calculation of thermodynamic parameters

The rate constants determined (kcat, Kgenar) Were used to calculate
the energy of activation (E,) according to the Arrhenius equation and
the thermodynamic parameters of activation were determined as
described [25]:

AG* = RT x (InkgT/h-Ink)
AH* = E.—RT

TAS* = (AH*- AGY)

where kg is the Boltzmann constant (1.38x 10723 J K™ 1), h the Planck’s
constant (6.63x1073* ] s) and k (s™!) is the rate constant at tempe-
rature T (K).

2.9. Guanidine hydrochloride unfolding

Approximately 25 pg ml™! protein samples in 20 mM MOPS,
100 mM NaCl pH 7.2 were incubated overnight at 18 °C in defined
guanidine hydrochloride (GdnHCl) concentrations (0-6.5 M) and
protein unfolding was monitored by intrinsic fluorescence analysis.
The pH was checked to ensure a constant value throughout the
transition and denaturant concentrations were verified by refractive
index measurements [22] using a R5000 hand refractometer from
Atago. Relative fluorescence was determined on an SML-AMINCO
Model 8100 spectrofluorimeter (Spectronic Instruments) at an
excitation wavelength of 280 nm (2-nm band pass) and emission
spectra were recorded from 300-420 nm (4-nm band pass). The

intensity-weighted average emission wavelength [26] was calculated
as follows:

(N) = INF/YF

where A; and F; represent the wavelengths measured and the corres-
ponding emission intensities, respectively.

The influence of guanidine hydrochloride on activity was deter-
mined by measuring enzyme activity in the presence of varying
concentrations of denaturant after overnight incubation in the same
concentration. Reversibility of unfolding was determined by diluting
denatured protein samples 20-fold in 20 mM MOPS, 100 mM NaCl pH
7.2 and measuring residual activity after a 44-h incubation at 18 °C. For
activity measurements, samples diluted in the MOPS buffers were
further diluted 4-fold into 20 mM PIPES, 400 mM NaCl pH 7.2 buffer
immediately before assaying.

2.10. Dynamic fluorescence quenching

The acrylamide-induced quenching of intrinsic fluorescence of
ColAP and LTA4H was measured on an SML-AMINCO Model 8100
spectrofluorimeter (Spectronic Instruments) at an excitation wave-
length of 280 nm (1-nm band pass) and an emission wavelength of
330 nm (2-nm band pass). Protein samples were prepared in 20 mM
MOPS, 100 mM NaCl pH 7.2 buffer at a concentration of 50 pg ml™ .
Aliquots of a 1.2 M acrylamide stock solution were consecutively added
to 1 ml protein solution in regular intervals to increase the acrylamide
concentration by 5 mM increments. The Stern-Volmer quenching
constants Ksy were calculated according to the following equation [27]:

FO/F: 1 -‘rst[Q]

where F and Fy are the fluorescence intensity in the presence and
absence of molar concentration of the quencher Q, respectively. The
intrinsic protein fluorescence F was corrected for the acrylamide inner
filter effect f, as defined by:

f=10°Q2

using an extinction coefficient ¢ for acrylamide at 280 nm of 4.3 M 'cm ™.
3. Results
3.1. Sequence analysis and protein modeling

General results of multiple-sequence alignment between ColAP
and LTA4H have been described previously [14]. Briefly, a 33% amino
acid identity and a 57% amino acid similarity were determined
between ColAP and LTA4H. Sequence alignment revealed perfect
conservation of amino acids involved in substrate binding, zinc binding
and aminopeptidase activity (Supplementary Fig. 1). Furthermore,
biocomputational sequence analyses revealed amino acid identities
distributed throughout the entire ColAP sequence that correspond
well to secondary structural elements in LTA4H. In our current
comparative analysis of the sequences and structures of ColAP and
LTA4H, we focused on features hypothesized to affect the structural
flexibility associated with low-temperature enzyme activity. In ColAP,
the overall number of proline residues is reduced relative to LTA4H
(Table 1). Biocomputation of the complete amino acid sequence using
the Protparam tool indicated a higher potential solubility and solvent
interaction potential of ColAP relative to LTA4H, as shown by a low
grand average of hydropathy, GRAVY [28], and pI. There did not appear
to be a significant reduction in arginine residues in ColAP (22 versus
23 in LTA4H), as has been observed in previous cold-active enzymes,
which are capable of forming multiple salt bridges and H bonds. By
contrast, modeling analysis suggested that ColAP has fewer ion pairs
than LTA4H (15 versus 25), which leads to a decrease in the number of
intrinsic stabilizing bonds.
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Table 1
Summary of structural parameters possibly involved in thermal adaptation of ColAP
and LTA4H

ColAP LTA4H
Proline content 25 35
% nonpolar residues of total 438 42.6
% polar residues of total 328 321
% charged residues of total 234 253
GRAVY index -0.34 -0.26
Isoelectric point (pI) 5.25 5.80
Ion pairs 15 25

While there appeared to be no significant differences in the overall
content of hydrophobic versus polar and charged residues, differential
partitioning of the amino acid groups between the solvent-accessible
and buried fractions of the structures was observed. In ColAP, a greater
proportion of the accessible surface is comprised of hydrophobic and
polar side chains, while a smaller proportion is comprised of charged
side chains relative to LTA4H (Table 2). These trends are reflected by
the accessibility and burial percentages of the amino acid groups. For
example, in ColAP, 6.9% of the hydrophobic residues are fully surface
accessible, while 43.8% are buried, compared with 0.8 and 49.4% for
accessible and buried hydrophobic residues in LTA4H, respectively.
Overall, these results indicate a lower degree of hydrophobic and
uncharged residue burial and decreased surface accessibility of
charged residues in ColAP relative to LTA4H. This trend was also
observed in the catalytic cavity of both enzymes. Using data from the
crystal structure of LTA4H in complex with the inhibitor bestatin [16],
a high degree of conservation was observed between residues forming
the catalytic cavities of both enzymes. Only 3 substitutions occurred:
two replacements of tyrosine (Tyr 267 and 378, LTA4H numbering)
with phenylalanine and the substitution Val 292 for leucine in ColAP.

3.2. Production and purification of ColAP

The production and purification procedures resulted in ~74 mg 1!
of pure ColAP with a recovery of ~22%. Purity was determined by both
standard and overloaded SDS-PAGE (12% gels) indicating a single and
homogeneous band with a molecular weight of ~70 kDa (68,593.5 Da
calculated). Purity was further ascertained by N-terminal sequencing,
which resulted in a single sequence HEGAT that was consistent with
the predicted cleavage site of the signal peptide sequence. These
results indicate that the signal peptide sequence was correctly cleaved
and processed by E. coli BL21 (DE3).

3.3. Thermodependence of activity

The thermodependence of activity of ColAP and LTA4H is shown
in Fig. 1A. It can be observed that ColAP exhibits a shift of maximal
activity to lower temperatures of 10 °C relative to LTA4H (Table 3).
ColAP exhibited significantly higher reaction rates than LTA4H over

Table 2
Composition of the surface accessible and buried regions of ColAP and LTA4H
ColAP LTA4H
Surface accessibility (A%)
Accessible surface 26,471 23,919
Surface of nonpolar residues 7503 (28.3%) 5401 (22.6%)
Surface of polar residues 7858 (29.7%) 7018 (29.3%)
Surface of charged residues 11,110 (42%) 11,500 (48.1%)
Accessibility percentages (100% surface accessible)
% nonpolar residues of total 6.9 0.8
% polar residues of total 11.8 6.6
% charged residues of total 32.34 42.75
Burial percentages (<10% surface accessible)
% nonpolar residues of total 43.8 494
% polar residues of total 31.8 34.6

% charged residues of total 10.1 7.8
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Fig. 1. Thermodependence of activity (A) inset; Arrhenius plot for activity, and
denaturation as recorded by fluorescence emission (B) for the cold-adapted amino-
peptidase ColAP (solid line, solid circles) and human LTA4H (dashed line, open circles).

the entire temperature range investigated, before denaturation
(maximal activities corresponded to 120 s™! and 17 s™! for ColAP
and LTA4H, respectively). Analysis of the thermodynamic activation
parameters at 10 °C (Fig. 1A, inset and Table 4) indicated that ColAP
has a lower temperature dependence of activity resulting in a lower
E, and AH* when compared to LTA4H. ColAP did not exhibit epoxide
hydrolase activity under the assay conditions described (data not
shown) as has been previously observed with other M1 aminopepti-
dases, precluding comparative activity analysis with the epoxide
hydrolase activity of LTA4H.

3.4. Thermal stability

Heat-induced conformational unfolding recorded by fluorescence
emission indicated that the Ty, values for ColAP is 15 °C lower than
that of LTA4H in MOPS buffer (Fig. 1B, Table 3). In the presence of
2.5 mM L-arginine, an additive previously reported to suppress
protein aggregation during thermal unfolding studies [29], the Ty,
value of ColAP was increased by 3 °C (Table 3). By contrast, the T, of

Table 3
The apparent optimal temperature for activity and thermodynamic parameters of
heat-induced unfolding of ColAP and LTA4H

Enzyme Activity Fluorescence emission Differential scanning calorimetry
T Arginine T Scan rate T AHgy

°C mM °C K min™! °C kJ mol™!
ColAP 39 0.0 435 0.5 455 241
2.5 46.5 1.0 46.7 264
1.5 474 291
LTA4H 49 0.0 58.5 0.5 572 598
2.5 57.5 1.0 58.2 678
1.5 59.1 733
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Table 4
Thermodynamic parameters for activity and irreversible thermal unfolding for ColAP
and LTA4H

Enzyme T k E. ACH AH* TAS*
°c st kjmol™" KkJmol™' Kkjmol™' kJ mol!

Activity ColAP 10 158 68 63 66 3
(Keat) LTA4H 10 19 75 68 73 5
Irreversible  ColAP 46 11x1072 737 90 735 645
unfolding [LTA4H 46 1.0x1077 622 121 620 499
(Kdenat) ColAP 45 20x1073 737 94 734 640
LTA4H 56 2.0x107> 622 98 619 521

LTA4H decreased by 1 °C in the presence of 2.5 mM arginine. In all
conditions, the unfolding of both enzymes was irreversible, as
evidenced by a lack of transition observed while rescanning denatured
samples after cooling. Thermal unfolding of ColAP and LTA4H was also
monitored by differential scanning calorimetry (DSC) in the presence
of a non-detergent sulfobetaine, 3-(1-pyridinio)-1-propanesulfonate
(NDSB) to avoid heat-induced aggregation [23]. As seen in Fig. 2 and
Table 3, conformational unfolding (as determined by T, and AH,)
was scan rate-dependent, indicating that the thermal denaturation of
these proteins is under kinetic control. The lack of heat absorption
effects upon rescanning of denatured samples furthermore indicated
that conformational unfolding was irreversible (data not shown). The
kinetically-driven unfolding of both enzymes was therefore analyzed
according to a two-state irreversible denaturation model [24]. The
stability of ColAP was low relative to LTA4H, with average apparent Ty,
values of 46.5 and 58.2 °C, and average AH, values of 265 and 670 k]
mol ™!, respectively. These Ty, values are in agreement with those
recorded by intrinsic fluorescence. The thermodynamic parameters of
activation for the denaturation process (Table 4) have been calculated
both at an identical temperature (46 °C) and at an identical unfolding
rate (2.0x1073 s71). At the same temperature, the denaturation rate
kaenat Was five orders of magnitude higher for the relatively unstable
ColAP and correspondingly, the energy barrier for unfolding (AG*) was
lower relative to LTA4H. Interestingly, the AH* and TAS* contributions
were all higher for ColAP, but resulted in a lower AG* value.
Comparison of these data suggests that the weak kinetic stability of
ColAP is entropy-driven.

3.5. Chemical stability

The stability of ColAP and LTA4H was investigated by GdnHCI-
induced unfolding as monitored by intrinsic fluorescence. As shown
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Fig. 2. Thermal unfolding as monitored by DSC at scan rates of 0.5, 1.0, and 1.5 K min™!

for ColAP (left curves) and human LTA4H (right curves). Inset: Arrhenius plot for the
irreversible denaturation of ColAP (solid line, solid circles) and LTA4H (dashed line,
open circles).

in Fig. 3A, both enzymes appeared to unfold via multiple transitions,
suggesting the presence of denaturation intermediates. For both
enzymes, unfolding occurred at distinct concentrations of GdnHCI,
with ColAP exhibiting transitions at lower denaturant concentra-
tions relative to LTA4H. Fig. 3B illustrates the percentage of original
activity retained after incubation in varying concentrations of
denaturant. While the activity initially increased ~2-fold for
LTA4H at low denaturant concentrations, the loss of activity for
both enzymes corresponded directly to the first transition of
unfolding. Analysis of the reversibility of unfolding as monitored
by recovery of activity (Fig. 3C) shows that the first unfolding
transition corresponded to a complete loss of reversibility for both
enzymes. However, while LTA4H unfolding remained irreversible at
higher denaturant concentrations, ColAP regained a significant level
of activity (up to ~72%) at denaturant concentrations corresponding
to and above the second unfolding transition. Aggregates were
observed (by absorption at 450 nm) at concentrations correspond-
ing to unfolding transitions for both enzymes. For ColAP, aggregates
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Fig. 3. Guanidine hydrochloride unfolding of the cold-adapted aminopeptidase ColAP
(solid line, solid circles) and human LTA4H (dotted line, open circles). (A) Unfolding
monitored by the average emission wavelength. (B) Dependence of enzyme activity on
guanidine hydrochloride concentration. (C) Reversibility of guanidine hydrochloride
unfolding by recovery of activity after 20-fold dilution.
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were observed only at denaturant concentrations below the second
unfolding transition, while LTA4H aggregates were observed at all
concentrations above the first unfolding transition. Thus, irreversi-
bility of unfolding coincided with the presence of aggregates in
GdnHClI for both enzymes.

3.6. Fluorescence quenching

The structural permeability of the enzymes was investigated by
dynamic fluorescence quenching of aromatic residues (dominated
by tryptophan) by acrylamide. The Stern-Volmer plots for ColAP
and LTA4H at 10 and 25 °C (Fig. 4A), suggest a higher accessibility
of fluorophore residues in ColAP, particularly at the higher
temperature incubation. Because the absolute values of the Stern-
Volmer quenching constant (Ksy) can only be compared if the
number and location of aromatic residues are identical in both
structures, the difference between the slopes of the Stern-Volmer
plots at 10 and 25 °C was used to illustrate the difference in
structural permeability of both enzymes with an increase in
temperature (Fig. 4B). The higher slope for ColAP indicates a
greater accessibility of aromatic residues relative to LTA4H,
indicating a greater permeability of the enzyme structure to the
small quencher molecule, at temperatures where the native and
active states prevails.

4. Discussion

In this study we have investigated the relationship between
structure, activity, stability and flexibility of an aminopeptidase
(ColAP) produced by a psychrophilic bacterium in comparison with
a mesophilic structural and functional human homolog (LTA4H).

4.1. Activity properties of ColAP

The psychrophilic enzyme displays a shift in optimal aminopep-
tidase activity to lower temperatures by 10 °C and an increased
retention of activity at low and moderate temperatures relative to
LTA4H. Furthermore, at all temperatures measured, the specific
aminopeptidase activity of ColAP is significantly higher than for
LTA4H by at least a factor of 7. The latter property is considered as
the main physiological adaptation to cold at the enzyme level [30].
In the case of ColAP, Table 4 reveals that a significant contribution to
this high activity at low temperatures is provided by the low
activation enthalpy AH* that primarily reflects a weaker tempera-
ture dependence of the activity. Accordingly, when the reaction
temperature is reduced, the activity of ColAP is less reduced than
that of human LTA4H. This low activation enthalpy also suggests
that fewer enthalpy-driven interactions have to be disrupted to
reach the activated state in ColAP and, interestingly, the substitu-
tions noted in its active site (Tyr 267 and Tyr 378 into Phe in ColAP)
tend to decrease the potential for hydrogen bonding with other
moieties.

The psychrophilic ColAP does not exhibit LTA, hydrolase activity
at any of the temperatures tested. This is consistent with previous
studies showing that despite exhibiting conservation of most
putative catalytic residues and overall three-dimensional structure,
M1 aminopeptidases derived from a variety of sources lack epoxide
hydrolase activity [31]. In this respect, ColAP represents an
interesting case study as all residues involved in leukotriene A4
hydrolase activity in human LTA4H are strictly conserved in the
bacterial enzyme. The three substitutions detected in the ColAP
active site (Tyr267Phe, Tyr378Phe and Val292Leu, LTA4H to ColAP
substitutions) are therefore suitable targets for mutagenesis studies
aimed at deciphering the molecular origin of this complex activity
of the human enzyme. LTA4 hydrolase activity has also been shown
to depend upon a specific binding conformation of the substrate
LTA, [16,32]. The two Tyr to Phe substitutions may act to disrupt the
proper binding of the LTA; substrate by resulting in a smaller
binding cavity in addition to removal of the Tyr 267 hydroxyl group,
thought to be important in determining the configuration of LTA4H
binding [16]. Furthermore, inspection of residues corresponding to
the binding pocket of LTA4H reveals two noticeable non-conserva-
tive substitutions (Phe362Asp and Ile372Arg). These introduced
charges may preclude proper binding of the LTA,4 substrate aliphatic
chain in ColAP.

Fluorescence emission studies reveal that ColAP displays a shift
in structural unfolding to lower temperatures by 15 °C, indicating a
greatly reduced stability relative to LTA4H. Previous studies have
observed that the activity loss of cold-active proteins occurs at
temperatures farther below the onset of structural unfolding
relative to mesophilic and thermophilic enzymes, whose activity
loss has been found to correspond closely to losses in native
protein conformation [30]. These results have suggested that the
active sites of cold-active enzymes have a pronounced lability
when compared with other structural regions and were the basis
for the concept of localized increases in conformational flexibility
during cold adaptation [33,34]. In this study however, comparison
of the activity with conformational unfolding as observed by
fluorescence emission (Fig. 1) reveals that thermal inactivation of
ColAP closely corresponds to the beginning of the unfolding
transition. This suggests that changes in native protein conforma-
tion are the primary determinant for loss of activity in ColAP,
rather than temperature-induced perturbation of the active site. It
should be noted that the cold-active enzymes previously analyzed
in this manner did not contain a metal binding site in their
catalytic cavities [35-37]. By contrast, in ColAP, the presence of a
Zn** jon may act to stabilize the active site relative to other
structural areas.
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4.2. Origin of the weak conformational stability of ColAP

A deeper understanding of the factors resulting in the weak
stability of ColAP can be obtained from the microcalorimetric and
thermodynamic analyses of protein unfolding. The calorimetric
thermal unfolding studies reveal that both monomeric, multi-
domain enzymes unfold into one calorimetric domain, with ColAP
exhibiting lower melting temperatures when compared to LTA4H
(Fig. 2). ColAP also exhibits significantly decreased microcalorimetric
enthalpy values, AH,, indicating that fewer enthalpy-driven
interactions are disrupted during thermal unfolding (Table 3).
These results indicate that enthalpic destabilization contributes to
the weak structural stability of the cold-active enzyme relative to its
human homolog. This is corroborated by the modeling studies
predicting fewer ion pairs in ColAP. The thermal unfolding of both
enzymes is irreversible, as is often found for proteins larger than
20 kDa [38]. Slower scan rates yielded lower T, values, indicating a
kinetically-driven unfolding process. Analysis of the microcalori-
metric data in the formalism of the transition-state theory yields
information regarding the differences in the stabilizing forces for
the two enzymes. As shown in Table 4, thermal unfolding of ColAP
proceeds with a lower free energy of activation (AG*) relative to
LTA4H, that is directly related to the larger denaturation rate at a
given temperature, and corresponds to a low kinetic barrier for
unfolding of the psychrophilic enzyme. Referring to the classical
Gibbs-Helmbholtz relation:

AG* = AH*-TAS*

it can be seen in Table 4 that this low kinetic barrier arises from larger
enthalpic and entropic contributions when compared with LTA4H.
Furthermore, in the absence of the entropic term TAS*, the kinetic
stability of ColAP would be higher than that of the human homolog.
This is not the case, as a result of the large entropic contribution, and
one can therefore conclude that the weak kinetic stability of ColAP is
entropy-driven. Thus, the large activation enthalpy, AH*, basically
reflects the temperature dependence of unfolding: for a given increase
in temperature, the increase of the unfolding rate of ColAP is much
higher than for LTA4H. This is in agreement with the low number of
enthalpy-driven interactions disrupted during unfolding as evidenced
by the AH,, values (Table 3).

On the other hand, the large entropic contribution suggests that
the transition state of ColAP unfolding is more disordered than that
of LTA4H. Although macroscopic interpretations of entropy should
be taken with caution, results of comparative structural studies
provide insights into the possible origin of this contribution in the
psychrophilic aminopeptidase. The homology-based model of ColAP
structure indicates that the molecule has a lower proportion of
buried hydrophobic residues while exposing a higher proportion of
hydrophobic residues to the solvent relative to LTA4H (Table 2).
These structural changes may explain the observed entropy-driven
destabilizing factor; the entropy loss due to reorganization of water
molecules around nonpolar side chains exposed upon unfolding
will be lower for ColAP, thereby weakening the hydrophobic effect
on protein folding. Structural analysis also indicates that ColAP has
fewer proline residues than LTA4H. In folded as well as in
denatured proteins, proline residues restrict motions of the peptide
backbone due to rotational constraints around the N-Ca bond and
reducing backbone flexibility and local mobility of the chain [39].
The lower proportion of prolines in ColAP may also act to increase
the conformational entropy of the unfolded state thus serving as a
destabilizing factor with regard to the native state [40,41].

In agreement with thermal unfolding studies, GdnHCl-induced
unfolding curves indicate that the stability of the proteins is
directly related to the thermal regime of the producing organism.

Indeed, ColAP displays a low stability when exposed to chemical
denaturants, as suggested by unfolding transitions and loss of
activity at lower guanidine hydrochloride (GdnHCI) concentrations
relative to LTA4H (Fig. 3). While the unfolding of LTA4H was
aggregate-prone and irreversible at all GdnHCl concentrations
above the first unfolding transition, ColAP unfolding was aggre-
gate-prone and irreversible only at intermediate GdnHCl concen-
trations. At higher denaturant concentrations corresponding to the
second unfolding transition, ColAP unfolded via a reversible
pathway with no observable aggregates (Fig. 3C). Thus, at
intermediate  GdnHCl concentrations, ColAP may have become
incorporated into aggregates before complete unfolding took
place. Interestingly, this unusual behavior has also been observed
for a psychrophilic xylanase [35]. This suggests that the structural
adaptations of psychrophilic enzymes may be responsible for a
specific GdnHCl-induced unfolding pathway that remains to be
properly understood. The effect of GdnHCl on the activity of both
enzymes (Fig. 3B) provides additional insights into the activity-
stability relationships in these aminopeptidases. While the activity
loss of ColAP occurred immediately upon addition of GdnHCI,
LTA4H activity initially increased up to ~2-fold at concentrations
below the first unfolding transition. Enzyme activation by moderate
denaturant concentrations has been frequently reported and was
generally interpreted as resulting from the relaxation of structural
constraints, improving active site flexibility, and allowing full
expression of the catalytic power [42-44]. In this respect, one
can therefore propose that the psychrophilic ColAP is already in
this relaxed and unstable state and consequently moderate
denaturant concentrations lead to fast unfolding and activity loss.

Determination of molecular flexibility requires the definition
of the types and amplitudes of atomic motions as well as a
timescale for these motions. In this respect, dynamic fluorescence
quenching used during this study, usefully averages most of these
parameters into a single signal. As shown in Fig. 4, the structure
of the psychrophilic ColAP has an improved propensity to be
penetrated by a small quencher molecule when compared to
human LTA4H. The increase of this permeability index with
temperature is also much higher for ColAP. This reveals a less
compact conformation undergoing frequent micro-unfolding
events of the native state and larger native state fluctuations for
the cold-adapted protein.

In conclusion, our results support the “corresponding states”
hypothesis [45] postulating that enzyme homologs exhibit compa-
rable flexibilities to perform catalysis at their physiologically-
relevant temperatures, as well as the proposed role of structural
flexibility in enzymatic activity and stability with respect to thermal
adaptation [9]. It is well known that many different strategies may
be utilized to achieve thermal adaptation of proteins. Mutagenesis
studies with ColAP are currently underway to further explore in
detail the structural features enabling the maintenance of activity at
low temperatures.
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