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ABSTRACT. We studied the temperature- and denaturant-induced denaturation of two thermophilic esterases,
AFEST fromArcheoglobus fulgiduand EST2 fromAlicyclobacillus acidocaldarig, by means of circular
dichroism measurements. Both enzymes showed a very high denaturation temperat@¢ord®~EST

and 91°C for EST2. They also showed a remarkable resistance against urea; at half-completion of the
transition the urea concentration was 7.1 M for AFEST and 5.9 M for EST2. On the contrary, both enzymes

showed a weak resistance against GUHCI; at half-

completion of the transition the GUHCI concentration

was 2.0 M for AFEST and 1.9 M for EST2. The thermodynamic parameters characterizing urea- and
GuHCI-induced denaturation of the studied enzymes have been obtained by both the linear extrapolation
model and the denaturant binding model. The dependence of the thermal stability on NaCl concentration
for both esterases has also been determined. A careful analysis of the data, coupled with available structural
information, has allowed the proposal of a reliable interpretation.

Recently, two thermophilic esterases, AFE3Dm Ar-
cheoglobus fulgidusand EST2 fromAlicyclobacillus (for-
merly Bacillus) acidocaldarits, have been identified, over-
expressed ifEscherichia colipurified, and characterized to
obtain further insights into their structuréunction relation-
ship (1—3). The two proteins are monomeric with 42% of
sequence identity and phylogenetically rela&d): AFEST

step and a fundamental requirement in order to try to
disentangle the stability energetics of globular protefi@s (
11). Such a task is very important from two different points
of view. The first one is the understanding of the physical
principles governing the conformational stability of globular
proteins in connection with the so-called “protein folding”
problem. The second one is the determination of “traffic

consists of 311 amino acid residues (35.5 kDa), while EST2 rules” (12), specific amino acid replacements between
has 310 amino acid residues (34 kDa). They are homologousproteins from mesophiles and those from thermophiles,
to the hormone-sensitive lipase-like (H) group of the esterase/responsible of the increase in thermal stability, and is of

lipase family.

The 3D structure of EST2 has been solved by X-ray
crystallography ). The enzyme has th&/3-hydrolase fold
typical of several lipases and esteras&s (n addition,
Serl55, Asp252, and His282 have been identified as the
members of the catalytic triad); Homology modeling of
the AFEST structure points out that it should be very similar
to that of EST2, with Ser160, Asp255, and His285 constitut-
ing the catalytic triad 9).

Comparative thermodynamic studies on thermophilic
enzymes can provide fundamental insights into the basis of
their extra stability. Thermodynamic data are a necessary
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special interest for biotechnological applications.

The two esterases AFEST and EST2 are a good target to
perform a comparative stability investigation because they
are relatively small globular proteins with a monomeric form,
and their overproduction systems have been established.
Urea- and GuHCl-induced denaturations of AFEST and
EST2 were investigated by means of circular dichroism (CD)
measurements at a constant temperature 6€2M addition,
thermal unfolding profiles were recorded for both proteins
in the absence and presence of the two denaturants by means
of CD measurements.

MATERIALS AND METHODS

Protein Purification and Enzymatic AssaffFEST and
EST2 were overexpressed h coli and purified as previ-
ously describedl, 2). The purity of homogeneous prepara-
tions was checked by SDSAGE and reversed-phase
HPLC. Protein samples were dialyzed against appropriate
buffers and concentrated by using an Amicon ultrafiltration
apparatus for the following analyses.

Sample Solutiong he enzymes were dissolved in a buffer
solution consisting of 20 mM sodium phosphate at pH 7.5,
and the concentration was determined spectrophotometrically
using theoretical, sequence-basgg) (extinction coefficients
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of 39000 and 43300 M cm* at 278 nm for AFEST and  and denatured states, respectively, which are assumed to be
EST2, respectively. Urea was used after recrystallization from a linear function of temperature.

ethanol/water (1:1) mixtures. Urea solutions were prepared GuHCI- and urea-induced unfolding transition curves were
fresh daily in buffered solutions, and the concentration of analyzed, on the assumption of a two-state>ND transition,

the urea stock solution was determined by refractive index by means of two modeld.d). The linear extrapolation model
measurementd.4). A commercia8 M solution from Sigma (LEM) assumes that the standard denaturation Gibbs energy
was used for GUHCI. Protein solutions for CD measurements change is a linear function of the denaturant concentration
were exhaustively dialyzed by using Spectra Por MW [den] according to the equation:

15000-17000 membranes against buffer solution &C4

The water used for buffer and sample solutions was doubly AG = A Gy 0 — miden] 3)
distilled. The pH was measured at 25 with a Radiometer
pH meter, model PHM93. where A4Gh,0 is the value of A¢G in the absence of

Stock protein solutions were prepared in the buffer solution dénaturant anchis a measure of the dependence\aG on
to be 10 times the requisite final protein concentration. dénaturant concentration. FurthermokgGe,o = midenly.,
Buffer, urea stock solution, and £@0 uL of protein stock ~ Where [denj. is a measure of the midpoint of the denatur-
solution to give a final volume of 0.5 mL were added to 1.5 ation region. The denaturant binding model (DBM) assumes
mL siliconized Eppendorf tubes. This yielded final urea that protein unfolding is due to the fact that there are a greater
concentrations from 0 to 9 M, GUHCI concentrations from number of identical and noninteracting binding sites for
0 to 6 M, and the desired final protein concentration. Since denaturant molecules on the denatured state than there are
high urea or GUHCI concentrations change the pH, the final ©N the native state. As a consequence:
pH for each sample was corrected by addition of HCI or _ _
NaOH. Each sample was mixed by vortexing and was AgG = AgGro — ANRTIN(L + ka) )
incubated overnight at £C. Longer incubation times
produced identical CD signals.

Circular Dichroism. CD spectra were recorded with a
Jasco J-715 spectropolarimeter equipped with a Peltier-type
temperature control system (Model PTC-348WI). The instru-
ment was calibrated with an aqueous solutiord-dfo-(+)-
camphorsulfonic acid at 290 nmig). Molar ellipticity per
mean residue ] in deg cnt dmol!, was calculated from
the equation 4] = [O]obdnrw/1AC, where Plops is the
ellipticity measured in degrees, mrw is the mean residue
molecular weight, 113 D& is the protein concentration in
g L%, andl is the optical path length of the cell in cm. A
0.2 cm path-length cell and a protein concentration of about
0.1 mg mL* were used in the far-UV region. CD spectra
were recorded with a time constant of, /a2 nmbandwidth,
and a scan rate of 5 nm mify were signal-averaged over at
least five scans, and were baseline corrected by subtractinlResULTS
a buffer spectrum. The urea- or GuHCI-induced denaturation N ) ) _
curves at constant temperature were obtained by recording Stability against Chemical DenaturantsSince both
the CD signal at 222 nm for each independent Samp|e_AFEST and EST2.d|spIa.y optimal enzymatic actmty aqu_md
Thermal unfolding curves were recorded in the temperature PH 7.0 (L, 3), we investigated the conformational stability

mode at 222 nm., from 25 to 10%, with a scan rate of 1.0 of the two proteins in 20 mM phosphate buffer, pH 7.5. Far-
K min-L. UV CD spectra of AFEST and EST2 were recorded at pH

7.5 and 20°C and at a protein concentration of about 0.1
mg mL™% They are shown in Figure 1. Analysis of such
spectra 15) has provided values for the content of secondary
structure elements that agree with those determined from the
X-ray structure of EST26): 33% a-helix, 19% 3-sheet,

and 48% unordered. This indicates that the far-UV CD signal
should be a useful probe to study the conformational

) ) transitions of the two esterases.

whereT, is the denaturation temperature at whkKh= 1, The molar ellipticity at 222 nm as a function of urea and
AqH(Tq) is the denaturation enthalpy change, @, the  GyHCI concentration has been recorded to ascertain to what
denaturation heat capacity change, is considered zero becausgytent the secondary structure of AFEST and EST2 is
it cannot be reliably determined from CD measurements. affected by denaturants. The measurements were performed

where An is the difference in the number of denaturant
binding sites,k is the equilibrium constant for binding at
each site, anda is the activity of the denaturant. The
equations to calculate the molarity-based activities for urea
and GuHCI from their molar concentrations were provided
by Pace 14). Clearly,Kqg = exp(~A¢G/RT) and eq 2 are
used for both LEM and DBM, on the assumption that the
molar ellipticities of the native and denatured state vary
linearly with denaturant concentration. A nonlinear least-
squares regression was carried out to estimate the unknown
parameters associated with the unfolding transition, using
the LevenbergMarquardt algorithm, as implemented in the
Optimization Toolbox of MATLAB. The standard deviation
(0) of the calculated points from the experimental ones gives
a measure of the adequacy of the fit in each case.

Analysis of Thermal and Denaturant Unfolding Transi-
tions. Thermal unfolding transitions were analyzed with the
two-state N= D model whose equilibrium constant is given

by

Ko(T) = exp[[-AH(T)/RIIL/T) — (/Ty} (1)

Correspondingly the observed molar ellipticity is after an overnight incubation of the samples &C4(longer
incubation times gave rise to identical signals) and proved
(0] = {[0]n + [O]pK$ {1 + K} (2) to be independent of protein concentration in the range 0.5

0.05 mg mLL. The urea- and GuHCI-induced denaturations
where P]n and [f]p are the molar ellipticities of the native had a sigmoidal shape for both esterases, indicative of a
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Ficure 1: Far-UV CD spectra of AFESTH) and EST2 @)
esterases recorded at pH 7.5 and°@0and far-UV CD spectrum

of thermally denatured AFESTa{ recorded at 105C.
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Ficure 2: Urea- and GuHCI-induced denaturation curves of

AFEST at pH 7.5 and 20C.
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Ficure 3: Urea- and GuHCI-induced denaturation curves of EST2
at pH 7.5 and 20C.

destroyed. For both proteins the denaturation was reversible,
as renaturation of completely unfolded samples by suitable
dilution showed a full recovery of all of the spectroscopic
features of the native enzymes. The value of the urea
concentration at half-completion of the transition, indicated
as [ureaj,, was 7.1 M for AFEST and 5.9 M for EST2.
The value of the GuHCI concentration at half-completion
of the transition, indicated as [GuUHG} was 2.0 M for
AFEST and 1.9 M for EST2. Clearly, AFEST proves to be
more resistant than EST2 toward the denaturing action of
urea, whereas the resistance of the two esterases to GuHCI
is practically the same.

In addition, an important datum is that for both proteins
the [urea],; value is larger than twice the [GuHGH value.
This means that GUHCI is more effective in denaturing both
AFEST and EST2 than expected. In fact, Pace and colleagues
(16), by reviewing data for several proteins studied in the
presence of both urea and GuHCI, concluded that the
denaturing strength of GUHCI is roughly twice that of urea.
Therefore, one should expect that [urged 2[GUHCI]/.
Our measurements contrast with such prediction for both
AFEST and EST2, so the discrepancy should not be due to
the source of the protein. Actually, Hodges and co-workers
(17) pointed out that urea and GuHCI provide a different
estimate of the protein stability as a consequence of the role
played by electrostatic interactions. We suggest that a similar
explanation should hold for AFEST and EST2. In this respect
it has to be noted that denaturants such as urea and GuHCI
should interact directly with the protein surface and should

cooperative transition, and are reported in Figure 2 for unfold the native structure by forming multiple H-bonds with
AFEST and in Figure 3 for EST2. At high denaturant neighboring peptide groupd&-22).

concentration for both proteins, the molar ellipticity is close

Urea and GuHCI transition curves were analyzed by means

to zero, indicating that the secondary structure is completely of two models: LEM and DBM. The results obtained by



Stability of Two Thermophilic Esterases Biochemistry, Vol. 41, No. 4, 20021367

1
Table 1: Parameter Values Obtained by the LEM Analysis of Urea- ab(_)Ut 30 kJ mot" for both eSte_raseS' HQW?‘_’G“ m@G_HZO
and GuHCI-Induced Denaturation of AFEST and EST2, Monitored ~ €Stimates by the DBM analysis were significantly different

by [0]22> Changes at pH 7.5 and 2@2 from those obtained by the LEM analysis: 30 versus 18 kJ
[denk,  AdGio m o mol~L. In the case of urea transition curves the two DBM
(M)  (kJmol) (kI moFiM~1) (deg cnidmol?) procedures gave the following results: (a) for AFEST,
AFEST AdGh,0 = 49 or 45 kJ mot?, respectively; (b) for EST2,
urea 7.1 49 6.9 55 A¢Gr,0 = 64 or 70 kJ mot?, respectively. These numbers
GuHCI 2.0 19 8.7 6.1 are not greatly different between each other and, more
ESuTria 59 63 11.0 51 importantly, agree with those obtained by the LEM analysis.
GuUHCI 1.9 18 8.7 59 Therefore, LEM and DBM afforded consistert G,0

“The data were analyzed as described in the text. For each estimates in the case of urea transition curves but not for

experimental condition three independent CD measurements wereGUHCI transition curves. This finding is not new. In
performed. Each figure is the average of the values calculated by the particular, Makhatadze2@) provided convincing arguments
nonlinear regression with respect to egs 2 and 3 over the three CDon the nonapplicability of LEM for the analysis of GUHCI
measurements. The uncertainties in the estimatesnfand AdGHZO trans|t|on curves. In any case, there |S no agreement between
amount to 10% and 15%, respectively, of reported values. The values : :
of o, the standard deviation of the fit, are the highest obtained for each the A_QGHzo estlmate_zs Ot_)tamEd from ‘urea and GUH_CI
experimental condition. transition curves using e_|th_er _the_LEM or DBM analysis.
This is a fundamental point indicating that two such models
are too simple to fully account for the influence of urea and

Table 2: Parameter Values Obtained by the DBM Analysis of Urea- - - .
and GuHClI-Induced Denaturation of AFEST and EST2, Monitored GuHCl on the conformational stability of globular proteins.

by [6]222 Changes at pH 7.5 and 2C? Clearly, the transition curves of AFEST and EST2 as a
AG K function of denaturant concentration are the direct experi-
dGH,0 [ . . . e
(mof) An (MY  (degcridmol) mental result, and we are confident in their reliability. Such
AFEST curves indicate unequqcally that _both therr_nophlhc en-
urea 49 69 005 5.7 zymes, even though particularly resistant against urea, are
urea 45 54 0.06 5.3 easily unfolded by GuHCI.
GuHClI 36 27 0.78 6.4 Stability against Temperaturé he temperature-induced
ES%HC' 32 30 060 6.1 denaturation of the two proteins was monitored by recording
urea 64 208  0.02 5.3 the molar ellipticity at 222 nm in both the absence and
urea 70 103 0.06 5.3 presence of denaturants, having fixed the solution pH at 7.5.
GuHCl 27 30 0.49 6.9 The experimental curves are shown in Figure 4 for AFEST
GuHCl 29 27 060 6.8 (panel a for urea, panel b for GUHCI) and in Figure 5 for

2The data were analyzed as described in the text. For eachEST2 (panel a for urea, panel b for GUHCI). The thermal
oo o o s o v o e s saame oy e Lansiion curves for both esterases in the sbsence o
ﬁonlinear regressic?n with respect tcg>J egs 2 and 4 over the threg CDdenaturgnt; ,md,'cate that, even at very high temperature, the
measurements. The uncertainties in the estimatesripk, andA4Gp,o molar ellipticity is not zero: §],2;= —4900 deg crhdmol™
amount to 15%, 10%, and 15%, respectively, of reported values. The at 105°C for AFEST and—5300 deg cridmol™ at 100°C
values ofo, the standard deviation of the fit, are the highest obtained for EST2. The far-UV CD spectrum of AFEST at 106 is
for each experimental condition. reported in Figure 1; that of EST2 at 106G is not shown

because it is superimposed on that of AFEST. Analysis of

the LEM analysis (see eq 3) are collected in Table 1. There such spectral®) indicates the presence of residual secondary
is a strong discrepancy between teGy,o estimates structure even though the most part of the polypeptide chain
obtained by the LEM analysis of urea and GuHCI transition is unordered. It is worth noting that a similar result emerged
curves for both proteins: (a) for AFESTGh,0 = 49 kJ from FTIR measurement24, 25). Therefore, some second-

mol~* from urea transition and 19 kJ madlfrom GuHCI ary structure elements are retained in the thermally denatured
transition; (b) for EST2A¢Gh,0 = 63 kJ mol! from urea proteins. This finding indicates that, for both AFEST and
transition and 18 kJ mot from GuHCI transition. EST2, the denatured state produced by the chemical denatur-

The results obtained by the DBM analysis (see eq 4) areants urea and GuHCI is different from that produced by
collected in Table 2. The analysis has been performed intemperature.

two different ways: (@) considering ttkevalue to be deter- The temperature-induced denaturation was reversible for
mined from fitting; (b) considering thkevalue fixed at 0.06 =~ EST2, since the reheating of a sample previously heated gave
M~ for urea and 0.6 M* for GUHCI. The fixed values of a superimposable melting profile, but irreversible for AFEST.

are those determined by Padd)and Makhatadze and Priv-  In this respect, it should be noted that EST2 possesses one
alov (19) from studies on both model compounds and globu- sulfhydryl group, while AFEST has three sulfhydryl groups;
lar proteins. The estimates obtained by the fitting procedure the latter may be involved in side reactions at high temper-
substantially agree with the fixed ones for both denaturants ature that render impossible the correct refolding of the
(see Table 2). Thén estimates depend strongly on tke  polypeptide chain. On this basis we assumed that the
value in the case of urea, not in the case of GUHCI. However, irreversibility of the temperature-induced denaturation is not
as pointed out by TimashefL8), the physical interpretation  an intrinsic feature of the conformational transition, which
of the An parameter should not be taken too literally. was treated as a reversible process.

In the case of GuHCI transition curves, the two DBM The thermal unfolding curves were analyzed on the
procedures gave similar results: thgGh,o estimates were  assumption that the process is a two-state>ND transition
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FIGURE 4: Panel a: Temperature-induced denaturation curves of FIGURE 5: Panel a: Temperature-induced denaturation curves of
AFEST in the absencd®) and in the presence @ M (a) and 5.6 EST2 in the absencdlj and in the presence of 2.4 M) and 3.6
M (@) urea. Panel b: Temperature-induced denaturation curves of M (®) urea. Panel b: Temperature-induced denaturation curves of

AFEST in the absencdlj and in the presence of 0.2 MJ, 0.8 EST2 in the absencdj and in the presence of 0.1 M, 0.5 M
M (®), and 1.4 M ) GUHCI. (@), and 1.1 M §) GUHCI.

for both proteins. This assumption is supported by the finding state N= D transition. This is an important result because
that, for both esterases, the thermal unfolding curve obtainedAFEST and EST2, with 311 and 310 residues, respectively,
by recording the molar ellipticity at 222 nm is superimpos- are larger than the limiting size for a single cooperative
able, within experimental accuracy, to that obtained by domain, which is of the order of 200 residuez5,(27).
recording the molar ellipticity at 270 nm (see Figure 6 for Actually, a similar result has been obtained for an amylase
AFEST). In addition, since the experimental unfolding curves from a psychrophilic microorganisn2®).

of both AFEST and EST2, in the absence and presence of The thermodynamic values obtained from the analysis are
denaturants, are well fitted by eqs 1 and 2, we can concludecollected in Table 3. At pH 7.5 the denaturation temperature
that their temperature-induced denaturation is close to a two-of AFEST isTq = 99.0°C, and the denaturation enthalpy
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-4 T T T T T

greater rigidity should result in a lower entropy of the AFEST
native state and, so, in a larger entropy of unfolding which
r would be destabilizing. This reasoning well emphasizes the
-5 o emergence of enthalpyentropy compensation and the dif-

/° 4 -50 ficulty to relate structural features of globular proteins to
their thermodynamics.

©7 /./ On increasing the denaturant concentration, the denatur-
ation temperature of the two proteins decreases: (a) for
AFEST, Tq = 92 °C at 2.0 M urea and 74C at 0.8 M
GUuHCI; (b) for EST2,Tq = 77 °C at 2.4 M urea and 6%9C
at 1.1 M GuHCI. Itis evident that the effectiveness of GUHCI
is far greater than that of urea toward both esterases. The
estimates for\¢H(Ty) on increasing the denaturant concen-
tration remain practically constant in the case of GuHCI and
slightly decrease in the case of urea (see Table 3). In this
< respect, it should be noted that, in the absence of denaturants,
e 1 the denaturation enthalpy change strongly depends on
Lo e et temperature due to the large and posit\€, (31). But, in
the presence of denaturants, the situation may be different.
] In fact, in the presence of GUHCI or urea, the thermally
11 : . . , , denatured state of both AFEST and EST2 is different from
8o 90 100 that obtained in the absence of the two chemical denaturants.
T(°C) The molar ellipticity at 222 nm of the two thermally
Foure 6: Temperature-induced denaturation curves of AFEST denatured esterases is close to zero in the presence of GUHCI
determined fron?the molar ellipticity at 222 nmand at 270 nm and is gbout—4000 deg crhidmol™ in the presence of urea.
(®). (s_,ee F|gu_re_s 4 and_5_). Clearly, _the denatured states being
different, it is not legitimate to strictly compare tigH(Ty)

Table 3: Thermodynamic Parameters Characterizing the Thermal ~ €stimates.

[6],,, (deg cm” dmol™) 10°
(, lowp ,wo Bap) *[e}-

Denaturation of AFEST and EST2 at pH 7.5 in the Absence and The salt dependence of the thermal stability for both
Presence of Different Urea and GuHCI Concentrafions esterases has been determined by performing thermal unfold-
furea] Ty  AdH(Tg) [GUHCI] Ty  AdH(Tq ing measurements in the presence of different amounts of
M) (€ (mor) (M)  (C) (kImol™) NaCl. Thermal unfolding curves obtained for AFEST are
AFEST 0 99 430 0 99 430 shown in Figure 7; those of EST2 are qualitatively similar.
g-g gg 288 8-; ?i 228 There is a small decrease Ty at 0.2 and 0.5 M NaCl. In
56 74 280 14 62 430 the presence of 1.0 M Nadly = 99 °C,.the same value
EST2 0 91 430 0 91 430 measured in the absence of salt. Finally, the thermal
24 77 420 0.1 85 440 unfolding curves are not yet completed at 1G5 in the
3.6 68 415 1Oi5 626 4‘;3(’)0 presence of 1.5 and 2.0 M NaCl. Therefore, the effect of

: : NaCl is slightly destabilizing at low concentrations but
“The data were analyzed as described in the text. For each sapilizing at high concentrations. The same salt dependence

experimental condition three independent CD measurements were o T :
performed. Each figure is the average of the values calculated by theOf thermal stability has been found for thermophilic variants

nonlinear regression with respect to egs 1 and 2 over the three cDOf cold shock proteins3@2). It is worth noting that the
measurements. The uncertainties in the estimate¥sfand A¢H(Tq) thermally denatured state of both esterases in the presence
amount to 2% and 10%, respectively, of reported values. The highestof NaCl has no residual secondary structure because the far-

values ofo, obtained for each experimental condition, are of the same j\y cpD spectra are close to zero (see also the curves of
magnitude as those reported in Tables 1 and 2. Figure 7)

change isAqH(Tq) = 430 kJ mot™. In the same conditions  pjSCUSSION

EST2 showdy = 91 °C andA4H(Tg) = 430 kJ mof ™. Both

esterases are very resistant against temperature, and the The two esterases investigated in the present study are very
difference inTq values is in line with the difference in optimal  resistant toward temperature, as expected for globular
temperature for enzymatic activity (i.e., 8@ for AFEST proteins extracted from thermophilic sources: both AFEST
and 70°C for EST2) and in optimal growth temperature of and EST2 showy values above 90C at pH 7.5. They are
the two source microorganisms [i.e., 83 for A. fulgidus also very stable against the denaturing action of urea but
(29), and 65°C for A. acidocaldarius(30)]. The greater not against the denaturing action of GUHCI. Even though it
thermal stability of AFEST with respect to EST2 agrees also is certainly true that thermophilic globular proteins are not
with the results of frequeneydomain fluorescence measure- explicitly suited to resist chemical denaturants, the large
ments which pointed out a greater structural rigidity of the difference found between urea and GuHCI effectiveness
former enzyme5). In this respect one has to consider that merits attention. From the structural point of view urea and
greater rigidity should mean better interactions in the AFEST guanidinium ion are very similar, but the latter is a positive
native state, but this is counterindicated by the finding that ion. Therefore, we can surmise that GuHCI, giving rise to
A¢H(Ty) is the same for the two proteins. Furthermore, charged species in water, could effectively interfere with
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0 e charge interactions on the protein surface, not salt bridges
Va / or ion pair networks, seems to be the best strategy to enhance
14 /7 the thermal stability of globular proteins. Theoretical calcula-
] ; / tions have confirmed that the optimum placement of charges
24 / 7 on the protein surface may be the fundamental mechanism
] / (43—45). We suggest that such a mechanism holds for both
34 / 7 ) AFEST and EST2 esterases.
] / The two esterases are acidic proteins with a theoretical p
44 / v ? value of 5.1. In particular, AFEST contains 46 acidic
/ / residues, 34 basic residues, and 6 histidines, while EST2
contains 41 acidic residues, 28 basic residues, and 8

histidines. These numbers point out that there are a lot of
charges on the surface of the two enzymes. The presence of
12 salt bridges has been detected from the X-ray structure
of EST2 using a cutoff distance of 3.5 &)( Molecular
modeling of AFEST on EST2 (unpublished data) indicates
that the number of salt bridges is similar to that of EST2.
Such number, when normalized for the number of residues,
corresponds to the value found for a homologous globular
] yv”"":’w"’:}' ~ proti:n frc;m ? Ln%sophig)eGl.hThergfore, not afn ilncreased.
== 5 000 st ol number of salt bridges but the optimization of electrostatic
0 _W;‘ﬁirz interactions between surface charges could be the key factor
] for the great stability toward temperature of both esterases.
80 ' 100 This proposal is also valid to rationalize their limited stability
T¢C) against GUHCI: the favorable electrostatic interactions are
weakened by the screening effect of counterions.
FiGurRe 7: Temperature-induced denaturation curves of AFEST in  Other molecular determinants have been suggested to be
che( ig’sgggez‘)oa,\')ld";' ,Elhaec?resence 0f 0.5 M), 1.0 M (v), 1.5 responsible for the extra stability of thermophilic enzymes
’ ' ' (20, 11). Suitable insertion of proline and deletion of glycine
favorable electrostatic interactions among charged groups orvesidues and the presence of clusters of aromatic side chains
the protein surface. in the protein core are considered important. A comparison
Actually, the molecular mechanism of GUHCI and urea between AFEST and EST2 shows that such molecular
denaturation is not simplel4, 18—22), and the screening  determinants should not play a fundamental role in the case
of favorable electrostatic interactions on the surface of of the two esterases. In addition, structural data indicate that
globular proteins seems to be the only real difference betweenboth AFEST and EST2 possess about 0.7 H-bond per residue
the two denaturants. Two fundamental but common aspects(6; unpublished data). The latter number is identical to those
of their action are (a) the preferential interaction, due to the found for globular proteins from mesophile&] and points
possibility of forming multiple H-bonds, of the guanidinium out that H-bonds cannot be considered responsible of the
ion and urea molecule with peptide and other H-bonding enhanced thermal stability of the two esterases.
groups, causing the salting-in of the latt88(34) and (b) In conclusion, we have investigated the conformational
the increase of the surface tension of water, causing thestability of AFEST and EST2 against temperature, urea, and
salting-out of nonpolar group8%, 36). Clearly, the former ~ GuHCI by means of CD measurements. In all cases the
is a strongly destabilizing effect, whereas the latter is a denaturation process proves to be a two-state=ND
stabilizing effect 86). In the case of NaCl, while the transition. The two esterases have denaturation temperatures
screening of electrostatic interactions and the increase ofabove 90°C and a great resistance against urea, whereas
surface tension are both operative, the preferential interactionthey are not highly resistant against GuHCI. Analysis of
with peptide and other H-bonding groups should not occur. experimental data, coupled with the structural information
This is why GuHCI is a strong denaturant whereas NaCl, available, has allowed the proposal of a reliable rationale.
especially at high concentrations, stabilizes the native For both AFEST and EST2 the optimization of electrostatic
conformation. interactions between charged groups on the protein surface
In the mid 1970s PerutA3{) was the first to suggest that could be the key factor. Work is in progress in our
electrostatic interactions, and salt bridges on the protein laboratories to validate this proposal by means of suitable
surface in particular, should be responsible of the enhancedselected point mutations.
thermal stability of globular proteins from thermophiles.
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