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Abstract: The substrate specificity of wild-type and Ser39Thr (S39T) secondary alcohol dehydrogenase
(SADH) from Thermoanaerobacter ethanolicwgas examined. The S39T mutation increases activity for
2-propanol without any significant effect on NADBinding. There is no significant effect of the mutation

on the primary and secondary alcohol specificity of SADH. However, an effect on the enantiospecificity of
SADH by the S39T mutation is demonstrated. Throughout the temperature range from 1% tonskl-type

SADH exhibits a preference foB)\-2-pentanol. In contrast, a temperature-dependent reversal of enantiospeci-
ficity is observed for 2-butanol, with a racemic temperature of 297 K. Throughout the same range of
temperatures, S39T SADH exhibits higher enantiospecificity for BR)eefiantiomers of both 2-butanol and
2-pentanol. Examination of individu#t./Km values for each enantiomer of the chiral alcohols reveals that
the effect of the mutation is to decrea§p-2-butanol specificity, and to preferentially enhanBg-2-pentanol
specificity relative to §-2-pentanol. These results are the first step toward expanding the synthetic utility of
SADH to allow efficient preparation of a range dR)talcohols.

Introduction (ADHs) are Zn-containing enzymes utilizing nicotinamide
cofactors, which exist in either dimeric or tetrameric fotithe
classification of an alcohol dehydrogenase as primary or
secondary is dependent on the preference of activity for primary

The application of enzymatic systems in asymmetric synthesis
is a subject of continuing interest as a result of the high
gnantl'ospeuflcny characterlstlp of enzymedhe mostmdgly or secondary alcohol oxidation. The well-known alcohol
investigated enzymes for this purpose have been IIpaseS’dehydrogenases obtained from yeast (YADH) and mammalian
esterases, and dehydrogenases. Most alcohol dehydrogenas el (LADH) are NAD-dependent dimers which have a marked
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secondary alcohol dehydrogenases (SADH), which have beenTable 1. Kinetic Parameters for NADPfor Wild-Type and S39T
isolated from a number of anaerobic bacteria, are Zn-containing SAPH

NADP*-dependent tetramers that have high activity toward parameter wild-type SADH S39T SADH
secondary alcohols. The SADH from the anaerobic thermophile, 1) 493+ 2.7 106.6+ 6.3
Thermoanaerobacter ethanoligus stable at temperatures up Km (x1078 M) 7.4+0.7 8.9+ 1.0

to 80 °C.2 and exhibits high activity in the enantioselective KealKm (x10FM~1s71) 6.7+0.7 12.0+ 15

reduction of cyclic and acyclic secondary alcohols, as well as

ketoesterd:®> Because of its thermostability, resistance t0 Table 2. kK Values for Oxidation of Ethanol, 1-Propanol, and

organic cosolvents, and reactivity for a wide variety of 2-Propanol at 50C by Wild-Type and S39T SADH

substrates, SADH is a potentially useful biocatalyst for synthetic KealKm (M1 579

applications. The SADH fromThermoanaerobium brockii

(TBADH) has been applied in several chiral syntheses.
Previously, a temperature-dependent reversal of the enan- itB?Qp?;nol gi gg gg:fzs

tiospecificity of SADH was documented by Pham and Phillips. )

(S)-g-Butar%I is the preferred substrate gt temperatures brt)elow 2-propanol (1.0 10) £ (2 x 109 (3.0 109 & (0.7 x 109

26 °C, while (R)-2-butanol is preferred at temperatures above

26 °C. Similarly, 2-butanone is reduced tR)¢2-butanol by 300 —2

SADH, while ketones with longer alkyl chains give predomi- r \

nantly §-alcohols. This indicates that SADH has the capabil- 0

ity, albeit limited, of R)-alcohol production. If it is possible

to enhance this characteristic, then ketone reduction with SADH /1 .

could become a successful method of producing a wide variety_@ o

of (R)-alcohols. This is significant, since ADHs typically obey £ i

Prelog’s rule and are hence specific for production 8F ( * -1000 -

enantiomers of secondary alcohdlsSince little is known about - E\E\E\&\q

the molecular basis for the stereochemical preferences of SADH,  .1s00 |- m

the purpose of this work is to initiate the study of SADH active

site residues that govern binding and catalysis of enantiomeric 4 ., |

substrates and products. We have examined the effect of 285 295 305 315 325

mutation of Ser39 to threonine on the regiospecificity and T(deg K)

enantiospecificity of SADH. The results show that a threonine

residue at position 39 of SADH increases thy-gpecificity

for 2-butanol and 2-pentanol.

substrate wild-type S39T

Figure 1. Temperature dependence of enantiospecificity of wild-type
and S39T SADH for 2-butanol. Open circles: Wild-type SADH. Open
squares: S39T SADH. Filled circle: Data from reduction of 2-butanone
by wild-type SADH. Filled square: Data from reduction of 2-butanone
Results by S39T SADH.

Activity of Wild-Type of S39T SADH. The mutation of
Ser39 to threonine increases the specific activity of purified
SADH from 77.5 units/mg to 118.3 units/mg under standard
assay conditions, using 2-propanol. This result is consistent
with the report by Sakoda and Iman8kéa Thr— Ser mutation
in the active site oBacillus stearothermophilugrimary ADH
that diminished activity by a comparable amount. To determine
if these effects on activity are related to substrate specificity or
cofactor specificity, steady state kinetic parameters for NADP
specificity were measured for each protein (Table 1). Both
enzymes exhibit very similaKy, values for NADP, but Ky
andke:a/Km values are higher for S39T SADH.

Regiospecificity of Wild-Type and S39T SADH. To
determine whether the S39T mutation has any effect on
specificity for primary or secondary alcohol substrates/Kn

values were compared for ethanol, 1-propanol, and 2-propanol
(Table 2). Wild-type SADH is observed to have a 370-fold
specificity ratio for 2-propanol relative to 1-propanol. For S39T
SADH, a 145-fold specificity ratio is seen for 2-propanol relative
to 1-propanol, mainly due to the reduction &f./Kn, for
2-propanol. Additionally, the S39T mutation has the effect of
diminishing ethanol specificity. These results show that al-
though there are some effects on primary versus secondary
alcohol specificities by this mutation, they are not significant
enough to regard Ser39 as a key residue governing the
regiospecificity of SADH.

Enantiospecificity of Wild-Type and S39T SADH. Values
of keafKm Were measured by the procedure of Pham étfat.
the R)- and §-enantiomers of 2-butanol and 2-pentanol at
temperatures between 288 and 328 K for wild-type and S39T

(3) Bryant, F. O.; Weigel, J.; Ljungdahl, L. @ppl. Environ. Microbiol. mutant SADH. The recombinant wild-typ&. ethanolicus
1988 460-465. ihi _ i

(4) (a) Lamed, R. J.; Keinan, E.; Zeikus, J.Bizyme Microb. Technol. g't;DH elx_f(l:;blts_ tFi'mpek:’ature depe.'ndlentdsftereosﬁemf;_cny for
1981 3, 144-148. (b) Keinan, E.; Hafeli, F. V.; Seth, K. K.; Lamed, R. -butanol identical to the enzyme isolated frdmethanolicus
Am. Chem. Sod 986 108 162-169. used in previous experimeni&igure 1, open circles). Analysis

(5) (a) Zheng, C.; Pham, V. T.; Phillips, R. Bioorg. Med. Chem. Lett.  of the data collected for S39T SADH (Figure 1, open squares)

iggi %’26%%_7%22'0([3) Zheng, C.; Pham, V. T.; Phillips, R.Gatal. Today  jomonstrates that it is more specific f8){2-butanol than wild-

(6) (a) Keinan, E.; Seth, K. K.; Lamed, R. Am. Chem. Sod986 108 type SADH, and its racemic temperatdfel;, decreases from
3474-3480. (b) De Amici, M.; De Micheli, C.; Carrea, G.; Spezia,JS. 297 K for wild-type SADH to 183 K (Table 3). Furthermore,
Org. Chem.1989 54, 2646-2650. (c) Keinan, E.; Sinha, S. C.; Singh, S.
P. Tetrahedron1991, 47, 4631-4638. (10) The enantiospecificity ratidc = (Keal Km)r/(KealKm)s, is directly

(7) (@ Pham, V. T.; Phillips, R. S.; Ljungdahl, L. G. Am. Chem. Soc. related to the difference in free energy of activation betweenRpeand
1989 111, 1935-1936. (b) Pham, V. T.; Phillips, R. S. Am. Chem. Soc. (9-alcohols.AAG* = —RT In E, from transition state theory. Separation

199Q 112 3629-3632. of AAG¥ into entropic and enthalpic components is given by the expression
(8) Drauz, K.; Waldmann, HEnzyme Catal. Org. Synth: A Compre- AAG* = AAH* — TAAS. The racemic temperatufel, = AAHY/AAS,
hensve Handbook1995 2, 600-616. is the temperature at whichNAG* = 0, and no discrimination is made in

(9) Sakoda, H.; Imanaka, 0. Bacteriol.1992 174, 1397-1402. reaction or formation of enantiomers.
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800.0 Discussion

The X-ray crystal structure of an SADH from brockiiwas
solved in 19951 but the coordinates (1YKF.PDB) were released
from the Protein Data Bank only very recently. Consequently,
our selection of active site residues for mutation studies of
SADH until nhow has been based on predicted sequence
homologies with other functionally similar alcohol dehydroge-
nases from mammalian sources that have known structures.
Sequence alignments of SADH with mammalian ADHs show
about 30% identity, especially in the regions around the Zn
binding site and the NADP binding sité.

The mutation chosen for this study is Ser39Thr, which
was chosen because it permits a change in the steric environment
of the active site, without disrupting an essential proton relay
system in which the Ser39 hydroxyl group is expected to
participate. Since the disruption of this H-bonding network in

400.0

-RTInE

0.0

-400.0 P S S RS S S R S S
305

T (deg K)

Figure 2. Temperature dependence of enantiospecificity of wild-type
and S39T SADH for 2-pentanol. Open circles: Wild-type SADH. Open

squares: S39T SADH. Filled circle: Data from reduction of 2-pen-
tanone by wild-type SADH. Filled square: Data from reduction of
2-pentanone by S39T SADH. The units RTIn E are cal/mol.

ADH prohibits a proton uptake or release mechanism directly
associated with alcohol reduction or oxidation, respectively, the
substituting residue must also have a side-chain hydroxyl group

to preserve enzyme activity. Mutation of the homologous Ser48
to alanine in humarBADH results in an inactive proteit?.

Figure 2 shows that the S39T mutation effects a reversal of Indeed, threonine residues in the corresponding active site

enantiospecificity for 2-pentanol, afidfor 2-pentanol decreases positions of other ADHs have been shown to perform identical
from 384 K for wild-type SADH to 207 K for S39T SADH  (|es in facilitating enzyme functiolf. The second rationale
(Table 3). The filled-in points in both figures are calculated supporting this mutation is that mammalian ADHs with threo-
from enantiomeric excesses of alcohols obtained from the nine residues participating in the aforementioned H-bonding
corresponding ketone reductions, which were carried out undernetwork were predicted by computer-simulated active site
kinetic control and analyzed for enantiomeric composition by models to exhibit greateRj-preference for secondary alcohols
gas chromatography. These product distributions are similar than those with corresponding serine residéeslowever, there

to those predicted by kinetic measurements of alcohol oxidation, &€ Other changes in active site residues for these enzymes
as expected. besides the serine/threonine, which could contribute partially

to the observed differences in stereospecificity. The proximity
Both entropic and enthalpic effects associated with the changeof Ser39 to the active site zinc and NADEh SADH can be
of enantiospecificity are evident, as shown in Table 3. The readily seen from Figure 3.
values ofAASF and AAH? for the reaction of wild-type SADH As predicted for mammalian ADHSs, the S39T mutant SADH
with 2-butanol are in excellent agreement with our previous is more R)-specific than wild-type SADH, implicating this
studies’ However, the values for both parameters are somewhat Sefine/threonine as an important residue contributing to the

smaller for the reaction of wild-type SADH with 2-pentanol in enantiospecificity of SADH as well as mammalian ADHs. The

- 1 : ,
the present work. Since the 2-butanol parameters obtained in.oIecrease IMAH® for S39T compared to wild-type SADH is

the present study are in excellent agreement with previous'n.d'c""t've of more favorable_blndlng energy of tg-Glcohals ,
results. th differen re probably not due to differen inW|th the S39T mutant, possibly resulting from van der Waals
esults, these ditierences are probably not due 1o INErences g, 4ot petween the methyl group of the threonine side chain

protein structure, so it is likely that these new parameters for ;4 he alkyl chain of the substrate. The value AAS
2-pentanol are more accurate. For the reaction of 2-butanol yecreases for the reaction of S39T compared to wild-type
with S39T SADH, AAS' decreases by 17.2 entropy units SADH, which could be accounted for by the release of fewer
compared to wild-type SADH, whilAAH* decreases by 6.3  water molecules for S39T to reach the transition state. Fur-
kcal mol® (Table 3). In the reaction of 2-pentand\ASF thermore, the additional methyl group of threonine in the active
decreases by 4.4 entropy units for S39T SADH, amiH* site may restrict the freedom of rotation of other active site
decreases by 2.2 kcal mél(Table 3). residues. These results demonstrate the utility and sensitivity
of our temperature-dependence methfod analysis of effects
of mutations on stereochemistry of enzymatic reactions.

This appears to be the first reported demonstration of a single
mutation resulting in significant effects on the enantiospecificity
of an enzyme, while simultaneously augmenting its activity.

In evaluation of structural effects on stereochemistry, it is
important to differentiate between enhancementR)fdnanti-
omer specificity and inhibition of)-enantiomer specificity in
changing enantiospecificity. Comparison of individigl/Kn
values associated with wild-type and S39T SADH for each
enantiomer of 2-butanol and 2-pentanol measured atG5
reveals that the S39T mutation does not affect enzyme specificity
for (R)-2-butanol, but rather decreas@-z-butano_l specificit_y (131)2&&% J.-0.: EKlund, H.: Jmwall, H. Eur. J. Biochem1992 205
(Table 4). In contrast, S39T SADH shows considerably higher 519-526.
specificity for both R)-2-pentanol and§)-2-pentanol than does ém)st(f‘))lggf”é%’svl'\gd 8';{’?135 Sgg"(gagﬁfﬁgf"ﬁ” Mdﬁ?e/il\ll\/iTé,Bllg.;
wild-type SADH, but the increase is greater f&){2-pentanol, Horjales, E.; Futer, O.; Holmquist, B.; Vallee, B. L.;'Bg J.-O.; Kaiser,

resulting in a net reversal of enantiospecificity for 2-pentanol R. Eur. J. Biochem199Q 193 303-310. .
from (S to (R) (15) Stone, C. L.; Ting-Kai, L.; Bosron, W. B. Biol. Chem1989 264,
: 11112-11116.

(11) Korkhin, Y.; Frolow, F.; Bogin, O.; Peretz, M.; Kalb (Genoa), A.
J.; Burstein, Y.Acta Crystallogr.1996 D52, 882—886.
(12) Burdette, D. S.; Vielle, C.; Zeikus, J. Biochem. J1996 316
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Table 3. Entropic and Enthalpic Components of the Difference of Free Energy of Activation betfeeand ©-Enantiomers of 2-Butanol
and 2-Pentanol

2-butanol 2-pentanol
parameter wild-type S39T wild-type S39T
AAS (cal deg! mol™) 276+ 34 104+ 1.3 7.3+1.2 2.9+ 0.5
[27.9+ 2.5 [17.3£3.3P
OAAS (WT-S40T) 17.2 4.4
AAH* (kcal molt) 8.2+1.0 1.9+ 04 28+ 0.4 0.6+ 0.15
[8.37+ 0.73F [5.88+ 0.99F
OAAH* (WT-S40T) 6.3 2.2
T: (K) 297+ 51 183+ 45 384+ 84 207+ 63
[300+ 38]2 [340+ 86]2
aFrom Pham and Phillips (ref 6b).
Table 4. kea/Km Values for Oxidation of Enantiomers of Methods and Instruments. Enzyme assays and kinetic experiments
2-Butanol and 2-Pentanol at S& for Wild-Type and S39T SADH were performed with a Varian Cary 1E UWisible spectrophotometer
KealKm (M~1571) equipped with a Peltier thermoelectric temperature-controlled 12-cell

holder. Kinetic data were analyzed with use of the Hyper hyperbolic

substrate wild-type SADH S39T SADH nonlinear regression program developed by J. S. Easterby. Gas
(R)-2-butanol  (3.1x 10°) £+ (0.3x 10°) (2.8 x 10P) + (0.5 x 10°) chromatography was performed on a Varian 3300 equipped with a
(9-2-butanol  (1.1x 10°) £ (0.2x 10F)  (0.29x 10F) + (0.07x 10P) Supelco Beta-Dex120 cyclodextrin capillary column.

(R)-2-pentanol (0.8% 10°) + (0.08 x 10°) (3.5x 10P) + (0.4 x 10°)

(S-2-pentanol (13 10)+ (02 10) ~ (2.1 x 10F) = (0.3 x 10) Growth of Cells. Escherichia coliDH5a containing the recombi-

nant adhB gene coding for wild-type or mutant SADH was grown
aerobically in rich complex medium containing 20 g/L tryptone, 10
g/L yeast extract, 5 g/L NaCl, 2@g/L kanamycin, and 10@.g/L
ampicillin at 37°C. Cells were collected by centrifugation at 10000
x g for 15 min.

Using the parameters in Table 4, the predicted enantiomeric
purity of (R)-2-butanol produced by reduction of 2-butanone
with S39T SADH at 5.5°C Is 81% ee, V\ghmh is significantly Purification of Secondary Alcohol Dehydrogenase.The wet cells
greater than that for W"q'type SADH, 47% ?e' For Z'pe”t?‘“o" were resuspended (0.5 g cells per mL of buffer) in 50 mM-H®I at
S39T SADH at 55°C gives R)-2-pentanol in 25% ee, while 11 g g containing 5 mM DTT (buffer A) according to the procedure
wild-type gives §)-2-pentanol in 20% ee. The Ser39 Thr of Burdette et al2 The cells were then lysed by sonication &t@®in
mutation thus broadens the preparative scope of SADH 10 three 3-min intervals. Cell debris was removed by centrifugation at
include production of R)-enantiomers of both 2-pentanol and 15000x g for 45 min. The resulting supernatant was incubated at 70
2-butanol. This mutation represents the first step toward the °C for 15 min and centrifuged at 25000 for 30 min to remove the
ultimate goal of tailoring SADH to produceRJ-alcohols of thermally denatured impurities. Ammonium sulfate was added to the
greater synthetic utility in high enantiomeric purity from ketone supernatant to 30% and stirred for 30 min to remove further impurities,
substrates. This may be achieved by further mutations of the Which were discarded after centrifugation at 2500 for 30 min.
active site of SADH. Alternatively, theRj-specificity of SADH The ammonium sulfqte concentratlon of the s_upernatant was increased

- . . . to 70%, and after being stirred for 1 h, the mixture was spun down at
may be enhanced by manipulation of physical variables. For

! . . 15000 x g for 20 min. SADH was found in the pellet, which was
example, we have shown that SADH gives increasiRl ( gissolved in a minimum amount of buffer A and then dialyzed against

enantiospecificity for these smaller substrates at higher tem- pyffer A in three 4-L increments. The dialyzed solution of SADH
peratured. In addition, we demonstrated that coenzyme analogs was applied to a 50 mL Red A agarose column that had been pre-
increase theR)-specificity of SADH® Lower pH values were  equilibrated and washed with buffer A. Impurities were eluted with
also demonstrated to favdR)-2-butanolt” Recently, Simpson  buffer A containing 0.07 M NaClg followed by elution of SADH

and Cowan have reported cosolvent effects on the enantiospecifractions with buffer A containing 0.2 M NaClO The SADH-
ficity of a similar SADHZ8 in which solvent systems such as containing fractions were pooled and concentrated by ammonium sulfate
acetonitrile/HO (40:60 v/v), DMF/HO (20:80 viv), and DMSO/ precipitation followed. py dissolving thg protein in a minimum a:nount
H,0 (20:80 v/v) were found to increasR)¢specificity without of buffer A. The purified SADH solutions can be stored-&f7 °C

anifi t d f activit | h ti ith th for several months without loss of activity, and were used in the
significant decrease of activity. In conjunction wi ese subsequent kinetics studies.

tempe_rature, coenzyme, pH, and_cos_o_lvent effects, Fhe S39T Secondary Alcohol Dehydrogenase AssaySADH was assayed
mutation could expand the synthetic utility of SADH to include  gpectrophotometrically at ST by following the production of NADPH

highly enantiospecific production oRf-alcohols. (Aezgo = 6.22 x 10® M1 cm™?) in a solution containing 200 mM
2-propanol as the substrate and 1.25 mM NADP in 100 mM-H@3
Experimental Section buffer (pH 8.9)7 One unit of activity is the amount of SADH that
reduces or oxidizes umol of NADP or NADPH per minute,
Materials. Ethanol, 1-propanol, 2-propanoR) and §)-2-butanol, respectively.

(R)- and §-2-pentanol, dichloromethane, acetyl chloride, and pyridine  inetic Experiments. For temperature-dependence experiments,
were purchased from Aldrich Chemical Co. Ammonium sulfate and ine cuvettes contained 1.00 mM NADF0.025-200 mM of alcohol,
sodium sulfate were obtained from Baker Chemical Co. -H@& and and 50 mM TrisHCI buffer at pH 8.9, in a total volume of 0.6 mL.
Red A agarose were purchased from Sigma Chemical Co. NADP  easurements were made at temperatures from 15 ®C65Since
dithiothreitol (DTT), kanamycin, ampicillin, and tryptone were obtained Tyis has a high-temperature coefficient, the pH of the buffer stock
from the United States Biochemical Corp. Yeast extract was purchasedgg|utions was adjusted to 8.9 at each temperature. The cuvettes
from Difco Laboratories. containing the solutions were pre-incubated at each temperature in the

6 Zh C. Phill < ch 3 ch C 199 cell block of the spectrophotometer prior to initiation of reaction by
102(313—)1%)8?9’ + Phillips, R. SJ. Chem. Soc., Chem. Commu:$92 addition of enzyme solution. The reaction rates were measured by

(17) Secundo, F.: Phillips, R. §nzyme Microb. Techndl996 19, 487— following the production of NADPH spectrophotometrically at 340 nm.
492. Values ofk.s; andK,, were calculated for each enantiomer of alcohol
(18) Simpson, H. D.; Cowan, D. ARrotein Pept. Lett1997, 4, 25-32. at each temperature from at least three repetitions. Comparison of
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Figure 3. Crossed stereoview of the active siteTofbrockii SADH (1YKF.PDB) showing the position of Ser39.

primary versus secondary alcohol oxidations was done in the samesulfate and extracted with dichloromethane, and the extracts were dried

fashion at 50°C. Determination of values d€.; and K, for NADP* over sodium sulfate. The crude alcohol product was stirred under

was also performed this way at 8G, except that 2-propanol was held  nitrogen with pyridine and acetyl chloride, both in excess of the total

at a constant concentration of 100 mM, while NAD&oncentrations amount of alcohol present. After extractive workup and drying over

were varied from 5x 10°to 4 x 1074 M. sodium sulfate, the mixtures were analyzed by GC for the chiral acetate
Ketone Reductions with SADH. Reaction mixtures were prepared esters. The cyclodextrin capillary column gives better resolution of

in buffer A, containing 1% (v/v) of the substrate ketone and 20% (v/v) the enantiomers of acetates of acyclic chiral secondary alcohols than it

2-propanol. Upon addition of the enzyme solution, the reactions were does of the underivatized alcohols.

incubated at 50°C in a constant-temperature bath. The reaction

progress was followed by GC, and the reactions were terminated at

50% ketone conversion. The mixtures were saturated with ammonium JA974129T



