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kinetic optimization to low temperatures.

residues at low temperature, leading to a higher activity.
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(Background: Cold-adapted enzymes remain catalytically active at low temperatures.
Results: Mutants of a cold-adapted a-amylase stabilized by engineered weak interactions and a disulfide bond have lost the

Conclusion: The disappearance of stabilizing interactions in psychrophilic enzymes increases the dynamics of active site

Significance: An experimental support to the activity-stability relationships.
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The mutants Mut5 and Mut5CC from a psychrophilic a-am-
ylase bear representative stabilizing interactions found in the
heat-stable porcine pancreatic a-amylase but lacking in the
cold-active enzyme from an Antarctic bacterium. From an evo-
lutionary perspective, these mutants can be regarded as struc-
tural intermediates between the psychrophilic and the mesoph-
ilic enzymes. We found that these engineered interactions
improve all the investigated parameters related to protein sta-
bility as follows: compactness; kinetically driven stability; ther-
modynamic stability; resistance toward chemical denaturation,
and the kinetics of unfolding/refolding. Concomitantly to this
improved stability, both mutants have lost the kinetic optimiza-
tion to low temperature activity displayed by the parent psy-
chrophilic enzyme. These results provide strong experimental
support to the hypothesis assuming that the disappearance of
stabilizing interactions in psychrophilic enzymes increases the
amplitude of concerted motions required by catalysis and the
dynamics of active site residues at low temperature, leading to a
higher activity.

One frequently overlooks that over 80% of the Earth’s bio-
sphere is permanently cold (1) but also that these cold biotopes
have been successfully colonized by diverse organisms. Psych-
rophiles are such cold-adapted organisms thriving perma-
nently at temperatures close to 0 °C and are found, for instance,
in Antarctica, the Arctic regions, deep sea water, and sedi-
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ments, or in the permafrost. They include a large range of rep-
resentatives from all three domains (Bacteria, Archaea, and
Eukarya) and are the most abundant extremophiles in terms of
biomass, diversity, and distribution (2, 3). The observation of
metabolically active bacteria at —20°C in the brine veins
between sea ice crystals illustrates the remarkable adaptations
of psychrophiles (4).

Among the numerous adverse effects of low temperature on
the cell (1, 5, 6), the major constraint is exerted on enzyme
activity, which is exponentially reduced by temperature
decreases. In psychrophiles, this constraint is alleviated by the
synthesis of cold-active enzymes to maintain metabolic fluxes
compatible with life. The prevailing hypothesis assumes that
cold-adapted enzymes have acquired a high catalytic activity at
low temperature by improving their conformational flexibility
at the expense of stability (7—10). It has been shown that the
crystal structure of psychrophilic enzymes is characterized by
the disappearance of various noncovalent stabilizing interac-
tions, resulting in both an improved dynamics of the enzyme
conformation and in a weak stability (11-17). There is indeed a
clear decrease in the number and strength of all known weak
interactions and structural factors involved in protein stability,
from thermophiles, mesophiles to psychrophiles (17-19).

The heat-labile a-amylase (AHA)? from the Antarctic bacte-
rium Pseudoalteromonas haloplanktis (20) is the best charac-
terized psychrophilic enzyme. It displays striking sequence and
structure similarities with its mesophilic homologue from pig
pancreas (PPA) (11, 21-23). For instance, all 24 residues form-
ing the catalytic cleft (supplemental Fig. S1) and involved in
substrate binding are strictly conserved in both the psychro-
philic and the mesophilic homologues (11, 24). This outstand-
ing example of active site identity demonstrates that cold activ-
ity is reached without any amino acid substitution in the
reaction center. As a consequence, changes occurring else-
where in the molecule are responsible for the optimization of

3 The abbreviations used are: AHA, heat-labile a-amylase from P. haloplanktis;
PPA, a-amylase from pig pancreas; DSC, differential scanning calorimetry;
GdmCl, guanidinium chloride.
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FIGURE 1. Mutations engineered in the psychrophilic a-amylase AHA (blue) based on the structure of the mesophilic homologue PPA (red). The
mutation N150D introduces a salt bridge with the corresponding Lys side chain. V196F restores a triple face-to-edge aromatic interaction. K300R provides a
bidentate coordination of the chloride ion via short H-bonds as demonstrated by the crystal structure of the single mutant (43). T232V and Q164 increase the
apolarity of hydrophobic core clusters (only AHA side chains are labeled for clarity), and the double mutation Q58C/A99C creates a disulfide bond. Protein Data

Bank coordinate for AHA is TAQH and for PPA is 1PPI.

the catalytic parameters at low temperature, by adjustments of
the active site residue dynamics. To probe the activity-flexibil-
ity-stability hypothesis, numerous mutants of AHA have been
constructed, each bearing additional weak interactions medi-
ated by the replacement of a specific residue, as well as a disul-
fide bond as found in PPA. It has been shown that single amino
acid side chain substitutions significantly modify the stability
parameters, the cooperativity and reversibility of unfolding, the
thermal inactivation rate constant, and the kinetic parameters
k..and K, (25-27). Here, we report the activity and mainly the
stability properties of two stabilized multiple mutants (Fig. 1
and supplemental Fig. S1) of the heat-labile a-amylase AHA as
follows: Mut5, bearing five mutations and Mut5CC, also bear-
ing an extra disulfide bond specific to a-amylases from warm-
blooded animals (28). The five mutations shared by both mul-
tiple mutants have been selected on the basis of the DSC
thermograms of single mutants (25) that showed a global stabi-
lization of the protein (higher melting point T, and calorimet-
ric enthalpy AH_,)), without evidence for local destabilization
(identical or higher temperature of transition start). The lack of
interferences between individual mutations, modeled in the
crystal structure of AHA, was also checked. These multiple
mutants provide clear insights into the structure-function rela-
tionships allowing psychrophilic enzymes to fulfill their bio-
chemical functions at low temperatures.

EXPERIMENTAL PROCEDURES

Mutagenesis and Protein Purification—The multiple
mutants Mut5 and Mut5CC were constructed by combining
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restriction fragments of the single mutants and by reverse
PCR as described previously (25). The recombinant AHA,
Mut5, and Mut5CC were expressed in Escherichia coli at
18 °C and purified by DEAE-agarose, Sephadex G-100, and
Ultrogel AcA54 column chromatography, as described pre-
viously (25). The following parameters were used for calcu-
lation: AHA (49,343.1 Da), Mut5 (49,403.2 Da), and Mut5CC
(49,410.3 Da) on 453 aa.

Enzyme Assays—o-Amylase activity was recorded using 3.5
mM 4-nitrophenyl-a-p-maltoheptaoside-4,6-O-ethylidene as
substrate and by the dinitrosalicylic acid method using 1% sol-
uble starch as substrate (25). Microcalorimetric determination
of activity toward various polysaccharides and malto-oligosac-
charides was performed using an isothermal titration calori-
meter as described previously (29).

Differential Scanning Calorimetry—Measurements were
performed using a MicroCal VP-DSC instrument at a scan rate
of 60 Kh ™' and under ~25 p.s.i. positive cell pressure. Samples
(~2 mg/ml) were dialyzed overnight against 30 mm MOPS, 50
mm NaCl, 1 mm CaCl,, pH 7.2, and, when required, were
brought to 1 M 3-(1-pyridinio)-1-propanesulfonate (i.e. a non-
detergent sulfobetaine) as detailed previously (30). Thermo-
grams of enzyme-acarbose complexes were recorded in the
presence of 1 mMm acarbose (Bayer). Thermograms were ana-
lyzed according to a non-two-state model in which the melting
point T, the calorimetric enthalpy AH_,, and the van’t Hoff
enthalpy AH,of individual transitions are fitted independently
using the MicroCal Origin software (version 7). The magnitude
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and source of the errors in the T, and enthalpy values have
been discussed elsewhere (31).

Kinetically driven unfolding was recorded without nondeter-
gent sulfobetaine addition, and the rate constant k,, ; was calcu-
lated from the relation (32) shown in Equation 1,

Kyi = Vol Dy — A(T) (Eq. 1)

where v is the scan rate (Ks™1); C, is the excess heat capacity at
atemperature 7; A_, is the total heat of the process, and A(7) is
the heat evolved at a given temperature 7.

Unfolding Recorded by Intrinsic Fluorescence—Heat-induced
unfolding was recorded using an SML-AMINCO model 8100
spectrofluorometer (Spectronic Instruments) at an excitation
wavelength of 280 nm and at an emission wavelength of 350 nm
(22). GdmCl-induced unfolding was monitored at 20 °C after
overnight incubation of the samples at this temperature in 30
mM MOPS, 50 mm NaCl, 1 mm CaCl,, pH 7.2, on an LS50B
spectrofluorometer (PerkinElmer Life Sciences) (22). The equi-
librium condition was ascertained by recording unfolding as a
function of time. Least squares analysis of AG° values as a func-
tion of GdmCI concentrations allowed estimating the confor-
mational stability in the absence of denaturant, AG};,, accord-
ing to Equation 2,

AG® = AG°H,0 — m[GdmCl] (Eq.2)

Dynamic Quenching of Fluorescence—The acrylamide-de-
pendent quenching of intrinsic protein fluorescence was mon-
itored as described previously (22). The Stern-Volmer quench-
ing constants Kg,, were calculated according to Equation 3,

F/Fo =1+ Ky\[Q] (Eq.3)

where F and F, are the fluorescence intensity in the presence
and absence of molar concentration of the quencher Q, respec-
tively (33).

Kinetics of Unfolding and Refolding— All kinetic experiments
were performed using a Bio-Logic (Claix, France) SFM-3
stopped-flow, coupled with a MOS-200 spectrophotometer
and a MPS-51 power supply. Temperature was maintained at
15 °C by a Julabo F30-C thermostated bath. Fluorescence mea-
surements were performed using a 1.5-mm path length cell
(FC-15), and the dead time of the apparatus was found to be
~10 ms under all experimental settings. This value was esti-
mated by monitoring the fluorescence of the reduction of
dichlorophenolindophenol by ascorbic acid, as described by the
manufacturer. All experiments were performed in 30 mm
MOPS, 50 mm NaCl, 1 mm CaCl,, pH 7.2, using a protein final
concentration of 0.1 mg ml~ ' (~2 um). To initiate refolding
reactions, unfolded a-amylase (1 mg ml™ ') in 3 M GdmCl was
diluted 10-fold with aqueous buffer or with GdmCl solutions of
varying concentrations to give the desired final concentrations
of GdmCI. Conversely, unfolding reactions were initiated by an
10-fold dilution of native a-amylase with the same buffer con-
taining various amounts of GdmCl, to yield final concentra-
tions ranging from 0.3 to 0.9, 0.3 to 1.1, and 0.3 to 1.25 M, for
AHA, Mut5, and Mut5CC, respectively. Unfolding and refold-
ing kinetics were followed by intrinsic fluorescence with an
excitation wavelength of 280 nm, and total emission above 320
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FIGURE 2. Correlation of kinetic parameters k_,, and K,,, in the psychro-
philic AHA, the mesophilic PPA (open symbols), and in single and multi-
ple mutants of AHA. Activity toward the chromogenic substrate Et-G7-NP at
25 °C. Data are from Refs. 25-27.

nm was monitored using a high pass filter. For each experiment,
7000 data points were sampled over the entire time course.
Kinetic traces resulting from the accumulation of five iden-
tical experiments were analyzed according to the sum of two
exponential terms (Equation 4) in the case of refolding and to a
simple exponential term (Equation 5) in the case of unfolding.

Ve =Y.t Ay explk -1) + Ay - exp(ky - 1) (Eq.4)

Ye=Y.t A-exp(—k-t) (Eq.5)

where y, is the intensity of fluorescence at time ¢; y_, is the signal
value for an infinite time; A is the amplitude of the signal asso-
ciated with rate constant k. The data sets were averaged to
obtain the rate constant, and errors were calculated as standard
deviations.

The dependence of unfolding and refolding rate constants on
denaturant concentration was analyzed according to the fol-
lowing linear relationship (Equation 6) (34, 35),

In(kops) = |n(ka20,
exp(—(my/RT) - [GAMCI]) + k"2 - exp((m,,/RT) - [GAmCI]))
(Eq.6)

where k., is the rate of unfolding or refolding measured at
various GdmCl concentrations, ki and k;*are the values
for folding and unfolding rates, respectively, in the absence of
denaturant, and m,/RT and m,,/RT are proportionality con-
stants, which describe the denaturant dependence. The pro-
gram Bio-Kine 32 version 4.51 was used for nonlinear least

squares analysis of the data.

RESULTS AND DISCUSSION

Activity of the Mutants Mut5 and Mut5CC—The effects of
the single, double, and combined mutations on activity toward
a chromogenic substrate were described previously (25-27)
and are summarized in Fig. 2. The general trend of the muta-
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TABLE 1

Relative activity and catalytic constant of Mut5 and Mut5CC on various polysaccharides recorded by microcalorimetry at 25 °C

Multiple Mutants of a Psychrophilic a-Amylase

Substrate

Relative activity

k.

cat

AHA“

Mut5

Mut5CC

PPA”

AHA“

Mut5

Mut5CC

PPA”

Starch
Amylopectin
Dextrin
Glycogen
Maltopentaose
Et-G7-NP

100

100
94
111
73
50
97

100
90
112
71
48
97

663
636
716
491
457
642

352
331
391
257
176
341

314
283
352
223
151
304

327
222
311
193
474
330

“ Data are from Ref. 29.

tions combined to create both multiple mutants is to decrease
k... and K,, concomitantly. Furthermore, a mesophilic like
activity was engineered in the multiple mutants Mut5 and
Mut5CC as both kinetic parameters are similar to those
recorded for the mesophilic homologue PPA.

The specificity of both mutants for various polysaccharides
was further investigated by microcalorimetry. Table 1 reports
the relative activities of the a-amylases, taking soluble starch,
the natural substrate, as a reference. Interestingly, the specific-
ity profile of Mut5 and Mut5CC closely follows that of the par-
ent AHA, indicating that the mode of interaction with these
polysaccharides has not been modified. By contrast, compari-
son of the absolute catalytic constants k_,, shows that the activ-
ity of the mutants is similar to that of the mesophilic homo-
logue, revealing a less efficient active site.

Fig. 3b illustrates the increased stability of both multiple
mutants as probed by their heat-induced unfolding recorded by
intrinsic fluorescence. Despite their higher thermal stability,
there was no significant differences in the apparent optimal
temperature for activity, which is recorded near 35 °C (Fig. 3a).
However, Mut5CC displayed a marked protection against heat
inactivation at the upper temperatures. This indicates that the
disulfide bond bridging the domains forming the active site
cleft contributes to thermal stability of activity in the mesoph-
ilic homologue PPA. It should be noted that thermal inactiva-
tion above 35 °C (Fig. 3a) is recorded before any detectable
structural change (Fig. 3b). As a result, the active site remains
the most heat-labile structural element in both mutants.

Dynamic Fluorescence Quenching—Determination of molec-
ular flexibility requires the definition of the types and ampli-
tudes of atomic motions as well as a time scale for these
motions. In this respect, dynamic fluorescence quenching use-
fully averages most of these parameters into a single signal (33).
The structural permeability of the enzymes was investigated by
dynamic fluorescence quenching of aromatic residues (domi-
nated by 12 tryptophan residues in AHA and its mutants) by
acrylamide. The individual Stern-Volmer plots for AHA and its
multiple mutants at 4 and 30 °C are provided in supplemental
Fig. S2, and the difference between the slopes of the Stern-
Volmer plots at 30 and 4 °C were used to illustrate the differ-
ence in structural permeability of the enzymes with an increase
in temperature (Fig. 4). The lower slope for Mut5 and Mut5CC
indicates a reduced accessibility of aromatic residues relative to
AHA, arising from a lower permeability of the mutant struc-
tures to the small quencher molecule. This reveals a more com-
pact conformation undergoing reduced micro-unfolding
events of the native state and shorter native state fluctuations
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FIGURE 3. Temperature dependence of activity (a) and heat-induced
unfolding recorded by fluorescence (b). Data are shown for the psychro-
philic AHA (O), the multiple mutants Mut5 (®) and Mut5CC (H), and the meso-
philic PPA (A) (data from Refs. 22, 44). Activity toward starch as substrate. All
experiments were performed at similar protein concentrations (5-40 wg/ml).

for both mutants. The flexibility of these proteins and of the
mesophilic homologue also correlates with their difference in
stability (i.e. AHA < Mut5 < Mut5CC < PPA).

Irreversible Unfolding of Stabilized Mutants—Fig. 5 illus-
trates the correlation between stability of the activity and
unfolding reversibility in single and multiple mutants. With the
noticeable exception of the disulfide-containing mutant (26),
the general trend of the mutations was to protect against heat
inactivation but to decrease concomitantly the unfolding
reversibility (25). In this respect, both multiple mutants Mut5
and Mut5CC also display mesophilic like properties.

According to the pronounced unfolding irreversibility of
both Mut5 and Mut5CC mutants shown in Fig. 5, the kineti-
cally driven stability was analyzed by DSC to determine the rate
constant for heat-induced irreversible unfolding, &, ; (32). Such
kinetic analysis is not possible for AHA (fully reversible unfold-
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FIGURE 5. Correlation of stability parameters in the psychrophilic AHA,
the mesophilic PPA (open symbols), and in single and multiple mutants
of AHA. k;,... is the first order rate constant for activity decay at 45 °C, and
unfolding reversibility was calculated from two consecutive DSC scans.

ing), and data were obtained from its mutant N12R. The latter
displays the same microcalorimetric properties as AHA but
only 30% denaturation reversibility (25), ensuring that unfold-
ing is kinetically driven. The temperature dependence of k,, , is
shown as an Arrhenius plot in Fig. 6, and the corresponding
activation parameters are provided in Table 2.

At an identical temperature of 316 K (43 °C), the rate con-
stants for irreversible unfolding differ by several orders of mag-
nitude, which correspond to higher activation energy barriers
AG?* in the stabilized mutants (Table 2). Both mutants also dis-
play reduced activation enthalpy AH* as calculated from the
slope of the plot in Fig. 6. This mainly reflects a lower temper-
ature dependence of irreversible unfolding and therefore a
larger resistance toward unfolding in a given temperature inter-
val, as compared with the parent protein AHA. The lower acti-
vation enthalpy value of Mut5 (Table 2) arises from its broader
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FIGURE 6. Arrhenius plot of the rate constant for heat-induced irreversi-
ble unfolding, k, ;. Data were derived from irreversible DSC endotherms
according to Ref. 32 and Equation 1.

TABLE 2

Thermodynamic parameters for heat-induced irreversible unfolding
of AHA and its stabilized mutants at 316 K (43 °C)

Protein k,; AG* AH* TAS*
5! keal mol™* keal mol ™! keal mol ™!
AHA,, 18107 196 112 92
Mut5 4.6:107* 23.3 61 38
Mut5CC 3.1:107° 25.0 92 67
80 - PPA &0
40
&
—
I! 60 -
‘-'_ 40 50 60
o T
(S
— 40 4
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(3]
=
Q AHA Mut5CC
QO 20
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T T T T
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FIGURE 7. Normalized reversible endotherms of AHA and of its mutants
recorded by DSC in the presence of a nondetergent sulfobetaine. Ther-
mograms were recorded in 30 mm MOPS, 50 mm NacCl, T mm CaCl,, pH 7.2, and
1 M 3-(1-pyridinio)-1-propanesulfonate in the case of Mut5 and Mut5CC. Raw
data were base line-subtracted and normalized for protein concentration.
Inset, same graph including the irreversible thermogram of PPA (44).

DSC endotherm (see Fig. 7). The weaker entropic contribution
in both mutants can be tentatively explained by a less disor-
dered transition state. In other words, the stabilized mutants
would resist against unfolding (before irreversible denatur-
ation) to a larger extent as compared with AHA. As also shown
in Fig. 6, PPA unfolds at higher temperatures, which preclude
direct comparison. Nevertheless, it is worth noting that
Mut5CC tends toward the behavior of PPA in terms of temper-
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TABLE 3

Microcalorimetric parameters of thermal unfolding for a-amylases in
complex with the pseudosaccharide inhibitor acarbose

The values refer to the differences in 7, (top of the transition) and in AH_, (area
of the transition) with respect to the free enzyme. Activation parameters of the

amylolytic reaction at 15 °C are also indicated (27).

AT, .« AAH_, AG” AH” TAS*
°C keal mol™* keal mol ™! keal mol™* keal mol™*
AHA 16.6* 115° 134 8.3 —5.1
Mut5 9.0 53 14.0 11.3 —2.7
Mut5CC 8.3 16 14.0 11.1 —-29
PPA 16.3” 11° 14.0 11.5 -2.5

“ Data are similar to Ref. 22.
® Data are from Ref. 22.

ature intervals for irreversible unfolding and AH* (slope of the
plot).

Thermodynamic Stability Recorded by DSC— Although heat-
induced unfolding of both mutants was irreversible under
standard microcalorimetric conditions, we found that addition
of the nondetergent sulfobetaine 3-(1-pyridinio)-1-propane-
sulfonate promotes full unfolding reversibility as illustrated in
the supplemental Fig. S3. This compound has been reported to
protect unfolded proteins from nonspecific interactions by
both charge screening and hydrophobic screening effects (30,
36, 37). Such reversibility of the heat-induced unfolding reac-
tion allowed us to re-investigate the thermodynamic stability
(reversible reaction characterized by an equilibrium constant)
of Mut5 and Mut5CC, assuming that nondetergent sulfo-
betaine does not alter the unfolding parameters, as already
demonstrated for the parent enzyme AHA (36). Fig. 7 illustrates
the normalized DSC thermograms. The thermodynamic
parameters of unfolding derived from reversible DSC endo-
therms are close to those previously obtained under nonrevers-
ible conditions (27) and are therefore reported in the supple-
mental material. As shown in supplemental Table 1, the
improved stability of both mutants is characterized by
increased melting points (7,,) and calorimetric enthalpies
(AH_,). This indicates a significant contribution of the engi-
neered interactions in the enthalpic stability of the protein. Fur-
thermore, the stability curves (supplemental Fig. S4) obtained
by plotting the Gibbs free energy of unfolding, i.e. the work
required to disrupt the native state at any temperature (38),
clearly illustrate the stability increases brought by the muta-
tions, with, in the case of Mut5CC, values approaching those of
the mesophilic homologue PPA.

Stability of a-Amylase-Acarbose Complexes—Acarbose is a
pseudosaccharide inhibitor containing an N-glycosidic bond
and acting as a transition state analogue (39). It has been shown
that stabilization induced by acarbose binding closely follows
the activation parameters of the amylolytic reaction (22)
between the ground state (free enzyme) and the transition state
intermediate (enzyme-acarbose complex). The thermograms
of AHA and of its mutants were therefore recorded by DSC in
the presence of acarbose (supplemental Fig. S5). Table 3 pro-
vides the relevant parameters, and the full data set is presented
in supplemental Table S2.

Upon acarbose binding, AHA is strongly stabilized, as indi-
cated by the large increase of T, .. and of the calorimetric
enthalpy AH_,,. It has been argued (22) that this reflects the
weak number of interactions to be broken to reach the activated

ACEEV DN
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FIGURE 8. Equilibrium unfolding in GdAmCI of AHA and of its mutants as
recorded by fluorescence emission. From left to right: AHA (open circles),
Mut5 (closed circles), Mut5CC (closed squares), and PPA (closed triangles, data
from (22)) are shown.

TABLE 4
Equilibrium unfolding parameters in GdmCl of AHA and of its mutants
Cy m Glio
M keal mol™ w1 keal mol™!
AHA* 0.86 4.3 3.7
Mut5 1.08 5.1 5.5
Mut5CC 1.25 5.3 6.6
PPA® 2.60 2.7 6.9

“ Data are similar to Ref. 22.
? Data are from Ref. 22.

state in the cold-active enzyme (low AH” in Table 3), which in
turn implies large structural motions of the loose free enzyme
upon substrate binding (high AS* in Table 3). It is worth men-
tioning that Mut5 and Mut5CC are less stabilized by acarbose
and display intermediate values with PPA (Table 3). Concomi-
tantly, their activation parameters come close to those of PPA.
This is a strong indication that the stabilizing interactions engi-
neered in the mutants directly impair the cold activity optimi-
zation of the parent psychrophilic a-amylase.

Equilibrium Unfolding in GdmCl—The resistance toward
chemical denaturation using GdmCI was probed by equilib-
rium unfolding recorded by fluorescence (Fig. 8 and Table 4).
Both mutants unfold reversibly at higher GdmCl concentra-
tions (C, values) with respect to AHA and in accordance with
their increased thermal stability. The cooperativity of unfolding
remains similar to that of AHA, as indicated by the m value.
Estimation of the conformational stability in the absence of
denaturant (AGY,,) at 20 °C using Equation 2 provides a ratio
of 1:1.5:1.8:2 for AHA, Mut5, Mut5CC, and PPA, respectively,
in reasonable agreement with the values derived from the DSC
stability curves (supplemental Fig. S4).

Kinetics of Unfolding and Refolding—To address the kinetic
origin of the gain in stability of the mutants, the folding kinetics
in GdmCl were recorded. Indeed, the equilibrium constant
K,y between the native state N and the unfolded state U (K, =
[U]/[N]) is also expressed by the ratio k¢ 1q/kioq Of the kinetic
constants for unfolding and folding, respectively. As shown in
Fig. 9, kinetics of unfolding and refolding were determined
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Multiple Mutants of a Psychrophilic a-Amylase

between 0.3 and 2 M GdmCI. Under all conditions, unfolding
was found to be a monophasic process, although refolding was
a biphasic process comprising a fast phase (~80% amplitude)
and a slow phase (~20% amplitude). In the context of our anal-
ysis, the corresponding parameters (Table 5) were restricted to
the rate constants in the absence of denaturant (k;'* and k;*)
obtained by linear regression (dashed lines in Fig. 9), the corre-
sponding time constants (7 = 1/k), their dependences on the
denaturant concentration (mkf and m,,) and, when relevant,
the transition midpoint Cy. Interestingly, the folding rate con-
stants k}ﬂo for both phases converge toward very similar values
in the three enzymes. By contrast, the unfolding rate constants
k2© of both stabilized mutants are reduced as follows: Mut5
unfolds 3.5 times slower and Mut5CC unfolds 13.4 times slower
with respect to AHA. It can be concluded that the decreased
unfolding rate is the main kinetic determinant of the improved
stability in both mutants.

Conclusions—The mutants Mut5 and Mut5CC bear repre-
sentative stabilizing interactions found in the heat-stable PPA
but lacking in the psychrophilic AHA, i.e. a salt bridge (N150D),
weakly polar interactions (V196F), short H-bonds (K300R),
better hydrophobic effect in core clusters (T232V and Q1941),
and a covalent disulfide bond (Q58C/A99C) specific to warm-

<
= %
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— //<></ ~
A%// /// - AN N
/Muts/// #5 R >
8 1°F - N ~
Mutsce~ AN N
>
'10 T T T T
0,0 0,5 1,0 1,5 2,0
[GAmCI] (M)

FIGURE 9. Chevron plots of the GdAmCI concentration dependence of the
rate constants for unfolding and refolding. Data for AHA (open circles),
Mut5 (closed circles), and Mut5CC (closed squares) are shown. Unfolding rate
constants (right arms of the plot) and refolding rate constants (left arms, slow
phase) were fitted on Equation 6 (solid lines). Dashed lines are extrapolations
to 0 M GdmCl allowing the determination of k2 and k'/2°, the folding and
unfolding rate constants in the absence of denaturant. Upper data set indi-
cates fast refolding phases.

blooded animals (Fig. 1). From an evolutionary perspective,
these mutants can be regarded as structural intermediates
between the psychrophilic and the mesophilic enzymes. We
have shown here that these engineered interactions improve all
the investigated parameters related to protein stability as fol-
lows: the compactness (as probed by fluorescence quenching),
the kinetically driven stability (irreversible heat-induced
unfolding), the thermodynamic stability (from DSC endo-
therms), the resistance toward chemical denaturation (equilib-
rium unfolding in GdmCI), and the kinetics of unfolding/re-
folding. Concomitantly to this improved stability, both mutants
have lost the kinetic optimization to low temperature activity
displayed by the parent enzyme AHA, as demonstrated by their
kinetic parameters toward a model substrate (Fig. 2), by their
activity toward various polysaccharides and oligosaccharides
(Table 1), and by their stability in complex with the transition
state analog acarbose (Table 3). These results provide strong
experimental support to the prevailing hypothesis (7, 27), i.e.
the disappearance of stabilizing interactions in psychrophilic
enzymes increases the amplitude of concerted motions
required by catalysis and the dynamics of active site residues at
low temperature, leading to a higher activity but also to a lower
substrate binding strength (Fig. 2). We have argued elsewhere
that losing stability is apparently the easiest strategy to improve
molecular dynamics in cold environments where the selective
pressure for stable proteins is lacking (8, 40).

Two aspects of the present stability studies are also worth
comments. (i) The role of disulfide bonds has been frequently
debated in the general context of protein stability (26). In the
case of Mut5CC, there is an unquestionable contribution of the
disulfide to all recorded stability parameters. Furthermore, a
fascinating aspect, which deserve further investigations, is the
observation that the disulfide has a higher contribution to sta-
bility when added to Mut5 than to its effect on AHA alone (26),
as far as T,, and AH_,, variations are concerned. This reflects a
very strong cooperativity of stabilizing interactions, rather than
asimple additivity, in the maintenance of the native folded state
of proteins. (ii) The kinetics of unfolding/refolding of Mut5 and
Mut5CC demonstrates that the gain in stability is governed by a
slow unfolding rate, although the folding rate remains
unchanged (Fig. 9 and Table 5). This perfectly fits with similar
experiments performed on hyperthermophilic proteins and
aimed at explaining their unusual stability (41, 42). Altogether,
these results suggest the occurrence of a transition state on the
unfolding pathway, the free energy level of which modulates the
stability of proteins adapted to extreme biological tempera-

TABLE 5
Kinetic parameters of unfolding and refolding in GAmCI
Ink!2© In k> Ko k> T, T, my, My, Cy,
st st s s keal v~ mol™* keal v~ mol™* M
Slow phases
AHA —7.15 —0.62 7.8e-4 0.53 1282 1.88 1.15 —3.51 0.81
Mut5 —8.41 —0.58 2.2e-4 0.55 4545 1.81 1.67 —222 1.14
Mut5CC —9.74 —0.61 5.8e-5 0.54 17241 1.85 1.97 —2.11 1.26
Fast refolding phase
AHA 1.44 4.22 0.24 —2.01
Mut5 1.31 3.69 0.27 —2.55
Mut5CC 1.26 4.58 0.22 -1.92
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tures. This aspect should stimulate further investigations, using
appropriate extremophilic protein models.
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