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The gene encoding the alcohol dehydrogenaseadh-hT)
from the thermophilic bacterium Bacillus stearothermo-
philus LLD-R strain has been overexpressed irEscherichia
coli and the corresponding recombinant protein purified
to homogeneity. Two putative structural determinants con-
tributing to the higher stability of ADH-hT had been
identified by comparison with the less thermostable ADH
(ADH-T) from the less thermophilic B.stearothermophilus
NCA 1503. In order to ascertain their role, mutations were
designed to eliminate in ADH-hT a salt bridge at the
N-terminus and a proline residue in the coenzyme binding
domain replacing the amino acids located at the same
positions in ADH-T. Three mutants—GlullLys, Pro242Ala,
and GlullLys/Pro242Ala—were expressed at high level
and the proteins purified and characterized. In general,
the mutations had little effect on the activity, indicating
that they were not disruptive. The thermal resistance was
changed displaying quite additive effects.
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Introduction

dehydrogenase/expression/site-directe

among all living organisms or play an essential role as universal
factors in cellular defence mechanisms from prokaryotes to
humans (Danielssoet al.,1994). The considerable interest in
their molecular biology, especially for those isolated from
thermophilic sources, can be attributed both to their potential
for biotechnological applications (Coolbeat al, 1992;
Cowan, 1992; Adamset al, 1995) and the capability of
elucidating their mechanism of action, regulation and evolu-
tionary relationships.

Recently, Cannio and co-workers (1994) analysed the rela-
tionship between thermostability and the secondary structures
predicted from the sequences of two different thermophilic
ADHs: ADH-hT from Bacillus stearothermophilugLD-R
(optimum growing temperature 75°C) and ADH-T (Sakoda
and Imanaka, 1992; Guagliar@t al, 1996) from the less
thermophilic strain NCA 1503 of B.stearothermophilus
(optimum growth temperature 55°C), and suggested that the
increase in thermostability of ADH-hT could be due, among
the 31 substitutions, to a few amino acids occurring at
significant positions in the sequence (Caneial., 1994).

The substitutions occurred in two different putative structural
determinants of the protein. The structural motifs for the
protein under study were extrapolated from the X-ray structure
of the horse liver ADH (Eklunctt al., 1976); in fact although
some thermophilic ADHs have been recently crystallized (Pearl

t al, 1993; Zhanget al, 1993; Korkhinet al, 1996), their
verall 3D structure is not currently available. The comparison
based on the alignment of the sequences revealed as particularly

interesting the presence in ADH-hT of two residues, Glull
and Lys14, positioned in the N-terminashelix and replaced
by a lysine and a glutamine located at the same position in

Studies on protein stability have been almost exclusiverADH'T- . ) )
carried out by either studying the thermodynamics of protein Recent high resolution X-ray studies on a number of

unfolding (Privalov and Makhatadze, 1993) or by evaluatingth€rmostable proteins pointed out the contribution of charged
the functional effects of single or multiple selected amino acidside-chains to thermal stability by the generation of an ionic
substitutions in the primary structure of a protein by site-network (Ishikawaet al, 1993). The role of ionic networks
directed mutagenesis (Fersht and Serrano, 1993). Statisticfl the thermal stability of proteins has also been recently
and computational approaches were also recently demonstratictionally demonstrated by site-directed mutagenesis through
to be very effective in the prediction of mutant protein stability Which specific salt bridges ia-helices have been disrupted
(Menendez-Arias and Argos, 1989; Tophast al., 1997). (de Prat Gaet al., 1994; Pappenberget al., 1997).
Moreover, the comparative analysis of proteins displaying The residue Glull, present in the more thermostable ADH-
similar functions in organisms growing at different temper-hT, is very close to the positive N-terminus pole of the helix,
atures represents a valid alternative to determine the molecul&® that it can stabilize the helix by balancing the dipole effect
mechanisms responsible for the adaptation of proteins t@Nicholsonet al, 1988). Moreover, the same residue generates
different conditions (Vieille and Zeikus, 1996). an additional surface salt bridge with the Lys14 enhancing the
An alcohol dehydrogenase system was chosen to investigatetrachain interaction in the helix (Marqusee and Baldwin,
the molecular determinants of protein thermostability. Alcohol1987).
dehydrogenases (ADH E.C. 1.1.1.1.) catalyse the reversible An additional interesting substitution was observed in posi-
oxidation of alcohols to the corresponding aldehydes otion 242 where a proline in ADH-hT was replaced by an
ketones, with coenzyme and substrate specificity dependinglanine located in ADH-T in the same position. The proline
on the specific ADH (Bmden et al, 1975). The medium 242 was found in ADH-hT in a flexible loop connecting a
chain zinc-containing ADHs, when compared with the longB-strand to ax-helix in the coenzyme binding domain. Proline
and short chain families (dovall et al., 1987) have been is known to impose rigidity to polypeptide chains especially
studied in greater detail, since either they are widely distributedvhen it substitutes small amino acids in loops between elements
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of secondary structures (Watanadieal., 1994). Moreover, it the C-terminal region of thedh-hT gene using the hTend
has been demonstrated that protein thermostability can bgrimer and the Sprimer: Pral, 5GTATCTAAGgCAGCGT-
increased by mutations that decrease the configurationdITC-3' which introduces the desired mutation (lower case
entropy of unfolding (Matthewt al, 1987) and decreased letter) and maintains thede site (underlined in the sequence).
by site-directed mutations that remove proline residues athe PCR product was digested wifbdd and Hpal and
specific positions (Herningt al., 1992). Therefore, proline inserted into pTr@dh-hT replacing the corresponding wild-
242 can stabilize ADH-hT with respect to ADH-T by both type sequence.
conferring rigidity to the entire polypeptide chain and by TheEcoRI-Hindlll gene fragment containing the Pro242Ala
stabilizing it through the reduction of the entropy of the mutation was inserted in the GlullLys mutant into the same
unfolded state. restriction sites in order to generate the double mutant, Glu11-
In order to verify these hypotheses, sufficient material forLys/Pro242Ala, containing both substitutions in thdh-hT
study was obtained by the high level expression ofdade-  gene sequence.
hT gene inE.coli. The amino acid residues (Glull, Pro242) The insertion of the correct point mutations in all genes was
presumed to contribute to the higher thermostability of ADH-confirmed by DNA sequencing with the Sanger dideoxynucleo-
hT were substituted by the amino acids present at the santigle termination method using the Sequenase version 2.0 kit
position (respectively Lys11, Ala242) in the less thermostabl§USB, Amersham).
ADH-T by site-directed mutagenesis, anq the resulu_ng mutateg;ene expression and enzyme purification
genes expressed H.coli. All the recombinant proteins were o )
expressed, purified, and their stability measured as a functiogscherichia coliRB791 (Brent and Ptashne, 1981) were
of temperature. fcransfprmed Wl_th the_ newly constructed plasmlds and grown
The point mutations were found to decrease the thermdl Luria-Bertani medium supplemented with 0.25 mM ZnSO
stability but not the thermal activity of the mutants. We alsoWith 100ug/ml ampicillin at 37°C to cell densities correspond-
demonstrated that the mutations introduced could influencl#9 to an ORgg of 1.5. The expression was induced by
the substrate specificity and the catalytic efficiency in differenthe addition of 1 mM isopropyB-p-1-thiogalactopyranoside

manners. (IPTG, Inalco) and the cells grown in the presence of the
inducer for 16 h. The cell pellet was resuspended in 10 ml of
Materials and methods 50 mM sodium phosphate, pH 7.0, and crude extracts were

Construction of the expression vector prepared by disrupting the cells in a Sonicator® Ultrasonic

. _ ) Liquid Processor (Heat Systems-Ultrasonics Inc., NY) by 10
Isolation of theadh-hTcoding sequence was obtained by PCR; i pulses at 20 kHz and recovered after 1 h ultracentrifugation
the template was thadh-hTgene previously isolated from a 4t 36 000g. Purification of recombinant wild-type and mutant
B.stearothermophilusgene library constructed inE.coli  enzymes was carried out as described previously (Cannio
(Cannioet al., 1994). The 5primer used in the amplification gt 51, 1994). The crude extract was heated at 60°C for 10 min
(GenSet) contained the ATG start codon andRed site 4 centrifuged at 5009 at 4°C for 10 min; the supernatant
(respectively in bold faced letters and underlined in théyas concentrated fivefold by ultrafiltration in an Amicon cell
sequence): hTstart (£CTCATGAAAGCCGCTGTAGTT-  (memprane cut-off 10 000 Da), and reheated under the same

3). The 3 primer had the following sequence: hTend-(5 congitions. The sample was then loaded onto a Matrex gel
GAGGCGGAETAACAGTGTTC-3), and was designed t0 gjye-A column (Amicon) and specifically eluted using a linear

insert a recognition site for thidpal endonuclease (underlined %radient of NAD (0.2—2 mM).

in the sequence shown) and contained the TAA stop codon \yhen NAD-free preparations were required, proteins were
(bold faced letters). The reaction was performed in a Perkiny ified loading the heat-treated extracts onto an S-200 gel
Elmer apparatus under the conditions described by $&i#l.  fjiration column (Pharmacia, 22660 cm) connected to an
(1990) using as enzyme tHefu polymerase (Stratagene, La gp| c (fast protein liquid chromatography) system (Pharmacia)
Jolla, CA). under the conditions described for ADH purification from

The amplified sequence was digested wRbd and Hpal  gyfolobus solfataricu¢SsADH) by Cannicet al. (1996).
and cloned between tHécd and Smad restriction sites of the ADH activity was assayed by following the reduction of

expression vector pTrc99A (Amaret al., 1988) (Pharmacia  NAD at 340 nm in a Cary IE recording spectrophotometer.
Uppsala, Sweden), producing the vector designategne standard ADH assay was performed at 60°C in a mixture
pTrGadh-hT (1 ml) containing 25 mM sodium phosphate buffer, pH 8.0,
Site-directed mutagenesis 30 mM ethanol or 50 mM benzyl alcohol, 5 mM NAD, and
The point mutations were introduced in tadh-htgene using the extract or the purified protein to be assayed. One unit of
an oligonucleotide-mediated PCR strategy. Glu1l and Pro24enzyme activity was defined as the amount of enzyme that
were replaced by Lys and Ala, and two different singles andcatalyses the reduction ofgimol NAD per min at 60°C under
a double point mutant were constructed. the conditions described. Specific activity is expressed as units
Mutant GlullLys was constructed by amplifying thdh-  per mg of protein.
hT coding sequence with the hTend oligonucleotide and the Protein concentration was determined as described by
upstream mutagenic primer: BSP1;6GGTCATGAAAGCC-  Bradford (1976) using the Bio-Rad assay kit and the bovine
GCTGTAGTTGAACAATTTAAGaAA-3' that allowed the serum albumin (Sigma) as standard.
insertion of the point mutation (lower case letter) and has a SDS—PAGE analysis followed the method described by
Rcd site (underlined in the sequence). The PCR product wakaemmli (1970) while the method of Davis (1964), using
digested withRcd andHpal and inserted in pTrc99A between phenazine methosulfate and nitrobluetetrazolium (Sigma), was
the Ncd and Sma restriction sites. used to detect ADH activity on a nondenaturing electrophoresis
The Pro242Ala point mutation was introduced by amplifying 7% polyacrylamide slab gel.
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Kinetic measurements a b c d

Different primary or secondary alcohols at the saturating
concentration of 30 mM were tested as substrates for the wild-
type and mutant enzymes under the standard conditions.
The kinetic parameters versus benzyl alcohol were deter-
mined at 60°C in 25 mM Na-phosphate buffer, pH 8.0, 10 mM
NAD and benzyl alcohol concentrations ranging from 0.01 to 43.0 kDa —
70 mM, while to calculate the kinetic constants towards NAD,
the coenzyme concentration was varied from 0.01 to 20 mM
in the same phosphate buffer containing benzyl alcohol at a 29 0 kDa —»
concentration of 50 mM.
Aliquots of 0.3ug of both wild-type and mutant enzymes
were used in the assay mixture. All assays were made in 18 4 kDa —%
triplicate, their linearity always observed for 5 min, and
experimental data analysed and refined with the GraFit program
(Leatherbarrow, 1992). NAD stability was verified by controls
in which the assay mixtures were incubated in the assagig. 1. SDS-PAGE analysis of purification steps for the recombinant wild-

conditions without adding the enzyme; no variation intype ADH. Lane a, molecular mass standards; b, crude protein extract of
absorbance was registered over 5 min recombinantE. coli RB791; c, protein extract after two thermal precipitation

. . . . teps; d, sample after dye-ligand (Blue-A) chromatography. Identical results
The optimal pH values for enzyme kinetics were determineqyere obtained also for the mutant proteins.

by measuring the reaction rates at 60°C in 25 mM Na-

phosphate buffer in the pH range 6.5-8.4, and 25 mM glycinesps_pAGE analysis (Figure 1). Nevertheless, the mutants
NaOH in the pH range 9.0-10.0 (the pH values were measureghntaining the Pro242Ala substitution were eluted earlier than
at the assay temperature). _ _ the wild-type and the GlulllLys mutant.

The temperature/activity profiles were determined by Spectrofluorimetric analysis revealed that, also after exten-
assaying the enzyme activity (048g) under the standard gjve dialysis, trace amounts of NAD were contained in the
conditions, but gradually increasing the temperature from 3% ified proteins; therefore, for studies of protein stability
to 75°C (5°C at a time). NAD-free preparations were obtained by purification with gel
Enzyme stability filtration chromatography. The elution profile showed the
gresence of two major peaks, one eluting at a volume corres-
ponding to the molecular mass of the tetramer ADH and

phosphate buffer pH 7.0 in a final volume of 0.6 ml. Aliquots another eluting as an inactive dimeric form. This was also

(50 pl) were assayed every 5 min under standard conditioncOnfirmed by SDS-PAGE where a single co-migrating band
and the residual activity measured. was observed when loading aliquots of the two denatured

The deactivation in the presence of guanidine—HCI wa€aks. In any case, when Znions were added to the culture
calculated by incubating the proteins (46) at room temper- ”_‘ed'“m’ a greater pea'k'correspondlng to the tetramer and a
ature in 25 mM Na-phosphate buffer, pH 7.0 containing 0.2Nigher total specific activity could be measured.

0.5 or 1 M guanidine—HCI (Sigma). The residual activity was SPS—PAGE analysis revealed no difference in the molecular
calculated on 50ul aliquots every hour for 16 h in a Mass from that of the wild-type enzyme already described;
standard assay. moreover, the recqr_nbma_nt_ ADH-hT had_ the same pl, thermal

In order to evaluate the effect of the pH on the stability, theStaPility and specific activity of the native enzyme purified
proteins (30pg) were incubated for 16 h in different 1 ml from Bacillus stearothe'rmoph|Iu$GuagI|ard| et al, 1996).

25 mM buffers with different pH values: Na-citrate pH 4.2, 1herefore, the recombinant ADH-hT was used for all the
Na-phosphate in the pH range 6.0-8.0, and glycine—NaOH igubsequent characterizations and will be referred to in this

the range 9.0-10.0. After incubation, 10 aliquots were Paper as the ‘wild-type’ enzyme.
assayed under the standard conditions. After a typlc_al purlflcatlo_n procedure, _about 40 mg of pure
ADH-hT protein was obtained from 1 litre d.coli culture

cells. The same yields and purification were also obtained for
Results the mutant proteins.
Gene expression and protein purification of recombinant ADHs  Gel electrophoresis under nondenaturing conditions revealed
High level expression of wild-type and mutant ADHs Wasthe slower electrophoretic mobility of the mutants containing
: . S . : . “the GlulllLys substitution in comparison with the wild-type
obtained inE.coli using an IPTG mdymble system producmg nd Pr0242>,/6\la mutant, thereby copnfirming the ionic natu)r/éJ of
comparable amounts of the proteins under study. Opt|ma,[ '

conditions for the growth and IPTG induction d&.coli e mutation (Figure 2).

RB791 transformants were determined according to the methdgiinetic analysis of wild-type and mutant ADH

described by Guagliardit al. (1995). Wild-type and mutant ADH were tested on different substrates
The recombinant wild-type and mutant ADH were purified (Table I) with the wild-type being the more active and the

to similar homogeneity grade. Two successive thermal precipitdouble mutant the least active when ethanol is used as the

ation steps allowed the contaminant mesophilic proteins to beubstrate; otherwise, the specific activities calculated for the

almost completely removed. The purified active samples werenutants were in all cases higher than that of the less thermo-

recovered after loading onto a dye-ligand affinity chromato-stable ADH-T (Figure 3), demonstrating that the substitutions

graphy and specific elution with the coenzyme as judged byvere not disruptive; moreover, the overall structure of the
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Fig. 2. Nondenaturing PAGE of wild-type ADH-hT and GlullLys,
Pro242Ala, GlullLys/Pro242Ala. Proteins are detected using ADH
zymography (activity staining). Lane a, ADH-hT and Glull-Lys loaded in
the same slot; b, GlullLys/Pro242Ala; c, Pro242-Ala; d, Glull-Lys;

e, ADH-hT. 1 | 1 1 | ! 1
300 310 320
Table I. Specific activity of wild-type and mutant ADHs - 1
10/T(K")
ADH-hT GlullLys  Pro242Ala  GlullLys/
Pro242Ala . - .
Fig. 3. Thermal activity of recombinant ADH-hTC{), GlullLys ),
Ethanol 300.0 265.2 1721 148.3 Pro242Ala O), Glulllys/Pro242Alaf) and native wild-type ADH-T A_).
Methanol 0 0 0 0 Log activities are calculated as nmol/min and plotted against the reciprocal
1-Buthanol 263.4 200.2 136.7 116.7 of temperature values (1/K).
2-Buthanol 382.7 305.6 236.7 186.7
g;g;ohg;:g?hol 282'3 2530'1 %13'3 357'7 values) even if thé,, values calculated against benzyl alcohol
Benzyl alcohol 204.1 178.4 2333 207.9 are quite similar for all the enzymes.
The kinetic parameters determined for the NAD coenzyme
Values are shown as U/mg at 60°C. revealed that the Pro242Ala substitution could affect the

catalytic efficiency by increasing the affinity (lowe,,)

molecules was not affected, as demonstrated by far-Uv cowards the cfc.Jenzyme.
spectra registered at 25 and 60°C (data not shown). Enzyme stability
In Table | the specific activities at 60°C of the wild-type The comparative deactivation of wild-type and mutant enzymes
and the three mutants for a number of different substratem the presence of heat and guanidinium—HCI was investigated
are also listed. All the substrates were tested at saturating order to study the effect of the mutations introduced on
concentrations determined in previous assays. All the proteingrotein stability.
are completely unreactive towards methanol and cyclohexanol The resistance to heating was determined at 70 and 75°C.
and show a strong preference for secondary rather than primafhe wild-type and mutant enzymes retained similar activity
alcohols, as also reported for all the thermophilic ADHs whoseafter incubation at 70°C. Their behaviour differed at 75°C as
substrate specificity has been investigated (Keetaat, 1987). demonstrated by the dependence of the residual enzyme
The mutants containing the Pro242Ala substitution displayactivity, shown in Figure 4, as a function of the incubation
a higher catalytic efficiency towards benzyl alcohol thantime: the recombinant ADH-hT still retains 75% activity after
towards ethanol. 30 min, while 50% deactivation occurs in Glul1lLys, Pro242Ala
pH profiles of enzyme activity for wild-type ADH-hT and and ADH GlullLys/Pro242Ala mutants after 30, 26 and 18
the mutants were essentially overlapping (optimum at pH 8.0)min, respectively.
Similarly, for the thermal activities in the temperature range Their behaviour also differs in the presence of 0.5 M
investigated, differences were detected only in\thg,values,  guanidinium—HCI; in fact, while 50% residual activity is
whereas in all the Arrhenius plots a break-point at 50°C wasneasured for ADH-hT after 12 h incubation, the same decrease
shown (Figure 3). in activity occurs in the double mutant after only 6 h.
The kinetic constants determined for the wild-type andLower or higher guanidinium—HCI concentrations gave less
mutants at 60°C are summarized in Table Il. Due to the kindneasurable differences on protein stability.
of mutations introduced, the differences in the kinetic constants The effect of pH on the activity was quite similar for wild-
between ADH-hT and the mutants do not vary significantly.type and mutant proteins which were found to be inactive
In any case, as previously reported, it can be noted that thafter 16 h incubation in Na-citrate pH 4.2 and retained 50%
mutants containing the Pro242Ala substitution convert thectivity when incubated at pH 10. The highest activities were
benzyl alcohol more efficiently than ADH-hT (highks,/K, recovered after incubation at pH 7.5.
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Table II. Kinetic constants at 60°C of wild-type and mutant enzymes

Keat (57 Km (mM) KeatKm (57 mM™)

Benzyl alcohol NAD Benzyl alcohol NAD Benzyl alcohol NAD

ADH-hT 720.8:3.2 700.6-6.2 10.2:0.5 1.5-0.17 70.7 467.1
GlullLys 575.63.4 550.72-2.6 12.1-0.6 1.2:0.08 47.6 458.9
Pro242Ala 888.%5.2 834.0:4.7 14.2£0.8 0.70.07 62.5 1191.4
GlullLys/ Pro242Ala 65195.8 675.4-2.2 15.5-0.8 1.0-0.04 42 675.4

Discussion 2,2

In the framework of a project aiming at studying oxidoreduct-
ases from thermophiles, we assessed the expression at hi
levels of ADH-hT from Bacillus stearothermophilugstrain
LLD-R) in E.coli by optimizing both the growth and the
induction times for the transformed cells. The purification to <~
homogeneity of the recombinant protein was easily obtaine: .
by enriching the extract oE.coli in the heat stable bacillar
fraction by two simple thermal precipitation steps and sub-
sequent dye—ligand affinity or gel filtration chromatography.
The expression system and the purification procedure chose
allowed us to obtain up to 25 mg of homogeneous proteir *
from a 1 litre scale culture of transformédcoli. When Zrf*
ions were added to the culture medium the amount of purifiet
active protein reached up to 40 mg. This confirms the structure
role of Zré™ ions in guaranteeing the correct folding and the .
conformational stability of the native quaternary structure. The .
recombinant ADH-hT retains all the native enzyme properties
indicating that thermophilic enzymes are intrinsically thermo- 1,2 . 1 1 L
stable. 0 10 20 30 40 50
Although it is now ascertained that there is no unique anc
general definition for protein stability (Vieille and Zeikus,
1996), the direct comparison of thermophilic proteins with
different thermal features can help in clarifying the role of Fig. 4. Thermal inactivation of ADH-hT[{l), GlullLys ¢), Pro242Ala Q)
single amino acids in the stability of thermophilic enzymes.and Glulllys/Pro242AlaX). Log activities are calculated as U/mg and
In fact, when the ADH-hT primary structure had been alignecP'otted against the time of incubation at 75°C.
with that of the less thermostable ADH-T from the more well-
characterised NCA 1503 strain Bfstearothermophilygshree  mutants still remained higher than that of ADH-T (Guagliardi
significant substitutions were pointed out, presumed to bet al, 1996), while the unaltered thermal activity and pH
responsible for the different thermal features of the twooptimum confirmed that the mutations introduced did not affect
enzymes compared (Cannéd al, 1994). In order to validate the general catalytic mechanism even if they were responsible
the role of the salt bridges and the reduction of the entropy ofor a modified catalytic efficiency. Moreover, as predicted in
unfolding hypothesised in our model system, the Glull anaur hypothesis, they did not introduce any radical change or
Pro242 residues were substituted by the amino acids presetitamatic destabilizing effect in the structure as reported in
in the same position (Lys and Ala) in the less thermostablether analogous studies (de Prat Gatyal., 1994; Herning
ADH-T where these stabilizing effects seemed to be absent.et al., 1992; Pappenbergest al., 1997). Otherwise, the fact
The adh-hT gene was mutated at the desired positionsthat ADH-hT and ADH-T are evolutionary very closed proteins
expressed, and all the corresponding proteins purified undesupports the hypothesis that the replacements under investi-
the same conditions, so that the differences in chemicalgation could represent intermediate steps in the evolution from
physical and kinetic parameters could be ascribed only t@ less to a more stable structure. In fact, the ADH-T protein
the substitutions introduced and not to the post-translationagtill remains the least stable; none of the mutations introduced
modifications of the host system. in ADH-hT was able to decrease the features below those
The point mutations were found to progressively decreaseelative to ADH-T.
the stability towards denaturing agents such as heat and All the mutants showed the same broad substrate specificity
guanidinium hydrochloride, rendering the proteins pro-over the alcohols tested: interestingly, the catalytic efficiency
gressively more similar to ADH-T with the proline replacementtowards benzyl alcohol of the mutants carrying the Pro242Ala
showing a more sensible effect on thermoresistance whesubstitution was higher than that calculated towards ethanol;
compared with the elimination of the salt bridge. an inverse behaviour was observed for the wild-type enzyme.
Substrate specificity and the thermal activity were studiedThis result suggests that the structural rigidity of the Rossmann
and the kinetic parameters for benzyl alcohol and NADfold conferred by the proline reduces the rate of access of
coenzyme calculated, to exploit the effect of the mutationdbulky substrates such as benzyl alcohol to the catalytic site
also on the enzyme activities. The catalytic efficiency of theand hence the catalytic oxidation. On the other hand, the
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substitution of the proline with the smaller alanine aImostM%fgggegé%-z and Baldwin,R.L. (198Hroc. Natl Acad. Sci USA, 84,
doubles the affinity of the enzyme towards NAD. This fact is, e 5\ Nicholson,H. and Becktel W.J. (1987pe. Natl Acad. Sci
not so surprising considering that the mutation mtroducedVIUSA’ 84. 6663-6667.

occurs in the coenzyme binding domain and can affect NADVenadez-Arias,L. and Argos,P. (1989) Mol. Biol., 206, 397—406.
binding and release. In fact the similKy, values calculated Nicholson,H., Becktel,W.J. and Matthews,B.W. (198&jture,336,651-656.
towards benzyl alcohol for the wild-type and the mutants, and®@ppenberger,G., Schurig,H. and Jaenicke,R. (1907Mol. Biol., 274,

. 676-683.
the hlghel’kcat values calculated for the Pro242Ala and the Pearl,L.K., Demasi,D., Hemmings,A.M., Sica,F., Mazzarella,L., Raia,C.A. and

GlullLys/Pro242Ala mutants show that all the enzymes could Rossi,M. (1993). Mol. Biol., 229, 782-784.
bind the aromatic alcohol with the same affinity, but that theprivalov,P.L. and Makhatadze,G.I. (1998)Moal. Biol., 232, 660-679.
higher affinity towards the coenzyme for the mutants containingpaiki,R.K. (ed.) (1990PCR Protocols. A Guide to Methods and Applications.

I Academic Press, Inc., San Diego.
the Pro242Ala substitution could accelerate the slow step of | - da.H. and Imanaka.T. (1992)Bacteriol,,174, 13971402,
the catalytic reaction that, according to the general mechanisigcarerg.L., KimkK., LeeKM., Womg.CK. and Plapp,B.V. (1993)

of action of other ADHs, is the dissociation of the enzyme— Biochemistry32, 11186-11194.
NADH complex (Sheareet al., 1993). Topham,C.M., Srinivasan,N. and Blundell,T.M. (1997)otein Engng,10,
In conclusion, the direct comparison of proteins with increas- 7-21.

. . . ... Vieille,C. and Zeikus,G. (1996)rends Biotechnagl.14, 183-190.
ing thermoresistance, thanks to the higher degree of similarit atanabe,K., Masuka,T.. Ohashi,H.. Mihara,H. and Suzuki,Y. (18@H)J.

constitutes a simpler and more effective method to elucidate gjochem, 226, 277-283.
the role of single amino acid substitutions in enzyme stabilityzhang,z., Djebli,A., Shoham,M., Frolow,F., Peretz,M. and Burstein,Y. (1993)
and catalysis. Moreover, this approach demonstrates that theJ- Mol. Biol., 230, 353-355.

changing of Strucwral motifs nOt.locate(.j.lr.] the Catalyt!c SlteReceived October 6, 1997; revised June 11, 1998; accepted June 17, 1998
can nevertheless direct the catalytic specificity towards different

substrates of new tailored enzymes, with no loss in the overall
efficiency.
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