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aolo Paoli,* Niccolò Taddei,* Tania Fiaschi,* Daniele Veggi,* Guido Camici,* Giampaolo Manao,*
iovanni Raugei,* Fabrizio Chiti,*,1 and Giampietro Ramponi*,2
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Common-type acylphosphatase is a small cytosolic
nzyme whose catalytic properties and three-dimen-
ional structure are known in detail. All the acidic
esidues of the enzyme have been replaced by non-
harged residues in order to assess their contributions
o the conformational stability of acylphosphatase.
he enzymatic activity parameters and the conforma-

ional free energy of each mutant were determined by
nzymatic activity assays and chemically induced un-
olding, respectively. Some mutants exhibit very sim-
lar conformational stability, DG(H2O), and specific ac-
ivity values as compared to the wild-type enzyme. By
ontrast, six mutants show a significant reduction of
onformational stability and two mutants are more
table than the wild-type protein. Although none of
he mutated acidic residues is directly involved in the
atalytic mechanism of the enzyme, our results indi-
ate that mutations of residues located on the surface
f the protein are responsible for a structural distor-
ion which propagate up to the active site. We found a
ood correlation between the free energy of unfolding
nd the enzymatic activity of acylphosphatase. This
uggests that enzymatic activity measurements can
rovide valuable indications on the conformational
tability of acylphosphatase mutants, provided the
utated residue lies far apart from the active site.
oreover, our results indicate that the distortion of

ydrogen bonds rather than the loss of electrostatic
nteractions, contributes to the decrease of the confor-

ational stability of the protein. © 1999 Academic Press

Key Words: common-type acylphosphatase; enzymatic
ctivity; conformational stability; urea denaturation.
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The assembly of the native and functional conforma-
ion of a protein occurs at the expense of a high en-
ropic cost and must necessarily be driven by enthal-
ically favorable intramolecular interactions. It is
idely accepted that the hydrophobic interactions rep-

esent the major driving force to move the energetic
alance in favor of the native conformation, whereas
he role of hydrogen bonds and salt bridges are at
resent a matter of dispute (1–10). The importance of
ach type of interaction occurring within a polypeptide
hain has been recently elucidated for a number of
roteins by means of site-directed mutagenesis (11–
4). In the present study we apply this experimental
pproach to all the acidic residues of human common-
ype acylphosphatase (CT AcP).3 CT AcP is a single-
omain protein of 98 residues and constitutes a simple
odel system for equilibrium and kinetic studies of

olding. CT AcP catalyzes the hydrolysis of acylphos-
hates of physiological relevance such as 1,3-bisphos-
hoglycerate, carbamoylphosphate, and b-aspar-
ylphosphate (15). The biological role of AcP is still
ncertain, although there are some experimental indi-
ations as to its involvement in the regulation of mem-
rane cation transport through the hydrolysis of phos-
horylated intermediates formed during the action of
embrane pumps (16, 17). CT AcP shares 55% se-

uence identity with the highly homologous muscle
cP. 1H NMR and X-ray crystallography have shown

hat both isoenzymes possess very similar three-
imensional structures consisting of an antiparallel
ve-stranded b-sheet packed against two antiparallel
-helices (Fig. 1) (18, 19).
The folding of acylphosphatase, investigated by both

quilibrium and kinetic experiments, is a typical two-
tate process where intermediates do not accumulate
3 Abbreviations used: CT AcP, common-type acylphosphatase;
PTG, isopropyl thiogalactoside; GST, glutathion S-transferase.
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350 PAOLI ET AL.
ignificantly (20–22). Previous studies have also indi-
ated that denatured muscle AcP is characterized by
ittle content of residual structure (23). Therefore, the
quilibrium urea-induced unfolding of acylphosphatase
an be described as a transition between a fully native
nd a fully unfolded conformation.
Here we study the enzymatic activity and the con-

ormational stability of single-point mutants of CT AcP
here the 11 acidic residues have been replaced by
sparagine or glutamine residues. All these residues
ccupy a superficial position in the wild-type protein
nd most of them are involved in the formation of
ydrogen bonds or salt bridges. The glutamate to glu-
amine substitution (or aspartate to asparagine substi-
ution) is rather conservative since glutamine and as-
aragine residues are a little larger than glutamic and
spartic acid residues. Indeed, replacement of aspar-
ate and glutamate residues with asparagine and glu-
amine residues implies the substitution of a good hy-
rogen bond acceptor with either a weaker acceptor
carbonyl oxygen) or a hydrogen bond donor (the amide

IG. 1. Schematic representation of common-type acylphosphatase
rawn by the program WebLab Viewer 1.0. Atomic coordinates are
rom the common-type isoenzyme crystal structure (19). The posi-
ions of aspartic and glutamic residues and the sulfate ion at the
ctive site are highlighted.
roup). Unlike mutations to alanine residues, com-
only performed when studying the importance of hy-

t
e

rogen bonding or ionic interactions of charged resi-
ues, this particular type of mutation allows the dis-
ortions of hydrogen bonding to be investigated.

ATERIALS AND METHODS

Benzoylphosphate was synthesized as previously described (24)
nd dissolved immediately prior to enzyme activity assay. Glutathi-
ne-agarose gel, glutathione, and bovine thrombin were purchased
rom Sigma. Klenow fragment of Escherichia coli DNA polimerase I,
4 DNA ligase, Taq polimerase, and restriction enzyme BamHI and
coRI were purchased from Promega; sequenase was from USB;
GEX-KT vector was from Pharmacia; isopropyl thiogalactoside
IPTG) was from Boehringer (Mannheim). Chemically synthesized
ligonucleotides were obtained from Pharmacia. Acetic acid and urea
ere from Merck (Darmstadt, Germany). All other reagents were
nalytical grade or the best commercially available.
Site-directed mutagenesis. The mutants were obtained directly

n the pGEX-KT vector containing the common-type acylphos-
hatase coding region (25) following the procedure of Deng and
ickoloff (26). Eleven different synthetic oligonucleotides (approx 25
ases long) were used to introduce a single mutation in each mutant.
n particular, aspartic acid and glutamic acid residues were replaced
y asparagine and glutamine residues, respectively. The mutated
enes were completely sequenced by the Sanger’s method (27). The
GEX plasmids carrying the synthetic gene of either the wild-type or
utated CT AcP were amplified in E. coli strain DH5a.
Fusion protein expression and enzyme purification. The expres-

ion of wild-type and mutated acylphosphatase–glutathione S-trans-
erase (AcP–GST) fusion proteins was obtained by inducing cell
ultures with 0.4 mM IPTG for 2 h at 37°C. The cell cultures were
ubsequently centrifuged, and the pellet was resuspended in 50 ml of
0 mM phosphate buffer, pH 7.4, containing 150 mM NaCl, and,
nally, sonicated. The AcP–GST fusion proteins were purified from
ell lysate using a glutathione–agarose affinity resin as described
reviously (25). The thrombin cleavage was performed by incubating
vernight at 4°C the fusion protein bound to the resin with 1:2000
w/w) bovine thrombin in 10 ml of 50 mM Tris–HCl buffer, pH 8.0,
ontaining 150 mM NaCl, 4 mM CaCl2. The cleaved enzyme was
eparated from GST and AcP–GST by simple elution. Protein purity
as checked by 15% SDS–polyacrylamide gel electrophoresis run
ith high concentrations of protein.
Enzymatic activity and protein concentration determination.
cylphosphatase activity was measured by a continuous optical test
t 283 nm and 25°C using benzoylphosphate as a substrate, dis-
olved in 0.1 M acetate buffer, pH 5.3, in the presence of 0.1 mg/ml
ovine serum albumin. The concentration of substrate ranged from
.1 to 5.0 mM; the values of Km and Vmax were calculated by a
onlinear fitting of the hyperbolic Michaelis–Menten equation by
sing the computer program Fig.P (Biosoft, Cambridge, UK). The

nhibition constant (K i) for inorganic phosphate (competitive inhib-
tor of enzyme) was obtained by measuring the rate of the initial
ydrolysis of benzoylphosphate in the presence of four different
oncentrations of inhibitor (ranging from 0.25 to 4 mM). Protein
oncentration was determined using a BCA kit purchased from
ierce.
Structural analysis. The computer program WHATIF with a de-

ault parameter setting was used for calculating the distance be-
ween residues and for molecular modeling (28).

Urea-induced denaturation. The conformational stability of the
roteins was determined by chemically induced unfolding experi-
ents upon titration with urea in 50 mM acetate buffer, pH 5.3,

5°C. The urea was freshly prepared in a stock solution (9 M) in 50
M acetate, pH 5.3. Each titration curve was obtained by measuring
he fluorescence of at least 30 samples containing 0.02 mg/ml of
nzyme preincubated for 1 h in the presence of different concentra-
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351CARBOXYLIC RESIDUES OF COMMON-TYPE ACYLPHOSPHATASE
ions of urea (ranging from 0 to 8 M). For all samples the fluorescence
ntensity was measured at 335 nm after excitation at 280 nm using

Shimazdu RF-5000 spectrofluorophotometer. All data obtained
rom each denaturation curve were fitted using the nonlinear least-
quares analysis proposed by Santoro and Bolen (29):

5 $~ y f 1 m f@urea#! 1 ~ yu 1 mu@urea#!

3 exp@2~DG~H2O!/RT 2 m@urea#/RT!#%/

$1 1 exp@2~DG~H2O!/RT 2 m@urea#/RT!#%, [1]

here y f, m f, yu, and mu are the slopes and intercepts of the pre- and
osttransition regions, respectively, m is a measure of the DG de-
endence on urea concentration, and DG(H2O) is the free-energy
hange of unfolding in the absence of denaturant. The determined m
alue was very similar for the wild-type protein and 7 of 11 mutants,
nd an average value was calculated using the data obtained for
hese mutants. Thus, DG(H2O) was redetermined for each of these
utants as suggested by Pace (30) and Matouschek and Fersht (31)
sing

DG~H2O! 5 Cm 3 ^m& [2]

here ^m& is the average m value and Cm the denaturation midpoint
f the mutant under consideration. In contrast, the directly mea-
ured m value was used for those mutants that exhibit m values
ignificantly lower than the wild-type protein.

ESULTS AND DISCUSSION

nzymatic Activity and Substrate Binding of Mutated
AcP

In order to study the contribution of acidic groups to
he conformational stability of CT AcP, all the glutamic
nd aspartic acid residues were replaced by glutamine
nd asparagine residues, respectively. The main ki-
etic parameters of enzymatic activity measured for all

TAB

Main Kinetic Parameters Calculated fr

Specific activity
(IU/mg protein) Km (m

Wild-type 4500 6 450 0.15 6 0
Glu2Gln 4020 6 400 0.16 6 0
Glu12Gln 2660 6 260 0.21 6 0
Glu29Gln 4570 6 450 0.14 6 0
Glu63Gln 4370 6 440 0.25 6 0
Glu66Gln 5580 6 560 0.16 6 0
Glu83Gln 2880 6 290 0.32 6 0
Asp10Asn 4300 6 430 0.14 6 0
Asp43Asn 3690 6 370 0.39 6 0
Asp76Asn 4500 6 450 0.15 6 0
Asp90Asn 4300 6 430 0.16 6 0
Asp93Asn 3340 6 330 0.14 6 0

a One IU is defined as the catalytic activity which hydrolyzes 1
alculated kinetically using benzoyl phosphate and inorganic phosph
utants are summarized in Table I. No significant
ifferences were found as compared to the wild-type

s
o

nzyme. While the mutants Glu12Gln, Glu83Gln,
sp43Asn, and Asp93Asn exhibit a slight reduction of

he specific activity, the other mutants appear to pos-
ess an enzymatic activity comparable to that of the
ild-type enzyme. Moreover, the Glu66Gln mutant

hows even higher catalytic activity. As far as the Km

alues are concerned, slight increases were found for
he Glu12Gln, Glu63Gln, Glu83Gln, and Asp43Asn
utants, the other mutants featuring Km values very

imilar to that of the wild-type protein. A similar pic-
ure emerges as to the K i values: these are approxi-
ately the same as that of wild-type CT AcP, and only

he Glu12Gln, Glu83Gln, and Asp43Asn mutants have
lightly increased values of K i. Because both Km and K i

epresent, to a good approximation, an index of the
inding capability of the enzyme active site, it is not
urprising to find such correlation between the two
arameters. On the contrary, the loss of enzymatic
ctivity does not seem to correlate with the loss of
inding capability as can be deduced by the Km (or K i)
nd specific activity values reported in Table I. In
ummary, none of the mutations performed in this
tudy alters dramatically the enzymatic efficiency nor
he substrate binding capability of CT AcP. This rules
ut the involvement of carboxylic groups in the catal-
sis of this enzyme.
Structural studies based on NMR and X-ray crystal-

ography (18, 19), in combination with site-directed
utagenesis studies (32–34), have allowed the position

f the active site to be located at atomic level. This
ncludes the Arg23 and Asn41 residues and the 15–21
oop. In this respect, the relatively high levels of enzy-

atic activity of the mutated forms of CT AcP are not

I

Activity Measurement Experimentsa

K i (mM) k cat/Km (s21 mM21)

0.59 6 0.04 5610 6 670
0.44 6 0.03 4500 6 530
0.72 6 0.06 2210 6 290
0.53 6 0.05 6000 6 800
0.64 6 0.09 3220 6 550
0.59 6 0.02 6400 6 670
0.81 6 0.07 1650 6 220
0.61 6 0.02 5630 6 600

4 0.75 6 0.05 1740 6 210
5 0.49 6 0.03 5410 6 630
5 0.53 6 0.03 4920 6 560
3 0.60 6 0.05 4290 6 560

ol/min of benzoylphosphate, at pH 5.3 and 25°C. Km and K i were
e as substrate and competitive inhibitor, respectively.
LE

om

M)

.01

.01

.02

.03

.07

.03

.08

.02

.00

.00

.00

.00
urprising and reflect the distance from the active site
f all the acidic residues. On the other hand, four of the
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352 PAOLI ET AL.
utations studied led to the partial loss of enzymatic
ctivity. We have recently produced CT and muscle
cP mutants in which the replacement of amino acid

esidues falling well outside the active site are respon-
ible for a dramatic decrease of the enzymatic activity
unpublished observations). NMR spectroscopy indi-
ates that these particular mutations act presumably
hrough a slight but extensive reorganization of the
tructure of the protein that propagates up to the cat-
lytic site of the enzyme (unpublished observations).
he decrease of enzymatic activity in four of the mu-
ants in the present study can therefore be attributed
o little alterations of the packing of the molecule
hich originate at the site of the mutation and propa-
ate to the active site. This interpretation agrees with
view that has been demonstrated to be generally

alid: a movement of a few Å of residues involved in
atalysis would be, in fact, enough to alter significantly
he enzymatic activity (35).

onformational Stability of Mutated CT AcP

To gain insight into the importance of the acidic
esidues for the conformational stability of CT AcP, we
cquired the urea denaturation curves of the 11 mu-
ants (Fig. 2). The equilibrium urea denaturation
urves were analyzed as explained under Materials
nd Methods, and the parameters obtained from the
nalysis are reported in Table II. The Glu12Gln,

IG. 2. Urea-induced denaturation of common-type acylphos-
hatase followed by recording the fluorescence signal at 335 nm as a
unction of the urea. Wild-type enzyme (F), Glu12Gln mutant (h),
lu83Gln mutant (}), and Glu66Gln mutant (ƒ). The curves are
ormalized to the fraction unfolded (f.u.) 5 ( y 2 yn)/( yn 2 y d), where
is the fluorescence observed at a given urea concentration and yn

nd y d are the signals of fluorescence of the native and denatured
rotein, respectively, at the same urea concentration extrapolated
rom the pre- and posttransition baselines.
lu83Gln, Asp90Asn, and Asp93Asn mutants appear
ess stable given their low midpoint of denaturation,

m
a

m (Fig. 2). Interestingly, 4 of the 11 mutants studied
ave a significantly low m value (Glu63Gln, Asp10Asn,
sp76Asn, and Asp93Asn), while the others have m
alues similar to that of wild-type CT AcP. It is widely
ccepted that the m value is linearly correlated to the
hange of solvent exposed surface area upon denatur-
tion (36, 37). A decreased m value can be found for
tructurally very similar proteins and is generally ex-
lained either by the presence of an intermediate sig-
ificantly populated at equilibrium during the unfold-

ng reaction or by an increased compactness of the
enatured state (38).
Table II reports, together with the DG(H2O) values

or all the mutants, the DDG values defined as the
ifference between the DG(H2O) of the mutant and the
G(H2O) of the wild type. Nearly all mutants display a
egative DDG value, indicating that the amino acid
eplacement of the carboxylic residues of CT AcP leads
o a reduction of the conformational stability of the
rotein. Some destabilizations are very small and per-
aps negligible given the experimental error, but some
thers are undoubtedly significant such as those for
lu12Gln, Glu83Gln, Asp90Asn, and Asp93Asn. Inter-
stingly, two of the mutants, Glu63Gln and Glu66Gln,
isplay a higher Cm value and the Glu66Gln an in-
reased conformational stability compared to the wild-
ype protein.

TABLE II

Conformational Stability Parameters Derived from Urea
Denaturation Experimentsa

Cm

(M)
m value

(kJ mol21 M21)
DG(H2O)
(kJ mol21)

DDGD,25°C

(kJ mol21)

ild-type 2.90 6.3 18.0 —
lu2Gln 2.85 6.7 17.7 20.3
lu12Gln 1.85 6.3 11.5 26.5
lu29Gln 2.83 5.9 17.6 20.4
lu63Gln 3.16 5.4 17.0 21.0
lu66Gln 3.19 6.4 19.8 11.8
lu83Gln 2.10 6.3 13.1 24.9
sp10Asn 2.71 5.3 14.4 23.6
sp43Asn 2.97 5.7 18.5 10.5
sp76Asn 2.95 5.1 15.0 23.0
sp90Asn 2.28 6.2 14.2 23.8
sp93Asn 2.46 4.5 10.8 27.2

a Experimental conditions are described in the text. Cm is the
oncentration of urea at which 50% of the protein is unfolded.
G(H2O) is the unfolding Gibbs free energy in the absence of urea; m
alue is the dependence of DG(H2O) on denaturant concentration.
n average ^m& value of 6.22 6 0.60 kJ mol21 M21 has been used for
ecalculating DG(H2O) for those mutants that exhibit an m value
hat is similar to that of the wild-type protein within experimental
rror. The DG(H2O) values for the Asp10Asn, Glu63Gln, Asp76Asn,
nd Asp93Asn mutants were calculated by considering the measured
value. The average error for each m value is 10%, for Cm is 0.1 M,
nd for DG(H2O) is 10%.
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353CARBOXYLIC RESIDUES OF COMMON-TYPE ACYLPHOSPHATASE
The interpretation of these data requires a careful
valuation of the interactions formed by each residue
ithin the native conformation of the protein. Table III

eports the hydrogen bonds and salt bridge interac-
ions formed by each residue in the native conforma-
ion as deduced by the crystal structure of CT AcP (19).
ome of the acidic residues form one or two hydrogen
onds with the side chain or the backbone NH groups
f residues of other nature such as arginine, lysine,
hreonine, phenylalanine, tryptophan, etc. Five of the
cidic residues are spatially located near basic residues
nd presumably participate in the formation of a salt
ridge. Because of the superficial location of nearly all
arboxylic residues of the protein, the hydrophobic in-
eractions are not considered in our analysis, except
here otherwise specified. The loss of a salt bridge is
ot a major determinant of the observed destabiliza-
ion caused by amino acid replacement. Indeed, the
estabilization observed following elimination of a res-
due that participates in the formation of a salt bridge
s not, on average, higher than that observed for resi-
ues that are not involved in ionic bonds (cf. Table II
nd Table III). By contrast, the loss or reorganization
f hydrogen bonds appears to be more important. Fig-
re 3 shows the statistical correlation between changes

n conformational stability upon glutamate to glu-
amine substitution (or aspartate to asparagine) and
he number of hydrogen bonds formed by the mutated
esidue. A significant correlation is found, as inferred
y a linear correlation coefficient of 0.75. In some cases
t is likely that these amino acid substitutions leave the

TABLE III

Hydrogen Bonds and Salt Bridges Involving
Acidic Residuesa

Residue H Bonds and salt bridges Distance in Å

Glu2 Glu2Oe2—Arg59Nh1 3.20
Asp10 Asp10Od2—Asn82Nd2 2.72

Asp10Od1—Gln50Ne2 2.74
Glu12 Glu12Oe2—Thr46Og2 2.69
Glu29 Glu29Oe1—Lys32Nz 3.27

Glu29Oe1—Trp64Ne 3.78
Asp43 — —
Glu63 — —
Glu66 — —
Asp76 Asp76Od1—His74Ne2 2.94
Glu83 Glu83Oe2—Arg59Nh2 3.30

Glu83Oe1—Gln62Ne2 3.96
Asp90 Asp90Od2—Gln52Oe1 2.75

Asp90Od2—Gln52Ne2 3.69
Asp93 Asp93Od2—Phe94N 3.09

a Data were obtained from the common-type acylphosphatase crys-
al structure (19). The distance between two residues was calculated
sing the program WHATIF (28).
rotein substantially unchanged with the same num-
er of hydrogen bonds and similar mutual distances

F
g

etween the atoms, especially in a molecule such as CT
cP where the acidic residues are largely solvent ex-
osed. Nonetheless, it might happen that the hydrogen
onds network formed in the mutated proteins is some-
hat distorted, resulting in a destabilization of the
ative state. Glu12 has been omitted from the analysis
arried out in Fig. 3 because the side chain proximal
nd of this residue is closely packed to the aromatic
ing of Phe14. Such hydrophobic interaction is suppos-
dly very important in determining the contribute of
lu12 to the overall conformational stability of the
rotein.
Another important aspect is the stabilization of CT
cP generated by the elimination of Glu66. This stabi-

ization can be ascribed to the vicinity of such residue
o Glu63 in the wild-type protein (5.8 Å). In a modeling
tudy performed on the structure of CT AcP (see Ma-
erials and Methods) the replacement of Glu66 causes
he two residues at positions 63 and 66 to be so close
3.3 Å) as to allow the formation of a new hydrogen
ond. In this respect, CT AcP has been found to be
tabilized upon increasing the ionic strength, suggest-
ng that the alleviation of electrostatic repulsion may
ive rise to an increased conformational stability of the
rotein (22).

elationship between Enzymatic Activity and
Conformational Stability

It seemed interesting to evaluate the possible use of
nzymatic activity measurements as a probe to gain
nsight into the effects of the mutations on CT AcP
tructure and conformational stability. The enzymatic
ctivity of CT AcP is very sensitive to minimal rear-
angements of the structure of the protein and thus
rovides a valuable tool to assess easily whether the
ffects of mutations are localized or more extended.
IG. 3. Linear correlation between DCm and the number of hydro-
en bonds.
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354 PAOLI ET AL.
ig. 4 illustrates the correlation between the specific
ctivity and the free energy change of unfolding (the
inear correlation coefficients is 0.75). Since all the

utations are far away from the catalytic site of the
rotein, this relationship provides further evidence
hat the structural effects of mutations are not strictly
ocalized and are likely to propagate up to the active
ite of the molecule. Interestingly, the Glu66Gln mu-
ant features an increase of both stability and enzy-
atic activity (Table I and Table II). It is tempting to

peculate that the elimination of a destabilizing resi-
ue such as the Glu66 introduces more favorable in-
eractions giving rise to a higher rigidity of the native
onformation and to a better positioning of the groups
n the catalytic site.

ONCLUSIONS

While salt bridges do not seem to contribute largely
o the conformational stability of CT AcP, the surface
ydrogen bonding appears to play a significant role.
lthough the hydrophobic effect is not the focus of the
resent work, the largest destabilization in our set of
utants has been found for the mutant of Glu12, a

esidue partially buried in the hydrophobic core. The
mportance of hydrophobic interactions and hydrogen
onding in maintaining the native and functional con-
ormation of a protein is now well acknowledged (6, 10).
ur study suggests that the surface salt bridges do not
lay a relevant role in protein stability. In this respect,
ur data are in close agreement with those emerging
rom the investigation of other proteins (6, 14, 39–41).
evertheless, the introduction of conservative muta-

ions and their repercussion on the enzymatic activity

IG. 4. Relationship between specific activity and DG(H2O) for
oth wild type and mutants of CT AcP.
ddress the importance of molecular distortions in de-
ermining the causes of protein destabilization.
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