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Engineering yeast alcohol dehydrogenase.

broadens substrate specificity

Elmar G.Weinhold and Steven A.Benner
Department of Chemistry, ETH, CH-8092 Zurich, Switzerland

Analysis of a crystal structure of alcohol dehydrogenase
(Adh) from horse liver suggests that Trp54 in the homolog-
ous yeast alcehol dehydrogenase prevents the yeast enzyme
from efficiently catalysing the oxidation of long-chain prim-
ary alcohols with branching at the 4 position (e.g. 4-methyl-
1-pentanol, cinnamy! alcohol). This residue has been altered
to Leu by site-directed mutagenesis. The alteration yields
an enzyme that serves as an effective catalyst for both
longer straight-chain primary alcohols and branched chain
alcohols.

Key words: alcohol dehydrogenase/crystal structure/site-dir-
ected mutagenesis

Intreduction

The homologous alcohol dehydrogenases (Adhs) from horse
liver and veast differ significantly both in their rates of turnover
and substrate specificities. The specific activity of the Adh
from horse liver is two orders of magnitude lower with ethanol
than the Adh from yeast (Hadorn ez al., 1975). The horse liver
enzyme, however, accepts a wide range of substrates, including
secondary alcohols, cycloalkanols and primary alcohols with
branching at the 2, 3 and 4 positions (Jones and Beck, 1976).
In contrast, Adh from yeast accepts ethanol, some short
straight-chain primary alcohols and little else. Secondary
alcohols are either accepted poorly (as with 2-propanol) or not
at all. Primary alcohols with branching at the 2, 3 and 4
positions are also poor substrates,

When using alcohol dehydrogenases as synthetic tools, the
combinations of properties in these two enzymes is unfortunate.
The narrow substrate specificity of the enzyme from veast
makes it applicable as a synthetic tool for only a very small
number of synthetic problems, mostly involving the preparation
and analysis of isotopically substituted versions of the natural
substrates (Giinther et al., 1973). In contrast, the Adh from
horse liver is used for many synthetic applications (Prelog,
1964; Jones and Beck, 1976), where its broad substrate
specificity enables it to handle a wide variety of substrates,
albeit with rather low rates.

We have recently studied how variation in individual amino
acids in Adh controls various aspects of catalytic specificity
(Ellington, 1988; Fitz, [988; Weinhold, 1991; Weinhold er al.,
1991}, This has complemented work in other laboratories
where site-directed mutations have been introduced into genes
for either yeast or mammalian Adh proteins (Murali and
Creaser, 1986; Ganzhomn er al., 1987: Ganzhorn and Plapp,
1988; Creaser er al., 1990; Gould and Plapp, 1990; Fan ef ai
1991; Hbog er al., 1992; Park and Plapp, 1992; Bhanson et /.
1993; Green er al, 1993). Underlying mutagenesis work in
Yeast Adh is a structural model for the protein exirapolated
from the crystal structure of the enzyme from horse liver
(Eklund er al., 1981, 1982) based on an alignment of the
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protein sequences (Jomvall et al., 1987; Sun and Plapp, 1992).
From such comparisons, Brindén er al. (1975) suggested that
srnaller side chains at positions 48 {(Ser in horse liver Adh,
corresponding to Thr45 in yeast Adh} and 93 (Phe in horse
liver Adh, corresponding to Trp92 in yeast Adh) might be
responsible for a larger active site in the herse Lver enzyme,
which in turn might explain why the liver enzyme accepts
larger substrates.

Showing the general validity of this suggestion, Creaser
et al. (1990) repfaced Thr45 in yeast Adh by amino acids with
smaller side chains. They found that the Thrd5Ser mutant was
a better catalyst for the oxidation of several larger substrages,
in particular (5)-2-octanol, without having diminished catalytic
power towards ethanol. Green er al. (1993) replaced Trp92 by
Ala and found that the mutant was a much better catalyst for
longer primary aleohols as well as primary alcohols branched
at the 2 and 3 positions.

As part of a programme to develop analogues of nucleic
acids for antisense work (Huang er al., 1991), we wanted to
oxidize some long-chain primary alcohols with branching at
the 4 position which are poor substrates for yeast Adh. The
analysis of Brindén er al, ( 1975) suggested that modifying
one of four amino acid side chains {Trp34, Leuli6, Met270
and Ile290, yeast numbering) at the entrance 1o the active site
might improve activity towards such substrates. At positions
116 and 290, the residues in yeast Adh are the same in horse
liver Adh. Met270 is replaced by Val in the enzyme from
horse liver, Furthermore, in the region of Trp54, a deletion
has occurred in a region that forms an active site coil between
a helix and a B-strand. Depending on the alignment, W54 is
either replaced by the smaller Leu side chain in horse l[iver
Adh or deleted entirely.

Position 54 (Trp in yeast, corresponding to Leu57 in horse
liver Adh) appeared 1o be the more interesting of the two.
First, the strucrural model {(Figure 1) suggested that the side
chain of Trp54 in yeast Adh might lie at precisely the position
needed to account for the low catalytic activity of yeast Adh
with primary alcohols branched at the 4 position, Next, the
size of the side chain (yeast Adh versus horse liver Adh) is
changed more dramatically at position 54 than at position 270.
Furthermore, contemporary mutation matrices (Gonnet e al.,
1992} suggest that substitution of Trp by Leu (found at position
54 in yeast and position 57 in horse) is less probable than

the Met for Val substitution found at position 270, Finally,.

experiments by Wills er al. (1982), selecting for mutants of
yeast Adh less able to accept allyl alcohol, identified variability
at position 54 (substitution by Arg) as one of a few positions
that had this effect.

Therefore, we have examined the effect of substituting
Trp54 by Leu in constraining the substrate specificity of
veast Adh.

Materials and methods

Enzymes and materials for M13 mutagenesis and sequencing
of DNA were from New England Biolabs, Pharmacia and
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United States Biochemical. Small molecular weight substrates
were from Fluka and were distilled prior to use. The gene
encoding Adh 1 from Saccharomyces cerevisiae was a generous
gift from E.T.Young and B.D.Hall (Williamson er af., 1980).

Construction of the W54L mutant

The gene encoding Adh 1 was extracted from its carrier
plasmid as a Sphl fragment and inserted into the polvlinker
sequence of the bacteriophage M13mp19 using standard pro-
cedures (Sambrook er al., 1989). The orientation of the inserted
Adh 1 gene was delermined by restriction digestion (HindIII).
The mutant gene was constructed by oligonucleotide-directed
mutagenesis in Escherichia coli using a selection based on the
asymmetrical methylation of GATC sequences in a hetero-
duplex (Marmenout et al., 1984), Oligonucleotides were syn-
thesized on an Applied Biosysiems Automated DNA
synthesizer using phosphoramidite chemistry and purified by
standard methods, The mutagenesis experiments are described
in detail elsewhere (Weinhold, 1991). The identity of the wild
type and mutant Adh was verified by total DNA sequencing.

Protein expression

The wild type and mutant genes were subcloned into the pSL
expression vector described in detail elsewhere (Ellington,
1988). The pSL vector was constructed from a fragment of
the 2 y circle and bears both a yeast Trp 1 gene as a selection
marker in yeast and a gene conferring ampictllin resistance as
a selection marker in E.coli. The wild type and mutant genes
were inserted into the pSL vector using a restriction fragment
obtained by Spal digestion of the double-stranded form of the
M13 vector. The Sphl fragment carries the Adh I promoter
sequence, which directs the expression of the Adh genes
in the constructs reported here. Successful insertions were
identified by gel electrophoresis of plasmids picked from
single colonies.

A mutant strain, designated RS1-1, of S.cerevisige deficient
in genes for both Adh 1 and Adh 2, described elsewhere
(Elllington, 1988), was used as an expression host. No Adh
activity was detectable in extracts from this strain, which grew
extremely slowly. Introduction of the Adh | or mutant gene
on a.vector using the lithium acetate method (Ito er al., 1983)
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Fig. 1. Structural moedel for the active site of alcohol dehydrogenase from
{ yeast built by extrapolation from the erystal structure for the homologous
enzyme frem horse liver, Numbering is from the yeast alcohol
dehydrogenase.
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yielded strains that grew much faster, presumably due to the
catalytic activity of the Adh proteins encoded by the vector.
The yeast strains were grown at 30°C on minimal medium
[4% glucose, 0.5% (NH,),S80,, 0.17% yeast nitrogen base
without amino acids, Difco, 0.05% MgSO,, 0.03% CaCl,, with
8.3 ml/] of a separately antoclaved-solution containing 0.36%
lysine, 0.24% histidine and 0.24% arginine] to an optical
density (600 nm) of unity and the cells recovered by centrifuga-
tion (1200 g) and stored frozen.

Total DNA was then isolated (Rothstein, 1985) from a smail
portion of the yeast (50 mg) and used to transform E.coli.
Transformants were grown, the plasmids isolated and the
identity of the Adh genes verified again by total DNA
sequencing.

Protein purificarion

Protein concentrations were determined using the Bradford
(1976} test. To calibrate the Bradford test, protein absorbence
at 280 nm of wild type Adh purified to homogeneity was
measured and compared with the published extinction coeffi-
cient for yeast Adh (Hayes and Velick, 1954). Catalytic
activities were measured by standard kinetic methods (see
below). To isolate purified wild type and mutant protein, yeast
(~2 g) was suspended at 4°C in potassium phosphate buffer
(5ml, 100mM, pH 7.0, containing 1 mM dithiothreitol,
0.5 mM phenylmethanesulfonyl fluoride and 1% propanol} and
homogenized in a bead beater (BioSpec Products). The beads
were recovered by filtration and the filtrate centrifuged (3000
%). The supernatant was treated with protamine suifate (to
0.15%), incubated at 0°C (15 min) and the mixture centrifuged
(RBO00 g). An ‘AffiGel Blue’ affinity: column (Bio-Rad,
Cibacron Blue F3GA on agarose, binding capacity 24.5 mg
albumin/ml, 35 m! total volume) was then prepared by pre-
washing with a solution of urea (detonized, 6 M), NaCl (2 M)
and pre-equilibrating with potassizm phosphate buffer (10 mM,
pH 7.0 containing | mM dithiothreitol). The supernatant of
the protamine sulfate precipitation was then applied at 4°C to
this column, the column washed with pre-equilibrating buffer
(200 ml) and the Adh activities eluted with a gradient of
NADH (0.2 mM) in pre-equilibrating buffer. Both wild
type and mutant protein eluted at approximately [NADH] =
0.045 mM.

The fractions containing active proteins were concentrated
to 2 ml by uitrafiltration (Amicon PM-10 membrane)} and then
to 0.2 ml via centrifugation with a Centricon 10 filter at 4°C,
The concentrated protein solutions were then applied to an
HPLC gel filtration column (LKB GlasPac TSK-G3000SW,
8X300mm) and eluted with a potassium phosphate buffer
(10mM, pH 7.0 containing 300 mM Na,80; and 1 mM
dithiothreitol). Fractions containing enzyme were identified by
their absorbance at 280 nm. Samples were stored at 4°C.
Approximately | mg of pure wild type and 0.5 mg of mutant
protein were obtained from 2 g of cells using this procedure
(Weinhold, 1991). The absorbance ratio (280/260 nm) of
the mutant protein (1.39) was diminished slightly from that
observed in the wild type protein (1.43) reflecting the substitu-
tion of a Trp by a Leu.

Co-factor purification and steady state kinetic measurements
For kinetic assays, NAD™" {Boehringer Mannheim, grade [)
was purified by the procedure of Dalziel (1963). NADH
(Boehringer Mannheim, grade 1) was purified by reverse-phase
HPLC chromatography. NADH (4.2 mg) was injected on @
RP-8 column (Brownlee Labs Aquapore Octyl C8.




11~ 250 mm} and eluted with a two-step linear salt gradient

. 24)-100 mM Na; SOy over 11.5 min and 1000 mM Na,50,
trom 11.5 1o 13.5 min) in sodium pyrophosphate buffer (1 mM,
pH 7.0) at a flow rate of 2 ml/min. The collected NADH
(3.6 mg. ~2 mM} had an absorption ratio of 2.26-2.27 (260/
230 nm) and was essential free of sulfate ions. The purified
NADH was directly used for the kinetic measurements. Steady
;mte kinetic data were obtained in 32 mM Na pyrophosphate
butfer (pH 8.2) containing Na sulfate (100 mM) at 25°C.
The production and consumption of NADH was measured at
240 nm using an extinction coefficient of 6220 em~! M-!
+ Horecker and Kornberg, 1948). Kinetic constants were derived
from double reciprocal plots (Dalziel, 1975) for natural sub-
strates and single reciprocal plots for long-chain aicohol
substrates. The Haldane relationship with natural substrates
gave an equilibrium constant of 14 pM. Substrate concentra-
lions are provided in the captions to the tables. Errors are
viven as 90% confidence intervals.

luble I. Comparison of kinetic constants {at 25°C) for ethanol oxidation
and acetaldehyde reduction by aicohol dehydrogenase (Adh 1) and the
Trp34Lecu mutant

Engineering yeast Adh

Results and discussion

Table I shows the kinetic parameters for ethanol oxidation and
acetaldehyde reduction catalysed by wild type Adh 1 and the
W34L mutant. Table II shows the kinetic parameter of native
and mutant enzymes determined in parallel for several alcohols
as substrates. With ethanol, l-propanol and 1-butanol, the
mutant performs less well than the native enzyme. However,
with both 1-pentanol and i-hexanol, the W54L mutant is the
better catalyst. Diminishing the volume of the side chain at
position 54 does not improve activity against secondary alco-
hols. These results are consistent with the model used to design
these experiments, where the side chain of residue 54 contacts
groups attached to the 4 position of long-chain primary alcohols
rather than those nearer to carbon 1, where the oxidation
takes place.

It is interesting to compare these results with those reported
by Green et al. (1993), who replaced Trp54 in yeast Adh by
a Met residue. Met was chosen as a replacement amino acid
in their work because it is found at the homologous position
in the human and rhesus monkey enzymes. Green er al. (1993)
used slightly higher temperatures and different buffers in their
Kinetic measurements. Nevertheless, with native Adh I, the
trends in k.,/K;, obtained by Green et al. (1993) for different

Adh 17 TrpS4Leu substrates are parallel to those obtained here (Table IIT). Both
o b sets of data report consistent ratios for the activity of wild
ki s7h 308 11 96.2 = 1.4 adh . . icohol sub . icul
ANAD (ua 21« 19 1090 = 4gP type 4 against various aicohol substrates, in_particular,
.\'T"'""“[ (M) 403 + 0.5 134 + 0.6 essentially identical increases in V/IK upon going from |-
K e (s"'mM) 763 = 71 7.54_+ .13 pentanel to 1-hexanol. Thus, there is good reason to believe
e (r:,,) 932;7133' 297 = - that the data can be compared.
ol E - - . . .
 ADH ¢y 123 = 28 04 = g The most remarkable outcome of this comparison is the

"Cuoncentrations of substrates were varied as follows: ethanol {(4-20 mM)
and NAD+ {0.2-2 mM) for ethanol oxidation and acetaldehyde (0.2
2.0 mM) and NADH {0.04-0.2 mM) for acetaldehyde reduction. In 32 mM
sodium pyrophosphate buffer (pH 8.2) containing 100 mM Na,SOy at 25°C.
"NAD™ concentration was varied from 1 to 10 mM at fixed ethanol
voncentration (100 mM) in 32 mM sodium pyrophesphate buffer (pH 8.2)
vontaining 100 mM NaySQ, at 25°C. '
“Ethanol concentration was varied between 5 and 50 mM at fixed NaDY
‘oncentration (10 mM) in 32 mM sodium pyrophasphate buffer {pH 8.2}
niining 100 mM Na,SO, at 25°C.
+ADH concentration was varied between 0.05 and 0.2mM at fixed
~ulaldehyde concentration (20 mM) in 32 mM sodium pyrophesphate
bulfer (pH 8.2) containing 100 mM Na;S0, at 25°C,

degree to which the results obtained upon substitution by Leu
differ from those obtained by substitution by Met, especially
considering the facility with which Leu and Met can be
exchanged in other systems (see, for example, Stackhouse
et al., 1990) and during divergent evolution. Comparison ratios
are presented in Table IV. Green er al (1993) report that
substitution of Trp54 by Met decrcased both V and V/K for
all of the alcohols examined. With 1-butanol and, better, 1-
pentanol, the X values were decreased by the substitution,
although not enough to make up for the decrease in V Thus,
for no substrate can it be said that replacement of Trp54 by a
Met improves the catalytic performance of the enzyme.

Table 11, Substraze specificity of aleohal dehyrogenase (Adh 1) and its Trp54Leu mutant with various alcohols?

Wild type Adh | Mutant Trp54Leu
kc‘aj:x (S’!) K,%Imh“[ {mM) kcal,rKn;_xllcohul kcm.'fKrn kcglx (S_I) Kna_allcnhu[ kcal/Kr?llcohol kcn:"'Km
(g™ mMy (% of EtOH) (M) s~ mM) (% of EtOH)}
-qary alcohois
Lihanol 308 * 11 40 + 0,5? 763 = T.1b 100 102.1 + 2.8 134 06 7642013 100
Propanol 123 + 3 136 £ 0.7 9.06 = 0.14 119 287 +28 43955  0.65 =002 8.6
Butanol 118 = 7 539 + 43 220 £ 0.04 29 327 = 1.8 29424 111 =003 145
Pentanpl 56.2 + 6.1 568 + 7.6 0.99 + 0.03 1.3 184 + 0.5 118+06 156*004 204
Hexanol 29.6 + 2.7 13.8 = 2.0 2.14 + 0.11 2.8 239 = 1.8 65409 367 +022 480
3-Methyl-1-butanol 0.27% 0.08"
+-Methyl-1-pentanol 6.7 = 1.9 53.8 = 179 0.115 = 0.003 0.2 186 £ 0.7 67204 279 x005 365
Cinnamyl alcohol 133 = § 458 035 290 = 06 380 98.0 = 3.9 1501 67329 881
Secondary aleohols

2-Propano} 53.1 £ 101 268 + 58 0.198 = 0.005 0.3 5809 193 *33 0030 £ 0.001 04
$:-2-Butanel 19 +135 933 x 339 0127 = 0008 02 0.31b

__i\igtermined with 10 mM NAD™ in sodium pyrophosphate buffer (32 mM, pH 8.2) containing 100 mM NaSGy at varying aleohol congentrations at 25°C.
ith an aleoha] concentration of 50 mM.
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Table I Values of k., /K, relative to ethanel for different substrates of
alcohoi dehydrogenase (Adh {) and the Trp54Leu and TrpSdMet mutants by
independent kinetic measurements by Green ef af. (1993) and in the present
study

Substrate Ethanol [-Propanol 1-Butanol 1-Pentanol 1-Hexanol Reference

Adhl 100 22 4.7 39 8.5 Green et al.
(1993)

W54M 100 52 6.8 9.0 1.4 Green et al,
(1993)

Adh 1 100 11.9 29 1.3 2.8 Present
study

WS54L 100 8.6 i4.5 204 48.0 Present
study

All values are k. /Ky, relative to ethanol (arbitrarily set to {00 for the
indicated enzyme). Green ef al. {1993): 83 mM potassium phosphate buffer,
pH 7.3, 40 mM KCl, 0.23 mM EDTA and 10 mM NAD™" at 30°C.

Present study: 32 mM sodium pyrophosphate buifer, pH 8.2, 100 mM
Na;50, and 10 mM NAD™ at 25°C.

Table IV. Impact of the Trp54Leu and Trp54Met mutations on the Vi, and
K., values of alcohoi dehydrogenase

Trp54Leu Trp54Met

{present study) [Green er al. (1993)]

me (Xrn)mul (V"K)mu( Vmui (Km)mui (V/K)mut
Alcohol
substrate Vi (Kmw (VIK)ya Vi K (VIK)w
Ethanol 033 335 0.10 065  2.65 025
1-Propanol 023 3.23 0.07 014 241 0.06
1-Butanol 028 0.55 0.50 0.27 075 0.37
1-Pentanol 033 021 1.58 020 035 0.58
1-Hexanol 0.81 047 1.72 047  L.60 0.28
4-Methyl-i- 278 012 243 ND ND + ND
pentanol
Cinnamyl 0.74 033 23 ND ND ND
alcohol

Vinue maximal velocity of mutant; V,,, maximal velocity of wild type;
(Km)mu Michaelis constant of mutant; (K., Michaelis constant of wild

type.

These results are different with the W54I, mutant. Here, the
V/K values for 1-pentanol and |-hexanol are increased relative
to wild type. In both cases, the improved V/K arises predomi-
nantly because the X, for the alcohol is lower in the mutant.
However, for 1-hexanol, the k. of the mutant is essentiaily
the same as in the native enzyme.

Although the structural model on which interpretations are
based remains tentative, these results suggest that it is not
sufficient simply to increase space in an active site to engineer
a protein for a larger (hydrophobic) substrate. It appears as if
some degree of precision must be attained in the steric
complementarity between the hydrophobic substrate and the
hydrophobic binding site. Similar conclusions might be drawn
from experiments described in Ganzhorn ef al. (1987), where
Me294 (M270 in yeast) was replaced by Leu and in Weinhold
et al. (1991}, where Leul82 was replaced by Ala.

Results with branched chain primary alcohols are important
for the use of the W54L mutant as a synthetic tool, With
3-methyl-1-butanol, the WS54L mutant showed no catalytic
superiority over native enzyme. With 4-methyi-1-pentanol,
however, branched just one atom further along the chain, the
mutant is considered better than native Adh. The ke 18
increased by a factor of three, the K, decreased by a factor
of eight and the V/K increased by a factor of 24. Cinnamyl
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alcohol is another substrate with branching at the 4 position.
Here again, the V/K is improved by substituting Trp by Leu.
although not as dramattcally as with 4-methyl-i-pentanol. Darg
for 4-methyl-1-pentanol and cinnamyl alcohol as substrates
were not reported for the W54M mutant (Green er al.. 1993
these would be interesting to have.

Perhaps the most interesting scientific result from this work
is the extent to which the structural model for yeast Adh
{Figure 1) built from the crystal structure of the homologous
Adh from horse liver is serviceable as a tooi for guiding
mutagenesis experiments even as we move away from the
reacting centre. Substituting Trp54 by Leu expands subsirate
specificities for exactly those molecules where it is expected:
1-pentanol, 1-hexanol, 4-methyl-1-pentanol and cinnamyl alco-
hoi, where the model suggests that additional steric volume of
the substrate will occupy the space previously filled by the
side chain of Trp54.

When a crystal structure for yeast Adh | becomes available
(Ramaswamy et al., 1994), it will be interesting to learn
whether the expected results occurred for the expected reasons.
However, a simple generalization may be possible. Protein
engineering experiments that involve alteration of substrate
specificity via considerations of volume exclusion alone may
generally produce results consistent with expectation, even in
cases (such as this one) where the structural model of the
active site is crude. In contrast, experiments involving alteration
of complementarity in hydrogen bonding may be more challen-
ging and demand models with higher overall resolution. Finally,
alterations in charge complementarity may be still more
challenging. It will be interesting to see how well future
experiments conform to this generalization.
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