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ABSTRACT: A mutant of the thermostable NADdependent homotetrameric alcohol dehydrogenase from
Sulfolobus solfataricu§SsADH), which has a single substitution, Asn249Tyr, located at the coenzyme
binding domain, was obtained by error prone PCR. The mutant enzyme, which was purified from
Escherichia colito homogeneous form, exhibits a specific activity that is more than 6-fold greater than
that of the wild type enzyme, as measured at65with benzyl alcohol as the substrate. The oxidation

rate of aliphatic alcohols and the reduction rate of aromatic aldehydes were also higher. The dissociation
constants for NAD and NADH determined at 28C and pH 8.8 were 3 orders of magnitude greater
compared to those of the wild type enzyme. It is thought that the higher turnover of the mutant SSADH
is due to the faster dissociation of the modified enzymmeenzyme complex. Spectroscopic studies showed

no relevant changes in either secondary or tertiary structure, while analysis with fluorescent probes revealed
a significant increase in surface hydrophobicity for the mutant, with respect to that of the wild type molecule.
The mutant SsADH displays improved thermal stability, as indicated by the incredsdriom 90 to 93

°C, which was determined by the apparent transition curves. Kinetic thermal stability studies at pH 9.0
for mutant SsADH showed a marked increase in activation enthalpy compensated by an entropy gain,
which resulted in a higher activation barrier against thermal unfolding of the enzyme. Ammonia analysis
showed that the Asn249Tyr substitution produced the effect of markedly reducing the extent of deamidation
during thermoinactivation, thus suggesting that Asn249 plays a significant role in the mechanism of
irreversible thermal denaturation of the archaeal ADH. Furthermore, the decrease in the activating effect
by moderate concentrations of denaturants and studies with proteases and chelating agents point to an
increase in structural rigidity and a tightening of structural zinc as additional factors responsible for the
improved thermal resistance of the mutant enzyme.

Enzymes from thermophilic organisms differ from those mutagenesis%—11), directed evolution ¥2), or additive
of mesophilic organisms in stability and temperature depen- addition (L3). However, the possibility of designing fast
dence of activity {, 2). The higher thermal stability of  enzymes by mutating charged residues on the enzyme surface
thermophilic enzymes correlates with the higher structural has been recently discussed, using superoxide dismutase as
rigidity achieved by the protein molecule to compensate for a model (4). Substitutions at and near the active site in yeast
the increased thermal mobility in its natural environment and horse liver alcohol dehydrogenase have been introduced
(3, 4). The limited degree of flexibility in thermophilic  to show how they can affect substrate specificity and
enzymes results in reduced catalytic efficiency when com- reactivity (L5). More specifically, substitutions at the adenine
pared to that of their mesophilic counterpart at low temper- binding site proved to be able to activate the horse liver
atures 9). enzyme 16).

Although the mechanism of protein stabilization and  Alcohol dehydrogenase from the archaeSalfolobus
predictive structural analysis for strategies for engineering solfataricus(SsADHY is a thermophilic NAD-dependent
more stable enzymes have been the object of various studiefiomotetrameric enzyme endowed with a broad substrate
(6—8), the problem of enhancing the efficiency of enzymes specificity and stereoselectivityl ). The enzyme contains
has been approached in specific cases with site directedtwo zinc atoms per subunit. The catalytic zinc is bound to
two out of five cysteine residues present per subunit and
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The sequence of SSADH has been determined by gene androm 10 mL culture cells grown and IPTG-induced according
peptide analysisl@), while the tetrameric structure has been to the methods of Cannio et all9). They were then
defined by Cannio et al.1Q), who have also reported the incubated at 75°C for 15 min and centrifuged, and the
expression of the SSADH genelischerichia coli Crystals supernatant was assayed for the specific thermophilic ADH
of SsADH in the apo and holo forms complexed with NADH activity (23). The plasmid DNA isolated from the clone
have been obtained2@). More recently, the effect of  which showed the highest level of thermophilic dehydroge-
microgravity on the growth and twinning of holo SSADH nase activity was sequenced by the dideoxy-chain termination
crystals has been investigatetl), SSADH has a remarkable  method, using the Sequenase kit and the primers used for
stability to heat and against denaturants but shows a lowerthe sequencing of the wild typ&sadhgene (9). The
specific activity when compared to ADH from mesophilic nucleotide sequence was analyzed with the PC gene program
or moderately thermophilic sources, i.e., horse lii&f) énd obtained from Intelligenetics. The secondary structure from
Bacillus stearothermophilusLD-R (22). However, selective  the derived amino acid sequence was predicted using the
carboxymethylation of Cys38, a ligand of the catalytic zinc program PredictZ6).
in SsADH, results in a more active although less stable Purification of Recombinant Proteindhe recombinant
enzyme, as recently reporte?3}. wild type ADH and its mutant were prepared according to
As an alternative approach to improving the SsADH the methods of Cannio et all) with some modifications.
turnover, a random mutagenesis strategy on the coding genécells of E. coliRB791 harboring the plasmid pTRGSSADH
was adopted. This paper describes the isolation of an SsADHwere grown i 2 L of Luria-Bertani medium containing
mutant (Asn249Tyr), which is more active and stable than ampicillin (0.1 mg/mL) at 37C. At an Asoonm Of 1.5-1.8,
the wild type enzyme, as shown by the analysis of the kinetic IPTG and ZnS@ (0.24 g/L and 0.25 mM final concentra-
parameters, kinetics of thermal unfolding, and guanidinium- tions, respectively) were added and the cells were grown
dependent deactivation. Ammonia analysis shows a markedovernight (16 h). The cells were harvested by centrifugation,
decrease in the deamidation rate upon the Asn249Tyrsuspended in a 20 mM Tris-HCI buffer (pH 7.4) containing
substitution. Furthermore, both the decrease in the activating0-1 mM PMSF, and disrupted by sonication at@. The
effect by moderate concentrations of denaturants and studiedysate was centrifuged, and the supernatant was incubated
with chelating agents and proteases point to an increase infirst in the presence of DNase | (3@/mL of solution) and
the structural rigidity and a tightening of structural zinc as 5 MM MgCl, for 30 min at 37°C and then incubated in the
additional factors responsible for the improved thermal presence of protamine sulfate (1 mg/mL of solution) at 4

resistance of the mutant enzyme. °C for 30 min. After the nucleic acid fragments were
removed by centrifugation, the supernatant was heated at 75
MATERIALS AND METHODS °C for 15 min and the host protein’s precipitate was removed

. ) by centrifugation. The supernatant was dialyzed against a

ChemicalsNAD" and NADH were purchased from either 54 mm Tris-HCI buffer (pH 8.4) (buffer A) containing 1
Fluka (Buchs) or Applichem (Darmstadt, FRG). DEAE 1\ pMSF and processed on a DEAE-Sepharose Fast Flow
Sepharose Fast Flow and Sephadex G-75 were from Phar¢gjymn equilibrated in buffer A and developed lwa 0 to
macia. Ampicillin, PMSF, and IPTG were purchased from 1 \ NaCl gradient. The active pool was concentrated to
Sigma Chgmlcal Co. (St. Louis, MO). Protamine ;ulfate Was 12 mg of protein/mL by ultrafiltration on a YM 30 Amicon
from Calbiochem. DNase |, grade |, thermolysix.chy- membrane and incubated wita-chymotrypsin (1 mg of
motrypsin, and glutamate dehydrogenase were from Boeh'protease per 10 mg of protein)rfd h at 30°C in the
ringer Mannheim. Guanidinium chloride was from Pierce. presence of 10 mM 2-mercaptoethanol and 10 mM @aCl
Alcohols and aldehydes were from Fluka and Aldrich. The digestion products were removed by gel filtration on a
Cyclohexanokd:,, benzyld; alcohol, 8-anilinonaphthalene-  gephadex G 75 column equilibrated in buffer A containing
1-sulfonic acid, and pyrazole were from Aldrich. Other (1 M NaCl. The active pool was dialyzed against buffer A,
chemicals were A grade substances from Sigma or Appli- concentrated as described earlier, and stored frozer2at
chem. °C. No loss of activity was detected in both wild type and

Bacterial Strains, Plasmids, and EnzymEscoIi RB791 mutant enzyme, after several months of storage.
(24) was used for heterologous gene expression, and Preparation of Apo ADHThe G 75 gel filtration removed
TOP10F (Invitrogen) was used for plasmid isolation and most of the endogenous coenzyme which is strongly bound
propagation. Plasmid pGEM5Zf) was purchased from  to the purified wild type ADH (SsADH) as judged by the
Promega and PTrc99A from Pharmacia. Restriction and decrease in the intensity of fluorescence energy transfer band
modification enzymes were from Boehringer Mannheim. The centered at 422 nm and the concomitant increase in the
Sequenase kit, as well as radioactive material, was fromintensity of the main band centered at 319 nm in the emission
Amersham. spectra of the protein excited at 280 nm (see below). The

Mutagenesis and Mutant SelectidRandom mutant ver-  coenzyme-free SSADH was obtained by exhaustive dialysis
sions of theSsadhgene were obtained by a PCR-mediated against buffer A containing kM ZnCl,, until the disap-
strategy according to the method described by Leung et al. pearance of the energy transfer band at 422 nm. The presence
(25). The oligonucleotides, enzymes, and annealing temper-of this band is due to the NADH in the wild type enzyme
ature were the same as described previougly).(The preparation, as the absorption band of the reduced coenzyme
amplified DNA was subcloned into pTrc99A and transferred partially overlaps the spectrum of protein emission. As an
into E. coli RB791. Fifty independent clones were grown, additional test for the presence of NADH, the excitation
and the plasmid was characterized by restriction enzymespectrum was recorded by fixing the emission wavelength
analysis. The corresponding protein extracts were preparedat 422 nm. In this case, the presence of the band centered
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around 340 nm confirmed the result obtained from the  Studies with Deuterated AlcoholShe catalytic activity
emission spectra. The mutant ADH (mSsADH) was likewise of both the recombinant ADHs on cyclohexanol and benzyl
dialyzed, although the poor affinity for the coenzyme (see alcohol was measured at 86 with saturating concentrations
below) rendered the fluorescence test unsuitable. The apoof alcohol and NAD, and theVn.x values were compared
forms of both ADHs were used throughout this work, when to those obtained with the corresponding deuterated alcohols
not otherwise specified. under the same experimental conditions. Each measurement

Protein Purity and Mass Analysi§he protein purity was ~ Was carried out in triplicate. N
analyzed by SDSPAGE (7) using Coomassie BB G250 Thermophilicity and Thermal StabilitySsADH and
or the silver method for staining, and by reverse-phase HPLC, MSSADH were assayed in the temperature range 61930
employing a Vidac C4 Chrompack column; protein elution °C according to the standard assay conditions using 15 and
was carried out by mixing 0.1% aqueous TFA with 0.08% 3 ug of protein/mL of assay, respectively. The stability at
TFA in acetonitrile. Samples obtained from the HPLC Vvarious temperatures was studied by incubating:g6nL
column were used to determine the molecular mass of theProtein samples in 0.1 M Tris-HCI (pH 9.0) at temperatures
ADH subunit by electrospray mass spectrometry (ES-MS) between 30 and 95C for 30 min. Each sample was then
using a BIO-Q triple-quadrupole mass spectrometer (Micro- centrifuged at 5°C and the residual activity assayed as
mass). Samples were dissolved in 1% acetic acid in 509, described earlier. Light scattering was monitored by fluo-
acetonitrile, and 210 uL was injected into the mass rescence with the same excitation and emission wavelength
spectrometer at a flow rate of X0/min. The quadrupole ~ Set at 480 nm, and a 1.5 nm spectral bandwidth.
was scanned fromvz 600 to 1800 at a rate of 10 s/scan, ~ Thermal Inactiation. SSADH and mSsADH (1@g/mL)
and the spectra were acquired and elaborated using thevere incubated in 0.1 M Tris-HCI (pH 9.0) at temperatures
MassLynx software. Calibration was performed by the between 80 and 95C. The samples were cool-centrifuged
multiply charged ions from a separate injection of myoglobin at regular intervals, and the activity was assayed as described
(Sigma; average molecular mass of 16 951.5 Da). All mass €arlier. The data were fitted to a single-exponential decay
values are reported as average masses. Nondenaturing PAG®ith a rate constant of thermal inactivatiép according to
was carried out according to the Laemmli method with some In(o L
modifications 23). n(% activity) = —kt

Enzyme AssayThe activity was assayed toward benzyl Tne activation energy valuekd for the thermal inactivation
alcohol and benzaldehyde as described previo@SyWith ~ process were determined with the Arrhenius plot ofkin
some modifications. The wild type_ADH was a_ss_ayed at 65 yersus the inverse of the absolute temperat2@). (The
°C in 1 mL of standard assay mixture containing 5 mM g.tivation enthalpy AH*), activation entropy 4S), and

benzyl alcohol, 3 mM NAD, and 0.1 M glycine/NaOH  ctivation free energyAG?) for each temperature were
buffer (pH 10.5). The mutant enzyme was assayed underg|culated according to the equation

the same conditions, but using 30 mM benzyl alcohol and

25 mM NAD". The reverse reaction was assessed in 1 mL AH =E. - RT

of 50 mM Tris-HCI buffer (pH 7.5) containing either 0.2 @

mM NADH and 0.25 mM benzaldehyde or 0.4 mM NADH AG = —RTIn(kh/k,T)

and 0.9 mM benzaldehyde for the wild type and mutant

ADH, respectively. One enzyme unit representedriol of AS = (AH* - AG*)/T

NADH produced or utilized per minute at 6& on the basis , i ) L

of an absorption coefficient of 6.22 mMlcm- for NADH yvhereki is the first-order inactivation rate constant{s kb
at 340 nm. is the Boltzmann constant (1.3805 10 J K1), h is

) 34 i
Solutions of NAD" and NADH were prepared as previ- (I38Ia3n1(1<4$\]c|2r11.:,;%rlw_tlngnZdeig (t)r;e ;bss)ciyijltzttr;?n%aesractagam
ously reportedZ3). Kinetic parameter measurements were .Inactiuation by D’enaturing AgentsThe stability of th'e
ca_rried out in duplicate, _and kinetic results were analyzed two ADHs against denaturing agents was determined by
using the programGraFit (28). Standard errors %f the assaying the activity in samples incubated for 30 min at 30
estimated parameters were usually less than 10% of the°C in the presence of different guanidinium chloride and SDS
values. concentrations. In each case, the protein concentration was
The concentration of active sites in mSsADH could not 70 ,g/mL in 0.1 M Tris-HCI buffer (pH 9.0).
be determined by titration with NADand pyrazole since Thermolytic HydrolysisSsADH and mSsADH (0.1 mg/
the enzyme had a low affinity for NAD The turnover — mL) were incubated at 56C in 0.1 M Tris-HCI (pH 8.5)
numbers of both ADHs are therefore based on the protein containing 2 mM CagGlin the presence of thermolysin (10:1
concentrations determined by means of the Bio-Rad protein ApH:protease mass ratio), and the activity was monitored
assay kit, and corrections for overestimations of the values 5t defined times.
were made as previously reporté&8). The correction factor Fluorescence StudieBluorescence protein spectia(=
used resulted in excellent agreement with that calculated by280 nm) were recorded at 2% with a JASCO FP-777
the pyrazole method on SsADH (0.70 and 0.73, respectively). spectrofluorometer equipped with an external thermostated
Effect of pH on Actiity. The effect of pH on benzyl bath. The dependence of protein fluorescence on pH was
alcohol oxidation and benzaldehyde reduction for both ADHs studied using 7@&g/mL protein solutions in a 50 mM Tris-
was determined at 6%, under the respective standard assay HCI buffer with 0.1 M NaCl at different pH values obtained
conditions, except that different buffer systems were used by successively adding a small amoufitdVl NaOH. The
(23). coenzyme binding studies with fluorescence quenching were
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performed at 25°C in 50 mM Tris-HCI (pH 8.8), as  change did not affect the level of gene expression, since
described previously2@). optimal conditions for cell growth and induction time were
In addition to enzymatic activity monitoring, the guani- found to be the same for both the recombinant wild type
dine-dependent equilibrium transitions were monitored by (SSADH) and mutant (mSsADH) enzymes.
fluorescence Aex = 280 nm), by recording the change in Alignment of mSsADH and HLADH sequences with the
fluorescence emission &, = 319 and 324 nm for SSADH  consensus derived from the alignment of 46 ADRS)(
and mSsADH, respectively. revealed the overall conservation and allowed the localization
The interaction of the fluorescent dye 8-anilino-1-naph- ©Of the Asn249Tyr position at the coenzyme binding domain
thalenesulfonic acid (ANS) with the two ADHs was studied ©On the turn connecting thdD-sheet with theoE-helix in
by measuring the fluorescence emission of the protein the so-called Rossmann fold84j. The turn (see below,
complexed dye upon excitation at 370 nm. The concentration highlighted in bold) presents an essentially polar character,
of ANS was determined usingegem of 5.7 x 10° M~* cm? which is typical of these secondary structure elemesis (
at 360 nm. For our purposes, the absolute quantum yield of

the fluorescence of the ANS bound to ADHs was notdirectly **v 1 p L NN s E K T L §°° SsADH
. . . . . 255
determined. Titrations were performed by adding aliquots ijiV IDLNYSEKTLS " mSsADH 63
f ncentrat AN lution t 2M holo- or VECTGNIEAMIS™ consensus sequence
of a concentrated S_solution to 02 oo 9 T 1 AGGNADTIMATY TBADH (18)

apoenzymes in 50 mM Tris-HCI (pH 8.8) at 2& and

measuring the fluorescence at the emission maximum 30 SF th i b d that . " ;
after mixing. The holo forms were obtained by adding 10 | U'tN€rmore, itwas observed that asparagines are strong turn

4M and 1 mM NAD' to the apo SSADH and mSsADH formers B6), and occur with a significantly higher frequency

respectively. All results were corrected for fluorescence of than other amino acid residues on the N-cap.gielix (37).

dye, protein, and reagents. The fluorescence data ofisADH.It Is important to note that the alignment reported above

were corrected for the inner filter effect, according to the indicates that the Asn249 re?‘dF‘e is _highly conserved._
procedure of Brand and WitholB(). Binding constants were Secondary structure prediction yielded the following

determined by applying the Scatchard procedure with the apparent cqmposition of the secondary structure: 26.5 and
programGraFit (28). 27.1%oa-helix, 23.3 and 23.496-sheet, and 50.1 and 49.6%

Circular Dichroism StudiesCD data were collected with other (loop) for SSADH and mSsADH, respectively. The

a JASCO J-710 spectropolarimeter equipped with computer—nugnnb(:uc;;?gr?sme residues rises from 12 to 13 per subunit
controlled temperature cuvette holders kept under a constant " ;

N flux. Far-UV CD spectra in the 196250 nm region were Protein Rurity and Mass AnalysisThe .purificatior}
recorded with 1.0 mm path length cells containing g procedure yielded 3650 mg of both recombinant proteins

mL protein in buffer A. The enzyme solution was filtered per liter of culture with purities of 95.0 and 99.5% before

. - d after the proteolysis step, respectively, as judged b
through a 0.4%m filter (Millipore) before the measurement 2" P y P, resp Y, judg y
was ?aken. I?léear-UV(CDpspe)ctra (24840 nm) were SDS-PAGE and RP-HPLC analysis. Importantly, the ES-

obtained with a 10 mm cell containing 1.4 mg/mL protein MS analysis revealed no cleavage of the polypeptide chain

in the same buffer. Final spectra, representing the averageby the protease treatment of SSADH and its mutant. The

: . lecular masses of the subunit proved to be 37 585.9
of at least five tracings, were corrected for the buffer and mo
free coenzyme spectra. CD analysis was performed by using5'3 ano_l S87627.7 2.2 I_Da fo_r SSADH and isADH,
computer software according to Yang et 8ll)(to determine resp_ectlvely, thus agreeing with the data _det_ermlned by
the secondary structure of proteins. Since the protein datapePtIde and gene analysi$§} and the substitution of an

set of this procedure only contains spectra of mesophilic Asn fqr a Tyr residue. - - o
proteins at room temperature, the computed secondary Optlmal_pH and Thermoph|I|C|tyThe specific act|V|ty_of
structure fractions are indicative of the overall structure MSSADH is 26.1 units/mg, whereas that of SSADH is 4.1

organization. units/mg, as determined at 6&, using benzyl alcohol as
Determination of Ammonialhe occurrence of deamida- the substrate. Like native SSADH activigrd), the wild type

. . ) . . ADH activity on benzyl alcohol only showed a slight
tion was [lnvestlg/ated by incubating Is?mples)]of the Itv;o dependence on pH, with a maximum around 9.0, while the
enzymes [0.2 mg/mL, in 0.1 M Tris-HCI (pH 9.0)] in seale - ’ e

ampules at 96°C for determined periods of time. After activity of the mutant enzyme depended more closely on pH,

cooling and centrifugation, the supernatants were tested forWith a maximum at about 8.5. The apparent optimal pH for
the prgesence of amgmonia; by misroﬂuorimetric enzymatic the benzaldehyde reduction ranged from 6.9 to 7.5 for both
assay 82). The electrophoretic analysis of deamidated the enzymes (data not reported).

. ! o . The effect of temperature on the activity of the recombi-
tszfticpl)erztveviii precluded due to the insolubility of the precipi nant ADHSs is shown in Figure 1. The rate of the direct and

reverse reaction increases as far as an instrumental limit of
RESULTS 93 °C for both the enzymes, although there is a more marked
increase for the mutant ADH. The appearance of the break
Expression and Location of the Mutatiofinalysis of the at about 52°C for the benzyl alcohol oxidation catalyzed
ADH gene sequence isolated from tBecoli clone, which by mSsADH is due to coenzyme depletion. This does not
expressed the highest thermophilic and thermoresistantoccur for the inverse reaction, where NADH is present in
enzyme, revealed only one point mutationAT) located saturating concentrations at elevated temperatures. In Table
at position 1089 of the nucleotide sequends)( This 1 are listed the thermodynamic activation parameters for the
mutation produces the Ast Tyr replacement. Such a oxidation and reduction reactions of both ADHs calculated



Activation and Stabilization in Asn249Tyr SSADH Biochemistry, Vol. 38, No. 10, 1998047

60 - - Table 2: Kinetic Constants for SSADH and mSsADH

"’\ [ \\ SsADH mMSsADH
\ ket K KealKm Kt Knm KealKin
\ substrate (s} (MM) (st1mM™Y) (s (MM) (sTmM™Y)

50 — ;
L 2628 3 32342626 3 3.l2\>4 1-propanol 2.6 0.6 43 186170 9.7
cyclohexanol 1.2 0.03 40 12919 8.4
benzyl alcohol 3.6 0.26 13.8 22715 145
4-methoxybenzyl 3.3 0.23 143 255 1.24 20.5
alcohol
NAD* 3.4 05 6.8 50.0 124 4.0
benzaldehyde 11.3 0.03 376.0 25,5 0.26 98.0
4-methoxybenz- 3.3 0.024 137.0 205 0.86 23.8
aldehyde
NADH 10.3 0.013 792 253 0.21 120.0

aThe activity was measured at 86 as described in Materials and
Methods. Kinetic constants for NADand NADH were determined
with benzyl alcohol and benzaldehyde, respectivielyis the turnover
number of the forward and reverse reacticdhdAD* at a nonsaturating
concentration of 30 mM.

Log kcat

© -
DO = N
-

=

AT 10° (1K)

kcat (s-1)

20 —

10 —

However, the increase in th€, of cyclohexanol is even
more marked (60-fold). The catalytic rate increased by about
7-fold for the alcohols tested, except for cyclohexanol which
is more quickly oxidated by mSsADH than the other alcohols
Temperature (°C) (13-fold), although it is poorly accepted as a substrate. For
Ficure 1. Dependence of SSADHB) and mSsADH Q) activity the reverse reaction, mSsADH also shows increased activity.
Materials and Methods, using bensyl aicohol (man piod as e 2, 4-methoxybenzaldenyde is 6-fold more quickly
substrate. Inset A showé the grrheniﬁs plot of the sam% data. lnsetreduced_, although much less accepted Comp?‘red. t_o the
B shows the Arrhenius plot from the thermophilicity curve (not Unsubstituted benzaldehyde. However, the catalytic efficiency
shown) determined using benzaldehyde as the substrate. The valuegoes not improve much, whereas the decrease in affinity is
of the activation energy are 46.7 and 99.1 (first slope) kd/mol (plot large.
A) and 43.8 and 90.0 kJ/mol (plot B) for SSADH and mSsADH,  \jith deuterated benzyl alcohol and cyclohexanol as
respectively. substrates, th¥ma/Vima ratio proved to be 1.3 0.1 and
1.2 £ 0.1 for SsADH and 1.5+ 0.1 and 2.5+ 0.2 for

30 40 50 60 70 80 90 100

Table 1: Thermodynamic Activation Parameters for SSADH and

mSsADH Redox Reaction at 5@? mSsADH, reSpeCtiVG'Y- _ o

E. AGH AN AS Fluorescence StudiesA comparison of the emission
enzyme  (kJ mol?) (kImofr?)  (kImolY) (kJ moltK-Y) spectra obtained by excitation of SSADH and mSsADH at
SSADH 467 438 3421 3443 440 414092 —0.93 280 nm and pH 8.8 in the presence and absence of the
mSSADH 99% 90.0° 3475 3454 964 87.3-077 —0.79 reduced coenzyme is presented in Figure 2. The shape of

aThe E, values are from the Arrhenius plot of Figure 1; the other MSSADH spe_ctra (Figure 2A) appears to .be. similar .to that
parameters were calculated according to the relationship reported inmc SsADH (Figure 2B). However, the emission maximum
Materials and MethodsAG* was determined from thé. values of the mutant enzyme appears 5 nm redder, and the
measured at 50C for benzyl alcohol oxidation (left column) and  fluorescence intensity is about 25% higher with respect to
benzaldehyde reduction (right columhyrhgse values refer to the  that of the wild type ADH. Furthermore, the tryptophan
lower-temperature segment of the_ Arrhenius plots. S 5% and fluorescence intensity of the SSADH proves to be 3-fold
2% for E;, and AG* values, respectively. . . -

higher than that of a solution containing the same
tryptophan equivalents (eight Trp residues per ADH mol-

from the Arrhenius plots (Figure 1) according to the ecule), thus suggesting that the enzyme supports an energy
relationships reported earlier. Tlke, values used for the  transfer from tyrosyl to tryptophan residues.
AG* calculations refer to a representative temperature (50 lonization of L_tyrosine produces a Weak]y fluorescent
°C) under the break point observed for the mSSADH tyrosinate 88), and the [, for the ionization of Tyr residues
oxidation. It is evident that the entropic and enthalpic factors jn most proteins usually lies in the range of- %2 (39).
contribute to the energy barrier to reactiax@’) unlike the  Therefore, the fluorescence spectra of SSADH and its mutant
case for the wild type enzyme and its mutant. were compared at various pHs to detect structural differences

Kinetic CharacterizationA comparison of the steady state in tertiary structure which can be attributed to the additional
kinetic parameters for the wild type and mutant ADH, Tyr249. As expected, the emission intensity of the intrinsic
determined at 68C with various substrates, is reported in fluorescence of both ADHs decreased as the pH increased,
Table 2. The Asn249Tyr replacement considerably changesdue to the lower degree of energy transfer from tyrosinate
the catalytic pattern of the wild type enzyme, affecting both to Trp residue(s). Moreover, a shoulder corresponding to the
its specificity and efficiency. The affinity of the mutant Tyr emission appeared at 303 nm as the pH was increased
decreases for all the alcohols and aldehydes tested, agdata not reported). The emission dependence on pH at 303
indicated byK;, values, but to a greater extent for the nm yields similar K, values (10.3t 0.1) for both the ADHs
coenzyme (25-fold for NAD and 16-fold for NADH). (Figure 2, inset). Furthermore, both the proteins showed the
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30 and 25°C. The titration data for mSsADH, after correction
for the inner filter effect, yielded values for the apparkat
of 141 + 7 and 98+ 5 uM for NAD* and NADH,
respectively.

CD Data. CD spectra were recorded in the amide and
aromatic regions so some secondary structure elements of
the protein and the conformational environment of the
aromatic residues could be investigated. SSADH and mSsADH
showed a CD spectrum typical of-helical proteins, with
double minima at 208 and 220 nm. Moreover, the CD spectra
in the range of 226250 nm overlap, thus excluding aromatic
extra contributions by the Tyr249 to the CD signal in the
peptide region40) (data not reported). CD analysis yielded
the following apparent composition of the secondary struc-
ture: 23.8 and 26.5%-helix, 44.9 and 42.696-sheet, 5.4
and 6.8% turn, and 25.8 and 24.0% random for SSADH and
MSsADH, respectively.

These data indicate that the Asn249Tyr substitution has
slightly changed the helicity and thg-sheet content.
However, thex-helix contents are similar to those anticipated
by secondary structure analysis. The near-UV CD spectrum
reflects changes in the asymmetry of the environment, and
these were more pronounced in the 2282 nm tyrosine
range than in phenylalanine and tryptophan ranges of-255
270 and 286-:292 nm, respectively (data not shown).

Detection of Surface Hydrophobicityhe fluorescent dye,
ANS (41), was used as a probe to detect differences in
surface hydrophobicity between the two ADHs and confor-
mational changes upon coenzyme bindMéen the protein
(5 uM) was added to 18&M ANS, which was excited at
370 nm, a large increase in emission intensity occurred for
the mSsADH compared to that for SSADH, in addition to a
similar blue shift (55 and 60 nm, respectively) of the emission
maximum. The level of fluorescence emission of the ANS
and presence (D) of 10aM NADH (Jex = 280 nm). The enzyme ~ SSADH complex further increased more than 5-fold in the
concentration was &M in 50 mM Tris-HCI (pH 8.8). Spectrum  presence of excess coenzyme, accompained by a further blue
D has been corrected for the inner filter effect. In the inset are pH shift of 30 nm. Instead, the presence of a large excess of

titration curves for the fluorescence intensity at 303 nm of SSADH NaAD+ slightly affected the ANS binding to the mSsADH

(a) and mSsADH ), as determined in the above buffer containing . - . .

0.1 M NaCl. Data points were fitted to an equation describing a mglgﬁ]ulen]and did not induce a further shift of the emission
Ximum.

single ionization with the progran®raFit (28). Excitation and
emission slit bandwidths were 5 nm. Binding studies yielded&y values of 51+ 6 and 6+ 1
uM for apo and holo SsADH and 1% 1 and 14+ 3 uM

same electrophoretic mobility during nondenaturing PAGE for apo and holo mSsADH, respectively, which reflect the
(data not reported). These data suggest that no importantigher hydrophobicity of the ANS binding site(s) on the
change in charge on the SsADH surface occurred uponmSsADH molecule. The binding analysis points to the
mutation. stoichiometry of four dye molecules per SsADH and

The addition of equimolar amounts of NADH to the apo mSsADH tetramer both in the absence and in the presence
SsADH resulted in 52% quenching and a wavelength shift of coenzyme. This hints that the conformational change
of 5 nm in fluorescence emission, while a second peak induced by the coenzyme has increased the hydrophobicity
appeared at about 422 nm due to energy transfer fromof the same ANS binding region on the molecule and that
intrinsic chromophores of the protein to the bound coenzyme the binding sites for the dye and coenzyme molecule are
(Figure 2C). These effects were not observed for the not the same. Inhibition kinetic studies support this observa-
mSsADH. However, the addition of a 100-fold molar excess tion since ANS does not affect th€, and Vmax values of
of NADH to the apo mSsADH was needed to obtain a 10% both ADHs (data not shown).
guenching level and the appearance of a large band centered Thermoinactiation of SSADH and mSsADHhermal
at 462 nm, which is due to free NADH emission (Figure denaturation of the wild type and mutant ADH was moni-
2D). Moreover, when the NAD and NADH were added, tored by activity and fluorescence emission at 480 nm after
even at higher concentrations, no shift in wavelength was incubation for 30 min at different temperatures and a protein
observed. concentration of 1@g/mL (Figure 3). The mutant enzyme
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Ficure 2: Fluorescence spectra of SSADH in the absence (B) and
presence (C) of kM NADH and of mSsADH in the absence (A)

The values of the dissociation constakit)(were 0.104
0.02 and 0.02t 0.01uM for NAD* and NADH, respec-

seems more thermoresistant than the wild type up to a
temperature of 8C°C, after which its activity decreases

tively, as determined by the titration of SSADH at pH 8.8 abruptly, resulting in a transition temperature-@°C) that
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120 inactivation of both enzymes at a protein concentration of
10 ug/mL in the range of 8895 °C. The corresponding
Arrhenius plots (insets in panels A and B of Figure 4) yield
activation energy values of 222 32 and 470+ 42 kJ/mol
for the wild type and mutant ADH, respectively. The values
of AG¥, AH*, and AS' calculated at each temperature are
summarized in Table 3AH* and AS' values for both
enzymes do not change with temperature in the range-ef 80
95°C. AAG* values between the wild type and mutant ADH
are maximal at 80C, indicating a higher stability of the
latter at this temperature. In addition, activation entropy is
higher for the mutant than for the wild type ADH by about
700 J mot! K71, thus reflecting some loosening of the
activated complex or changes in polarity which decrease the
0 L1 ' . level of solvent binding. The marked increaseHp and,
30 40 50 60 70 80 9 100 110 consequently, in activation enthalpy suggests that some
Temperature (°C) intramolecular stabilizing forces could be introduced by the
Ficure 3: Thermal denaturation of SSADH (black symbols) and Asn249Tyr substitution. Furthermore, t.he relat|V(_er IE,W )
mSsADH (white symbols) monitored by activity (circles) and Value for SSADH seems to suggest that its thermoinactivation
fluorescence emission (triangles)ex and Aem = 480 nm. The is due not only to conformational changes but also to a
By mamcrimens etk cied o s e oo o COLEIST prOCeSSP)
C . . . . .
the stgndard assay. The substrate was benzyl alcohol; the assaé Deam@aﬂon ReactianClose inspection of the SSADH
temperature was 65C. mino acid sequencé&§) reveals that Asn249 has the highest
deamidation occurrence rate among the 12 Asn residues
is higher than that of the wild type enzyme. Furthermore, present in the polypeptide chain, as it is followed by a Ser
the midpoint of the SsADH thermal deactivation and residue which is known to increase the deamidation #8g (
aggregation transition coincide, whereas the mSsADH ag- The replacement of the Asn249 by a Tyr residue leaves the
gregation transition precedes the deactivation by ab6Gt1  Asn248 residue to precede the aromatic amino acid which
The aggregation is very marked for the mutant ADH at is known to correlate with a relatively low deamidation rate
higher protein concentrations, evidently as a consequence(43). Therefore, greater ammonia development should be
of the more extended hydrophobic surface; in fact, 210 expected to occur from the wild type SSADH, with respect
mL, the aggregation precedes the inactivation of the mutantto the mutant enzyme, provided that the thermoinactivation
ADH by about 14°C, and by only 3°C that of the wild conditions adopted here and structural requirements are
type (data not reported). favorable to a deamidation reactiof3]. The fluorescence
As the apparent transition curves were not used to studytest for ammonia in the supernatant of thermoinactivated
the thermodynamics of equilibrium stabilization due to SsADH and mSsADH yielded the data shown in Figure 5,
irreversible aggregation accompanying the thermal denatur-which describes the evolution of ammonia during the
ation, the kinetic thermal stabilities of the two ADHs were incubation of the two enzymes at 9€ and pH 9.0. The
investigated. Figure 4 shows the first-order plots for thermal mutant enzyme releases less ammonia than the wild type
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Ficure 4: First-order plot for thermal inactivation of SSADH (A) and mSsADH (B) determined at different temperatures. The enzymes at
a concentration of 1@g/mL were incubated at the indicated temperatures and assayed as described in the legend of Figure 3. The insets

show Arrhenius plots corresponding to thermoinactivation data. To calduladues, experimental data points were computer fitted to an
equation describing a single-exponential decay using the proGuafit (28).
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Table 3: Thermodynamic Activation Parameters for Thermal
Inactivation of SSADH and mSsADH
T AGH AH* AS
enzyme (°C)  (kImolfY)  (kImol?Y (kI moltK™) "
SsADH 80 426 219 —0.58 é’
85 431 219 —0.59 S
87.5 433 219 —0.59 o
90 434 219 —0.59 ®
92.5 434 219 —0.58
95 434 219 —0.58
mSsADH 80 437 467 0.08
85 434 467 0.09
87.5 433 467 0.09
90 434 467 0.08 100 4 £ 350}
92.5 436 467 0.08 gg 340
95 434 467 0.08 80 e S 30y
S 320
aData are from experiments performed with a/Ag@/mL enzyme g:, s 310
concentration, in 0.1 M Tris-HCI (pH 9.0AG* values were determined £ 60 0123458
from the first-order rate constants (Figure AH* values were 5 L GdmCi (M)
determined from their temperature dependence (Figure 4, inset), and = 40 -
AS values were calculated froldG* and AH*. SD = +10%. L
20
B B
20 0 1 | I !
0 1 2 3 4 5 6
: i GdmCl (M)
g 16 Ficure 6: GdmCl-dependent unfolding transitions of SSADH (A)
2 and mSsADH (B) monitored by activity®) and fluorescence).
° B The enzyme concentration and activity assay were like those
g 12 L described in the legend of Figure 3. Fluorescence emission was
3 registered at 319 (A) and 324 nm (Blsx = 280 nm. In the inset
g - is shown the GdmCI dependency of the emission fluorescence
g spectral position of SSADHA) and mSsADH 4); the wavelength
8 8 |- corresponding to the maximum of each spectra is reported vs the
2 denaturant concentration. The plot is representative of two inde-
- B pendent determinations (SB +£0.5 nm).
e v
=z 4 . . .
was studied in the absence and presence of metal-chelating
o agents, such as EDTA and-phenanthroline. Both the
0 . . | | . i enzymes turned out to be quite stable at°@and at a

concentration of 3%g/mL in the absence of the chelating
agents. Their addition, at millimolar concentrations, to the

Time, min . . . . .
. _— ) . incubation mixtures caused the 30% drop in SSADH activity
Ficure 5: Deamidation of amide residues of SsSADH (black and no effect on that of MSSADH.

symbols) and mSsADH (white symbols) on heating af@6The i .
proteins, 0.21 mg/mL in 0.1 M Tris-HCI (pH 9.0), were incubated ~ Stability in the Presence of Denaturing Agenthe
in sealad test tubes for various period of time, and the amount of denaturation transitions for SSADH and mSsADH induced
ammonia dissolved in the supernatant was determined enzymaticallypy GdmCl and monitored by activity and fluorescence are
with glutamate dehydrogenasg|. shown in Figure 6. The, values, i.e., the denaturant
enzyme upon exposure to high temperature as a consequenceoncentration needed to cause 50% inactivation, are 1.7 and
of the Asn249Tyr substitution. Moreover, the cooperative 2.2 M GdmCI for the wild type and mutant ADH, respec-
behavior of SSADH ammonia evolution indicates that the tively. However, the denaturation profiles show that SSADH
initial deamidation, which can presumably be ascribed to is slightly more resistant than its mutant up to a chaotropic
Asn249, leads to changes in structure and/or partial unfoldingagent concentration of 1 M. Interestingly, the emitting
which in turn promote further deamidation and degradation chromophores in the mSsADH molecule appear to regain
of the protein. Therefore, the random deamidation of some of their hydrophobic environment between 1 and 1.5
asparagine (not excluding glutamine) residues occurs onM denaturant, after which their solvent exposure parallels
prolonged heating of both enzymes. Furthermore, when halfthat of the wild type enzyme chromophores (Figure 6B,
of the enzymatic activity is lost due to thermoinactivation inset). The emission spectra of the totally inactive enzymes
(Figure 4), <1 mol of ammonia per mole of subunit is reveal the disappearance of the single peak at 319 and 324
released from the wild type enzyme, thus suggesting that atnm, which is substituted by a band centered at-3838 nm
least part of the thermal damage associated with inactivationthat is typical of tyrosine emission, and another centered at
can be attributed to deamidation. 351 nm, which is characteristic of tryptophan that is
Evidence that structural zinc-depleted SsADH loses its completely exposed to the solvent (data not reported). It is
thermal resistancel{, 18) points to the relaxation of the important to note that the wild type ADH activity increases
structural zinc bonds as a cause of SSADH thermoinactiva- at low denaturant concentrations whereas the mutant enzyme
tion. Thus, the thermal kinetic activity of both the ADHs is activated very little.

0 20 40 60 80
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the possibility that it represents the residual activity resulting
from limited proteolysis has not been excluded.

DISCUSSION

Random mutagenesis by error-prone PCR and a screening
method based on heat resistance and thermophilicity tests
proved to be a successful strategy for isolating a mutant of
the archaeal ADH endowed with increased activity, and
improved thermal resistance with respect to the native
enzyme.

The Asn249Tyr substitution alters the environment of both
the coenzyme- and substrate-binding site. Khealues for
NAD™ and NADH increase by 3 orders of magnitude, and
= this change in coenzyme affinity is higher than that observed
T in the native SsSADH following Cys38 carboxymethylation
(23). In this case, the negatively charged carboxymethyl
group was presumed to repel the pyrophosphate moiety of
the coenzyme, thus causing tkgfor the NADH—enzyme
Ficure 7: Effect of thermolysin on the SSADH) and mSSADH  complex to increase by 2 orders of magnitude. Presumably,

(O) activities. The enzymes, 0.1 mg/mL in 0.1 M Tris-HCI (pH : :
8.5) containing 2 mM CaG] were incubated at 56C in the the Tyr249 sterically and electrostatically contrasts the

presence of thermolysin (10:1 ADH:protease mass ratio), and their intéraction of the coenzyme molecule with the binding site.
activity was assayed at defined times. SSADH was also incubated However, the substrate binding is also substantially affected
as described above but in the presence of a 10-fold molar excesshy the substitution. In fact, the large decreases in the

of zinc chloride with respect to thermolysia. cyclohexanol and 4-methoxybenzaldehyde affinities suggest
SDS-induced equilibrium transition curves for SSADH and that the bulky phenolic group sterically disturbs the interac-

mSsADH proved to be similar, with the, value around tions a? the substrate bmdlng_ pocket. )
0.13% SDS, after incubation for 60 min at 30. Moderate The increased catalytic activity of the mutant enzyme is

surfactant concentrations (0.05% SDS) only activated the dUé o the faster release of the coenzyme as a direct
wild type enzyme (by 115%) but not the mutant enzyme Consequence of the majprweakenlng of thg binary complex.
(data not shown). Furthermore, SSADH ata@mL in 0.1 Accordingly, the kinetic isotope effect studies show that the
M Tris-HCI (pH 9.0) was acfivated up to 150%, after NADH release is rate-limiting for the recombinant SSADH
incubation for 48 h at 30C. However, holo SSADH and @S observed for the native enzyn@3), but that the hydride
holo and apo mutant ADH retained 100% of the initial transfer step partially controls the overall reaction catalyzed

activity under the same experimental conditions. by the mutant enzyme. 3

Thermolytic HydrolysisThe above results suggested that ~_ The activation of mSsADH and Cys38-modified SSADH
some tightening of the overall structure of SSADH occurred (23) as well as HLADH mutated at the adenosine moiety
upon Asn248Tyr substitution. The alternative hypothesis was Pinding site (€) or modified at essential amino groupes(
that the mutant molecule was not activated further as it was 47) Suggests a common criterion as a guide for enhancing
already endowed with intrinsic flexibility at the catalytic site, the turnover of this class of enzymes, namely, to facilitate
and this contrasts with the higher, value observed for the ~ the coenzyme release by chemical modification or substitu-
deactivation of mSsADH by GdmClI. The lack of proteolytic tions which are able to elect_rostaucglly and/or sterically
cleavage observed after thechymotrypsin step adds further ~ disturb the coenzymeenzyme interaction.
evidence that the mutant protein apparently conserves the The tertiary structure of the wild type ADH is not changed
structural integrity of the wild type ADH, but this evidence substantially upon the mutation as the fluorescence studies
is limited to the protease specificity and moderate conditions show. The enhancement in intrinsic fluorescence emission
reaction. can be attributed to the additional tyrosine, presumably

Thus, proteolysis experiments at a temperature higher thanlocated in a position which is favorable for energy transfer
30 °C using a different protease were performed to verify to the nearby tryptophan residue. However, a decrease in
the latter hypothesis. The protease chosen was thermolysinthe rates of relaxation processes, to which the quantum yield
since it is active within a broad range of temperature$.( is sensitive, cannot be totally excludetB). The similarity
Figure 7 shows the effect of the incubation with large in pKa observed by fluorescence titration indicates that the
amounts of thermolysin on the enzymatic activity of both nearest environment experienced by the tyrosine introduced
SsADH and mSsADH. The first loses more than 30% of its is not directly exposed to medium.
activity after 3 h at 50°C, whereas the mutant enzyme retains  Previous investigations with HLADH established that
100% of its activity even after longer exposure. The level protein conformational changes and radiation-less energy
of inactivation of SSADH is lower in the presence of added transfer processes cause the quenching of protein fluores-
zinc ions (Figure 7, middle curve), which is consistent with cence on NADH binding and that NADguenches essentially
the observed inhibition of thermolysin by an excess of zinc by conformational changeg9, 50). A blue shift phenom-
ions @5). Therefore, the second slow phase of SSADH enon and the appearance of the energy transfer band point
inactivation could reflect some inactivation of the protease to the above quenching mechanism in nati&S)(and
due to the zinc released as a result of SSADH digestion, butrecombinant SSADH. On the other hand, both NAénd

Activity (%)
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NADH quench the fluorescence emission of the mutant Although the increase in helicity for mSsSADH is slight
SsADH without any shift and energy transfer, suggesting and depends on the limiting sensitivity of the CD measure-
that only small conformational changes affect the protein ment and evaluation error§%), it could also be linked to
emission. The absence of an energy transfer process inthe observed thermostabilization. Moreover, the possibility
mSsADH, which is so large in the SsADH, can be due to an of interaction of charged Tyr249 with theE-helix dipole
unfavorable orientation of the NADH molecule for energy cannot be excluded.

transfer and/or to a slight increase of the denacceptor The coincidence of the fluorescence transitions for both
distance. Furthermore, NADH fluorescence is enhanced andithe ADHs and the shift of the guanidine-dependent deactiva-
its emission maximum blue shifted on binding to SsADH, tion for the mutant enzyme to higher denaturant concentra-
but in the presence of mSsADH it does not change. This tions (Figure 6) suggest some stabilization related to catalysis,
drastic decrease in the relative quantum yield of the flexible and this most likely involves the coenzyme binding domain.
NADH molecule may be due to the increased number of Sych stabilization seems to be more electrostatic than

deactivating collisions with solvent molecules as well as to hydrophobic in nature, as the denaturation transitions by SDS
limited possibilities for internal conversion as a consequence of both the enzymes are coincident.

of a reduced number of points of attachment to some  pyyeolysis experiments highlight two important features,
elements of the coenzyme binding structuse)( namely, the highly limited susceptibility of SSADH to

On the other hand, the mutant enzyme binds the fluores- proteolysis, which reflects the considerable structural rigidity
cent probe, ANS, very strongly presumably at the same sitesachieved by this archaeal protein for functioning at elevated
present on the wild type enzyme. A decrease in solvent temperatures, and the further tightening of the overall
polarity and, to some extent, an increase in rigidity of the structure induced by the mutation. In additiaxchymot-
local environment have been demonstrated to increase theaypsin, which is endowed with different substrate specificity,
quantum yield and decrease the wavelength of emission ofis not active on mSsADH. Therefore, it is the decreased
amino-substituted naphthalene derivativés 48). However, flexibility rather than the changes in loop exposure which
there is indirect evidence that the region which accepts thedetermines the increased protease resistance shown by the
ANS molecule on both the ADHs is prevalently hydrophobic mutant enzyme. In fact, protein thermostability has been
in nature. SSADH at a relatively high concentration precipi- correlated to both rigidity and resistance to proteolys; (
tates in the presence of coenzyme, at room temperature, an&6).

the apo form of mSsADH gives a faint precipitate at  pata from thermoinactivation performed in the absence
relatively low concentrations and elevated temperatures. gpg presence of chelating agents add further evidence that
The substitution at the coenzyme binding domain of the the structural tightening achieved by the mutant ADH extends
Asn249 with a tyrosine residue has affected not only the to the whole molecule, and is not limited to specific regions.
catalysis mechanism but also the structural stability of the  The loss of structural zinc and the retaining of catalytic
archaeal ADH, improving its resistance to heat, denaturants, zinc in SSADH on dialysis against chelating agents have been
and proteases, without dramatic changes in the overallshown by metal analysid ¢, 18). The removal of zinc from
structure. The lack of the three-dimensional structure makesyeast ADH by DTT or EDTA results in a highly heat-
it difficult to develop an explanation for the stabilization sensitive enzyme; in particular, the temperature dependence
mechanism from a molecular point of view. However, itis  of the EDTA effect suggests that some unfolding is necessary
evident that the Asn249 plays an important role in the to facilitate the accessibility to the chelating molec&)(
mechanism of irreversible thermal denaturation of SSADH, Furthermore, the removal of the noncatalytic zinc from
and that its substitution with a non-heat degradation suscep-HLADH is stimulated by raising the temperature, as was
tible residue has produced not only the effect of reducing proven by the gel filtration techniqué&g).
the_ o_leam|dat|0n process bL_Jt_ also the effect of increasing the Consequently, the strong point of the thermal resistance
rigidity of the molecular edifice. of this archaeal ADH is the tightening of the structural zinc
A plausible hypothesis concerning the latter point is that and thus of the loop where the metal is complexed by the
the Tyr residue, which is more bulky and less polar than the Cys100, -103, and -111 and GIu97 residu&8) (Interest-
Asn residue, may have occupied the cavity left by the latter, ingly, the latter was replaced by a cysteine residd®) {o
fitting more tightly than the parent residue. The tightening restore the four canonical cysteines that contribute to the
of residues in cavities has been correlated with stabilization structural zinc-binding motif present in all other ADH&9Y.
(52). For example, the role of Asp80Tyr substitution in The Glu97Cys mutant proved to be equally active but less
stabilizing kanamicin nucleotidyltransferase has been found thermostable than native SsSADH, showing that at least part
to be correlated with the hydrophobicity of the residue in of the SSADH thermostability is due to the presence of the
the protein interior §3). It is likely that the interactions of  glutamate in its structural metal binding sité is evident
the Asn249 side chain with the environment have been that the replacement of Cys with Glu represents a significant
substituted by others, which are more hydrophobic in nature, achievement in the evolutionary adaptation of SSADH to
without excluding the participation of the phenolic OH in thermophilic conditions. In this context, it is tempting to
specific hydrogen bonding. Furthermore, aromaticomatic speculate that Asn249 deamidation plays a role in timing
interactions, hydrogen bonding formation, and packing the degradation of protein in vivo. The high level of
efficiency have been taken into consideration to explain the conservation of this residue may provide a starting point for
correlation between thermostability and the statistical increaseverifying this intriguing hypothesis. However, to our knowl-
in residency inx-helices of tyrosine, glycine, and glutamine edge, this is the first evidence of thermoinactivation depend-
residues in thermophilic protein4). ing on asparagine deamidation for archaeal enzymes.



Activation and Stabilization in Asn249Tyr SsADH

As far as the influence of Asn249Tyr substitution on the
zinc tightening is concerned, we hypothesize that long-range
effects are involved, presumably across hydrogen bond
networks or electrostatically through space within the protein
scaffolding. It has been suggesté&d)(that making a protein
surface more negatively charged results in a stronger metal-
binding site. Fluorescence and electrophoresis data indicate

no apparent change in the charge on the mSsADH surface 10.
11.

with respect to the wild type enzyme. Therefore, it is not
unreasonable to assume that the strengthening of structural
zinc binding in mSsADH is mainly related to hydrogen bond
networks involving the metal ligands, and that such interac-
tions contribute greatly to the increased activation enthalpy

This large increase in enthalpy is, however, compensated

by an entropy gain, thus resulting in a free energy value 15.

which is somewhat higher in the mutant compared to that in
the wild type enzyme. In this context, it is evident that the
mutation has increased the kinetic thermal stability of SSADH
by raising the activation barrier against thermal unfolding.

Changes in relative enthalpic and entropic contributions
to activation free energyNG) also characterize the energet-
ics of the redox reaction catalyzed by both enzymes (Table
1). The large enthalpy of mSsADH renders its turnover more
temperature-dependent, as the thermophilicity curve shows,
while the entropy gain indicates that either less solvation
accompanies the activated complex formation or the enzyme
molecule assumes a somewhat less tight conformation in
forming the ternary complex with respect to the wild type
enzyme B84). However, caution should be used in making
this observation because the general catalysis of ADHs
follows a multistep mechanism and also because the step
which controls thédqis different in both ADHs. Noteworthy,
for SSADH the energy barrier to thermoinactivation is higher
than that required for catalysis, which is an essential requisite
for enzymes to reach their temperature optimum, and this
also applies to mSsADH.

To function optimally at elevated temperatures, SSADH
has achieved a proper balance of rigidity and flexibility,
which is compatible with stability requirements. A single
semiconservative substitution at the coenzyme binding
domain has shifted this balance slightly toward the former,
resulting in greater thermal resistance without any detriment
to the specific activity of the enzyme, which in fact proves
to be more active.

This study serves as a good example of how it is possible
to improve both the stability and activity of a protein, even
with the same substitution.
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