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ABSTRACT: Alcohol dehydrogenase A (ADH-A) from Rhodococcus ruber DSM 44541 is a
promising biocatalyst for redox transformations of arylsubstituted sec-alcohols and ketones. The
enzyme is stereoselective in the oxidation of 1-phenylethanol with a 300-fold preference for the (S)enantiomer. The low catalytic efficiency with (R)-1-phenylethanol has been attributed to nonproductive
binding of this substrate at the active site. Aiming to modify the enantioselectivity, to rather favor the
(R)-alcohol, and also test the possible involvement of nonproductive substrate binding as a mechanism
in substrate discrimination, we performed directed laboratory evolution of ADH-A. Three targeted sites
that contribute to the active-site cavity were exposed to saturation mutagenesis in a stepwise manner
and the generated variants were selected for improved catalytic activity with (R)-1-phenylethanol. After
three subsequent rounds of mutagenesis, selection and structure-function analysis of isolated ADH-A
variants, we conclude: (1) W295 has a key role as a structural determinant in the discrimination
between (R)- and (S)-1-phenylethanol and a W295A substitution fundamentally changes the
stereoselectivity of the protein. One observable effect is a faster rate of NADH release, which changes
the rate-limiting step of the catalytic cycle from coenzyme release to hydride transfer. (2) The obtained
change in enantiopreference, from the (S)- to the (R)-alcohol, can be partly explained by a shift in the
nonproductive substrate binding modes.

KEYWORDS: alcohol dehydrogenase, biocatalysis, stereoselectivity, directed evolution, crystal
structures, enzyme kinetics
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Introduction
The ability to alter the redox state of alcohols and the related aldehydes and ketones is central in
synthetic chemistry and has traditionally been catalyzed by different heavy metal-containing reagents.
The questionable atom economy and also efficiency of such systems has triggered an interest in
utilizing enzymes as biocatalysts for such transformations. Enzymes from several different classes are
able to catalyze the two-electron transfer from an alcohol to an acceptor and may therefore serve as
candidate biocatalysts [1,2]. The enzyme super-family of alcohol dehydrogenases (ADHs) contains
enzymes dependent on NAD(P)+ or NAD(P)H, as acceptor and donor respectively, for hydride transfer
reactions between alcohols and the cognate carbonyl compounds. The ADHs have been classified
according to peptide chain length and sequence similarity. The best studied isoenzymes, from horse
liver and bakers yeast, both belong to the so-called medium length dehydrogenases [3], and much of
the collected structure-function data have been gathered from studies on these two enzymes.
An additional benefit of ADH-afforded redox reactions in synthetic applications is the intrinsic
stereoselectivity of the enzyme’s active site which, usually, favors the transformation of one given
asymmetric alcohol, or its formation, from a pro-chiral ketone [4]. The potential drawback for larger
scale applications is the dependency on expensive coenzymes. This issue has been addressed by
various strategies that provide cofactor regeneration [5-7] and allow for only catalytic amounts to be
needed with retained conversion levels.
Most of the studied ADHs display (S)-selectivity obeying the so called Prelog rule [8] which dictates
that hydride addition of an asymmetric pro-chiral ketone such as acetophenone (2 in Chart 1), would
preferentially occur at the re-face of the ketone, thereby forming, for example, (1S)-phenylethanol ((S)1 in Chart 1). However, there exist also ADHs that catalyze the formation of the “anti-Prelog” products
(c.f. ref. 9 and citations therein).
ADH-A from Rhodococcus ruber DSM 44541 is an efficient catalyst of the reversible
reduction/oxidation of 2 into (S)-1, and vice versa [10-13]. This enzyme has gained interest as a
potentially useful biocatalyst for asymmetric redox reactions by virtue of its high tolerance to certain
organic solvents, which allows for facile cofactor regeneration through addition of high concentrations
of acetone (or 2-propanol, depending on reaction direction). ADH-A favors oxidation of the (S)-1 over
the (R)-1 enantiomer by 270-fold, as judged by the respective catalytic efficiencies [13]. Interestingly,
an important contributing factor to the lower catalytic efficiency with (R)-1 appears to be
nonproductive binding of this enantiomer at the active site (Scheme 1C). In the situation where the
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substrate may bind nonproductively, the measured catalytic activity during steady state will be affected.
The Michaelis constant, as well as kcat, will decrease by the factor [1 + (K2/K’S)], where K2 is the
dissociation constant of the alcohol from the productive ternary complex and K’S the dissociation
constant from the nonproductive complex [14]. Furthermore, rate limitation of the catalyzed oxidation
of (S)-1 has been proposed to be mainly coupled to the rate of NADH release from the enzyme, which
is of the same magnitude as kcat. Since ADH-A, like its related isoenzyme from horse liver, follows an
ordered sequential Bi-Bi mechanism [13, 15-18], the rate-limiting release of the reduced nucleotide
would be unchanged irrespective of which alcohol enantiomer has been oxidized, since the same
ketone product would be produced in either case. Also, in an ordered mechanism the rate of nucleotide
release only involves the binary E•NADH complex.
In this work we set out to clarify the observed enantioselectivity of ADH-A with 1-phenylethanol as
substrate. ADH-A variants have been isolated by iterative saturation mutagenesis [19-21] of chosen
active-site residues, that display improved activity with (R)-1 as compared to the wild-type enzyme.
The isolated enzymes were studied with respect to their catalytic properties both during the transient
pre-steady state as well as the steady state phases of the catalyzed reactions. We also solved the crystal
structures for evolved variants and performed substrate docking simulations to further aid the
rationalization of the observed functional changes.

Results and discussion
Rate of coenzyme release determines catalytic turnover with preferred substrates
In the wild-type ADH-A enzyme, the rate determining reaction steps for either alcohol oxidation or for
ketone reduction have been proposed to be the rates of conformational change of the enzymenucleotide binary complexes, E*•NAD(H)→E•NAD(H), with rates k-2 and k6 in Scheme 1A, similarly
to what has been described for the horse liver enzyme [22, 23]. This was inferred from the observation
of a hyperbolic concentration dependence of the observed transient rates of nucleotide binding to the
active site [13]. We have now reiterated the studies of nucleotide binding and conclude that a simple
one-to-one binding and dissociation model (Eq. 3) suffices to describe the coenzyme interaction
kinetics (Fig. 1). Hence, the kinetic mechanism simplifies to a five-step process (Scheme 1B). The offrates of NADH (k5) and NAD+ (k-1) (Table 1) are in agreement with the turnover numbers for (S)-1 and
2 (Table 2), respectively, linking rate limitation to coenzyme release with these preferred substrates.
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Oxidation of isopropanol (3) is catalyzed with a similar turnover to that of (S)-1, and the differences in
the deuterium kinetic isotope effect on the microscopic oxidation rate k3, which is 3.6 as compared to
1.5 for the effect on kcat, further supports a mechanism of a rate-limiting step downstream of the redox
chemistry (Table 3). The, again larger, KIE for kcat/K0.5 (3.0) also suggests that a step downstream of
ketone release dampens the KIE on kcat; Dkcat/K0.5 is expected to be expressed in reaction steps from the
E•NAD+ complex up to the release of the first product acetone [24], which in an ordered mechanism
suggests the subsequent NADH release to be rate limiting for the overall turnover.

Enantioselectivity and nonproductive substrate binding
Wild type ADH-A favors (S)-1 over (R)-1 by almost 300-fold, solely due to a lower kcat with (R)-1
(Table 2). The preference for (S)-1 is also reflected by the catalyzed reduction of 2; the only detectable
product is the (S)-enantiomer (Fig. S1). The turnover number for the oxidation of (R)-1 is far slower
than the rate of NADH release, yet a burst of accumulated E•NADH is observed during the transient
pre-steady state of (R)-1 oxidation. The lower activity with this enantiomer has thus been attributed to
nonproductive binding at the active site [13] (Scheme 1C). This raises the question whether relaxation
of nonproductive substrate binding, i.e. increasing the value of K’S relative to K2 in Scheme 1C, can
function as a strategy for improvement of catalytic turnover and for manipulation of enantioselectivity.

CASTing as an approach to change enantioselectivity
With the aim to isolate new ADH-A variants with increased activity with (R)-1 we performed CASTing
[19-21] at three locations of the active site. Spatially, each sub-site is located at opposite sides of the
active-site cavity, thereby probing the structure space, and contains two residues positioned close to
each other in the folded ADH-A (Fig. 2A). The variant enzymes encoded in the respective libraries
were co-expressed with chaperonins GroEL/ES to alleviate mutations that may otherwise cause
structural instability or lower solubility. Over-expression of these chaperonins has also been
demonstrated to promote the penetration of new properties in laboratory evolved proteins [25]. In site
“A”, Y294 and W295 are located in the neighborhood of the catalytic zinc ion. Of the residues included
in the construction of the different protein libraries, W295 is involved in most intramolecular
interactions as its indole side-chain contacts P89 (Van der Waals (VdW) contact), T152 (hydrogen
bond between indole nitrogen and backbone carbonyl oxygen) and T157 (VdW contact with side-
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chain). Site “B” involves Y54 and L119 and site “C” F43 and I271. I271 is in VdW contact with the
nicotinamide ring of bound coenzyme.
The first-generation variant displaying highest activity with (R)-1 in the screen and lowest activity
with the (S)-enantiomer was clone A2 isolated from the A-library. This enzyme has undergone
substitutions at both positions, Y294F and W295A (Table 4). By comparing the catalytic activities of
A2 with those of its sibling A1 (W295A), and analysis of the resulting structural differences, it is clear
that the loss of the indole side-chain is the most drastic substitution. In comparison, the Y294F
mutation has only a small influence on the catalytic properties (Table 2). The reaction velocity increase
observed during the screening (Table S2) of the enzyme library can be linked to a 4.9-fold increase in
kcat with (R)-1. This increase is paralleled by a concomitant elevation of KM. Paradoxically, nonproductive binding results in low KM because the higher the substrate concentrations, the higher is the
fraction of non-productive complexes. Alleviating it, would increase KM. The increased positional
freedom can lead to a higher frequency of productive binding interactions in the active site and as long
as the rate(s) of sampling different binding modes are faster than other rate limiting steps, turnover
numbers will increase, as will KM. Furthermore, in A2, dissociation of NADH is five-fold faster as
compared to the wild-type enzyme (k5A2/k5wt in Table 1) and is apparently no longer rate limiting for
catalytic turnover. The burst phase caused by pre-steady state accumulation of the E•NADH complex is
also lost in this variant and in its offspring (Fig. S2), also indicating that no rate-limiting steps are
present downstream of the alcohol oxidation step. The deuterium KIE with 3-2-d1 on kcat (3.1) and
kcat/KM (2.9) supports to the same conclusion. These values are close to the value of Dkox, determined in
the wild-type catalyzed reactions (Table 3). Assuming that the intrinsic isotope effect is similar in this
variant, these similar KIE values suggest that the oxidation step has become rate limiting for the overall
turnover. However, we propose that the “true” kcat(R)-1 value of A2 is not revealed by the steady state
measurements since nonproductive ternary complexes are still expected to dominate the total
population of enzyme-substrate complexes. The increase in turnover rate, although ~5-fold as
compared to wild type, is only 1 % of the expected possible maximal value corresponding to the rate of
NADH release (Table 1) and/or the rate of (R)-1 oxidation, which in the reaction catalyzed by the wild
type is approximately 200 s-1 [13] assuming that the rate of oxidation is not drastically changed by the
substitutions.
The mutations in A2 have shifted the enantiopreference to favor oxidation of (R)-1 over (S)-1 by 2.8fold. The same enantiomer ratio is, however, not observed when comparing the product outcome after
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reduction of 2 (Fig. S1). Although (R)-1 is produced, the (S)-enantiomer is formed in equal amounts.
The reason for this imperfect reversibility between the oxidation of the alcohol and its formation after
ketone reduction can be due to a lower stringency in the substrate binding geometry for the reductive
reaction. 2 is a flat compound that can accept the hydride from NADH at either face of the carbonyl
and the enantiomeric ratio of the formed alcohol(s) reflects the preference of attack at the re or si faces.
In A2, and also in the other tested variants, discrimination between the two binding modes is modest as
judged from the approximately equal proportions of the two enantiomers (Fig. S1). Efficient alcohol
oxidation, on the other hand, requires the substrate to be precisely positioned, placing the hydride to be
transferred in a specific direction towards the C-4 of NAD +. Modeling 2 into the active site of the wildtype enzyme suggests that this ketone substrate cannot be bound in a manner that would allow for
hydride addition to the si-face – due to clashes between the phenyl substituent and the indole of W295.
This limitation is apparently removed by the W295A substitution in A2 (Fig. 3B).
The achieved change in enantiopreference towards (R)-1 is mainly caused by a 1300-fold decrease in
the activity with the (S)-enantiomer (Table 2). From the values of kcat and KM with this enantiomer it
appears that the mutations have resulted in an increase in the nonproductive binding of (S)-1. A2
displays a 170-fold decrease in kcat but only a four-fold increase in KM. It is plausible that the extra
space introduced in the active site by the W295A substitution allows for new modes of interaction
between (S)-1 and the enzyme, favoring binding but disfavoring catalysis. This idea is supported by
docking simulations (vide infra).
Any change in the rate of NAD + dissociation escapes detection since W295 apparently is the main
fluorophore affected by the NAD+ binding and release. The NADH dissociation rates of the A2offspring A2C2 and A2C3 are similar to their parent (Table 3), emphasizing that the W295A
substitution is the main cause of this effect. Also, the aromatic characteristics of Y294 are retained in
both identified functional library A-variants (A1 and A2). The tyrosine is either conserved or replaced
by phenylalanine. This is probably due to stacking of the aromatic side chains of residues Y294 and
F286 from the other subunit that can contribute to stabilization of the dimeric structure. This stacking
interaction is maintained by F294 in the A2 variant (Fig. S3).

Crystal structure B-factors suggest an increased localized structural flexibility
To further investigate the structural reasons for this destabilization of the E•NAD(H) complexes, we
solved the crystal structure of A2 in complex with NAD +. The crystals of this complex are of space
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group P212121, have a larger unit cell and contain two homotetramers per asymmetric unit, , whereas
the wild-type enzyme and the other ADH-A variants all crystallized in space group P2 1 with one
homotetrameric assembly per asymmetric unit. Nevertheless, the structure of A2 is like those of the
other A2-offspring variants very similar to the wild-type structure (Fig. 4). Each subunit of A2 contains
one NAD+ and two zinc ions, of which one is bound in the active site 4.1 Å away from the C-4 atom of
the nicotinamide ring and coordinated by C38, H62, D153, and a water molecule or carboxyl oxygen of
polyacrylic acid from the crystallization solution. The second, structural zinc ion is located close to the
subunit interface and is coordinated by C92, C95, C98 and C106. Furthermore, each subunit is
composed of sixteen alpha helices and seventeen beta strands of which some contribute to the
Rossmann fold of the nucleotide binding domain.
As an approach to search for possible changes in structural flexibility a comparison of the
crystallographic temperature factors (B-factors) in the crystal structure of the wild-type enzyme and the
here isolated variants was performed. The B-factors of the C-α carbons of the protein chains in 3jv7
[26] and in the crystal structures of A2 and offspring were averaged (Fig. 5A, raw data in Fig. S4).
Overlapping regions of higher B-factors can be identified in all five structures. One region is close to
the N-terminus and consists of residues 6-13. Another region, residues 37-57 includes C38 which is
one of the three ligands to the catalytic zinc ion. Also, residues F43 and Y54 which are present in the
mutation sites C and B, respectively, are also located in this apparently flexible portion of the
structures. A third region contains residues 108-120 and includes L119 which is the other residue of the
B-site. A fourth region comprises residues 331-339, close to the C-terminus of the linear sequence. In
the folded structure, these four mentioned regions come together to form one face of the active site
cavity, contributing residues that make direct interactions with the coenzyme and presumably also with
the second substrate (Fig. 5B, C). It is also noteworthy, that one of the ligands to the catalytic zinc ion,
H62, also stands out as displaying increased B-factors and thus presumably higher degrees of
flexibility. As in some subunits of the here isolated variants, an alternative conformation of H62 is
observed (Fig. S5) that is usually accompanied by a decrease in electron density peak height for the
catalytic zinc ion, it can be assumed that the increased flexibility of this side chain is at least partially
linked to loss of this ion in a fraction of the crystallographically equivalent active sites.
Another feature of the isolated ADH-A variants that can also be linked to increased structural
dynamics in the enzyme-substrate complexes is the occurrence of clear positive cooperativity with (R)1 and 2 (Table 2). All these enzymes, to varying degrees, display sigmoid dependencies of the initial
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rates on substrate concentration (Fig. S6). Hence, the KM values given in Table 2 reflect half-saturation
concentrations, K0.5. The wild type also displays positive cooperativity with the small substrate 3, with a
Hill coefficient of 1.6. The fact that wild-type ADH-A displays cooperative behavior with 3 and the
isolated variants, which all have enlarged active-site cavities, also with the bulkier substrates, may
suggest that more than one substrate molecule are bound simultaneously. If the cooperative behavior in
the wild type is of any physiological significance is unknown. It does, however, demonstrate an
intrinsic dynamic nature of this enzyme. Inter-subunit communication is also not surprising given that
residues from the neighboring subunit are directly participating side-chains to form the respective
active sites.

Second-generation offspring enzymes
The sequences of the isolated A2 offspring resulting from saturation mutagenesis of the C-site are
shown in Table S2. Notably, all of the enzymes scored as hits in the activity screen retain I271. This
residue is in Van der Waals contact with the nicotinamide ring of the coenzyme and its conservation
here may suggest a role for aligning NAD+ for oxidation of (R)-1, which was the selection criterion.
Variants A2C1 – C3 (Table 4) were further analyzed for their structure-function properties.
A2C1 and A2C2 both contain the F43H substitution, while A2C2 also contains an additional H39Y
mutation. Substitutions at position 39 were not encoded for in the oligonucleotides used for the initial
library construction (Table S3) and the H39Y mutation is therefore viewed as the result of an error by
the DNA polymerase, and inserted during the polymerase chain reaction. H39 is located close to the
coenzyme and forms a hydrogen bond with a phosphate oxygen (Fig. 6), an interaction that is lost by
the H39Y substitution. This residue is located in one of the regions displaying higher B-factors (Fig.
5A). However, the differences in NADH binding and release between A2 and A2C2 are negligible
(Table 1), suggesting that the lost interaction is not critical for coenzyme binding.
The F43H substitution in A2C1 has relatively small effects on the overall substrate selectivity profile
(Table 2). A three-fold decrease in activity with (S)-1 is the main observable effect, increasing the
preference for the (R)-enantiomer somewhat. The crystal structure of A2C2, however, reveals the
probable role of this substitution; the inserted H43 participates in a new hydrogen bond with the 2’hydroxyl of one of the coenzyme riboses (Fig. 6). Although this new interaction is expected to affect
coenzyme binding the interaction kinetics mimic that of its parent A2 (Table 1). It is possible though,
that the F43H substitution may compensate for the loss of interaction with the coenzyme caused by the
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H39Y mutation. As a curious side note, the F43H substitution “installs” the proton relay chain
proposed to channel the alcohol proton in the horse liver enzyme, thereby lowering its pKa and
facilitating substrate binding in that isoenzyme [23, 27-29] (Fig. 3). We cannot, however, observe any
changes in the kinetic parameters that suggest improved activities with any of the here tested substrates
when comparing with the A2 parent, which does not contain this substitution.
The deuterium KIE in the isopropanol oxidation is largely similar to A2 with a (relatively) high
effect on kcat (3.1) (Table 3). The obtained value of Dkcat/K0.5 should be viewed as approximate due to
very low degree of substrate saturation, i.e., K0.5 is poorly determined (Fig. S6E).
Variant A2C3 contains an F43S substitution in addition to the H39Y mutation. This substitution
results in a five-fold higher turnover with (R)-1, as compared to A2C2. The increase in kcat is
accompanied by a correspondingly higher value of KM, resulting in an approximately unaltered overall
efficiency (Table 2). Again, the crystal structure of A2C3 aids in the rationalization of this substitution.
The inserted Ser interacts via its side-chain hydroxyl and a bridging water molecule with the same
ribose 2’ oxygen as H43 in A2C2 (Fig. 6). Hence, the differences in the catalytic properties between
these sibling enzymes can be distilled down to this subtle structural difference. A2C3 has lost all
enantioselectivity with 1 but displays the highest turnover number with (R)-1, the substrate for which it
was selected. This implies that also enzyme-coenzyme interactions between non-catalytic protein
residues and a ribose moiety of the coenzyme contributes to modulating the catalytic efficiencies of
these enzyme variants.

Third-generation enzyme variants
Variant A2C2 was, by virtue of its higher activity with (R)-1 as compared to A2C1 and its reasonably
good enantiopreference, chosen to parent the third round of ISM in which the residues at the B-site
were subjected to saturation mutagenesis. The isolated third-generation variants scored as hits all
retained L119 but showed different substitutions at position Y54 (Table S2). Variants A2C2B1 and -B2
(Table 1) were purified and analyzed more in-depth. A2C2B1 contains a Y54F substitution on the
A2C2 background. In the crystal structure of the wild type, the Y54 hydroxyl interacts with the bound
ligand (4S)-2-methyl-2,4-pentanediol [26] but does not make direct contacts with other parts of the
protein structure. The loss of this hydroxyl is therefore expected to primarily affect substrate (and
product) binding and release. A2C2B1 displays similar activities to both A2C2 and A2, but also the
highest degree of selectivity for (R)-1 (Table 2). The extra substitution enlarges the active site cavity
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somewhat.
A noteworthy effect by the additional Y54F substitution is that the rate of NADH release is now
restored to values similar to that of the wild type (65 s -1) but that the on-rate is faster, resulting in the
highest affinity for this cofactor among the tested variants (Table 1, Fig. 1). The deuterium KIE appears
to be a fully expressed effect in kcat/KM (Table 3). Due to poor substrate saturation of the enzyme we
were unable to estimate Dkcat.
The additional Y54W substitution in A2C2B2 resulted in increased kcat and KM values, similar to
A2C3 (Table 2). The kinetics of NADH binding are similar to its sibling A2C2B1 but with a faster offrate (Table 1).
Conclusions
The enzyme variants characterized here, were selected for their apparent increased catalytic activities
with (R)-1, as compared to their wild-type parent enzyme. Due to the relatively high assay
concentration of substrate used for screening, the observed reaction velocities were assumed to mainly
reflect improvements in kcat, rather than kcat/KM. This is also reflected in the steady-state parameters of
the analyzed variants. In all cases the activity improvements are due to increased turnover numbers.
Since the KM values have increased in parallel the overall catalytic efficiencies (kcat/KM) are essentially
unchanged. From an applied perspective, however, increased turnover numbers are highly
advantageous since high reactant concentrations are desirable and turnover numbers are therefore a
more appropriate measure of enzyme ‘efficiency’ [30]. High values of KM may also protect against
substrate inhibition which is often encountered in biocatalytic processes where enzymes are exposed to
non-physiologically high substrate levels.
The main effect on catalytic function is introduced already in the first round of mutagenesis and is
mainly caused by the W295A substitution. As suggested by the docking results (Fig. 2B), the indole of
W295 obstructs binding of (R)-1 in a conformation that favors hydride transfer from the alcohol to
NAD+. The W295A substitution relieves the steric clashes and appears to instead favor prioductive
binding of the R-enantiomer and nonproductive binding of the (S)-1 (Fig. 2C and D). The catalytic
properties of the A2 variant are, with some exceptions, essentially maintained in its offspring.
However, refinement of enantioselectivity in favor of the (R)-enantiomer does occur through the
evolutionary process with the third-generation variant A2C2B1 displaying an E-value of 7.4, as
compared to 0.0037 for wild-type ADH-A, and a 2000-fold shift in enantiopreference for (R)-1 (albeit
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mainly caused by a loss in activity with (S)-1). Modeling of acetophenone (2) binding to the active sites
of wild type ADH-A and the third-generation variant A2C2B1, performed based on the structural
homology with the horse liver isoenzyme, can explain the probable impact of the W295A substitution;
in order for 2 to be reduced into (R)-1 it has to be productively bound for hydride attack at the si-face.
This appears to be prevented by steric clashes between the indole of W295 and the phenyl substituent
(Fig. 3A), but possible in the variants containing the W295A mutation (Fig. 3B).
The current view of the energy profile of different conformational states that can occur throughout a
catalytic cycle describes a rugged landscape with relatively shallow hills and valleys [31, 32].
Introduced mutations, binding of ligands or environmental factors such as temperature or pH, can shift
the pathway of conformational changes that would normally be linked to the original state [33-35]. In
this work, a major reason for the obtained higher kcat values can be attributed to faster dissociation rates
of NADH, implicitly caused by increased structural flexibility of the ternary complexes, caused by the
introduced substitutions. Hence, lower degrees of nonproductive binding in combination with increased
rate of NADH release cause the increase in kcat. If NADH release is rate-limiting, an estimation of the
fraction of productive ternary complexes can be achieved from the ratio of kcat/k5. The analysis suggests
that in the case of (R)-1 but not with the smaller substrate 3 the ratio of productive ES complexes does
indeed increase through the evolutionary steps. The smaller size of 3 provides fewer opportunities for
interactions within the active-site cavity and, hence, renders it less prone to become trapped in a
nonproductive binding mode. The higher values of kcat/k5 with this substrate, as well as the apparent
insensitivity to the introduced mutations in the analyzed variants, may support that idea; kcat is
relatively unaffected while KM increases. Variant A2C3 displays the highest kcat(R)-1 and also shows the
highest ratio between turnover and coenzyme release rate. For this variant, the nonproductive binding
of (R)-1 is lowest among the analyzed enzymes, but enantioselectivity also suffers.
We have observed similar behavior, i.e. apparent rate increase in laboratory-evolved enzyme variants
coupled to higher turnover values with a parallel raise in KM values, also in other alcohol
dehydrogenases [36] and hydrolases [37]. Nonproductive binding (of a non-preferred substrate isomer)
may be a general phenomenon in substrate discrimination [38] and promiscuity [39], with
enantioselectivity as an extreme example. A main challenge for in vitro evolution strategies for
efficient biocatalysts will be to harness the full catalytic potential, i.e. lower the degree of
nonproductive binding and speed up rate limiting steps.
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Experimental procedures
Chemicals, reagents and software
All chemicals, reagents, microbial growth media and protein purification resins were purchased from
commercial sources and at highest available quality. Curve fitting, model discrimination and statistical
analyses of data were performed with programs provided in the SIMFIT package [40]. Molecular
modeling calculations were carried out with the Schrodinger software [41].

Iterative saturation mutagenesis and library screening
Design of libraries for ISM driven [19-21] evolution of ADH-A was based on the amino acid residues
that constitute the active-site cavity as deduced from its crystal structure (PDB code: 3jv7 [26]). To
limit the complexity of the libraries to practically manageable size, each library only contains two
randomized amino acid positions. The three targeted sites were A, Y294 and W295, B, Y54 and L119,
and C, F43 and I271 (Fig. 1, Table 1). To minimize codon complexity in the corresponding gene
libraries but still maintain a complete unbiased codon set excluding stop codons, mixtures of NDT,
VMA, ATG and TGG codons were used in the construction of all gene libraries [42]. The theoretical
complexities of the constructed libraries were thus 400 unique variants. The libraries were created from
a codon-optimized ADH-A sequence as template or, in later generations, from a parent mutant that had
been isolated after targeted saturation mutagenesis and selection. All gene constructs were subcloned
into the XhoI and SpeI sites of pGT7ADHA-5H [13]. Plasmids were transformed into Escherichia coli
BL21-AI (Invitrogen) carrying a plasmid allowing for over-expression of chaperonins GroEL/ES [43]
through electroporation, and grown on Luria Bertani broth plates containing 100 µg/ml ampicillin and
30 µg/ml kanamycin. See the Supporting Information for details on construction of gene libraries.
Library clones were incubated in round-bottom Nunc 96-well plates over two days. Day one, 350 µl
2TY (1.6 % (w/v) tryptone, 1.0 % (w/v) yeast extract, 0.5 % (w/v) NaCl) containing 100 µg/ml
ampicillin and 30 µg/ml kanamycin were added to each well and one colony was inoculated to each
designated well. Each plate contained four wild-type or parent mutant clones as baseline controls and
four negative controls with cells expressing an unrelated protein from the same expression construct
(yeast YNR064c [44]) and four to eight blank controls with growth medium alone. Gas permeable seals
were placed on the plates followed by incubation at 30 °C for 16 h under rotation at 175 rpm. The
overnight cultures were diluted 14-fold in new plates containing 325 µl 2TY, 50 µg/ml ampicillin and
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15 µg/ml kanamycin. Gas-permeable seals were placed on the plates which were then incubated as
described above for 3 hours. Thereafter, β-D-thiogalactopyranoside (IPTG) and L-arabinose were
added to each well to final concentrations of 1 mM and 0.04 % (w/v), respectively, and the plates were
incubated as before for 16 hours. Following protein expression cells were harvested by centrifugation
at 3,000×g, at 4 °C for 20 min. Supernatants were removed and plates were dried up-side down on
paper tissues for 2 min before being covered with alumina foil. Sealed plates were stored at -80 °C until
analyzed. Cells were lysed by addition of 100 µl lysis solution (10 ml B-PER (Thermo Fisher), 4 mg
lysozyme, 2 mg DNase, 1 EDTA-free Complete mini-tablet, 10 µM ZnSO 4), then incubated for 1 h on
a table-top mixer (Vortex-Genie 2, Scientific Industries) at lowest speed. Lysed cells were diluted with
100 µl assay buffer (0.1 M sodium-phosphate, pH 8.0, 10 µM ZnSO 4) and centrifuged for 60 min at
3,000×g. The activity of the expressed proteins with either (R)-1 or 3 was measured in clear flat-bottom
Nunc 96-well plates in a plate reader (SpectraMAX 190, Molecular devices) at 340 nm, 30 °C for 10
min for 3, and 10-20 min for (R)-1. The conditions in each well for the measurement were 0.1 M
sodium-phosphate, pH 8.0, 10 µM ZnSO4, 0.5 mM NAD+ and 20 mM 3 or 10 mM (R)-1. For the assay
with (R)-1, acetonitrile was added to 1 % (v/v) final concentration. For each activity measurement, 40
µl lysate (20 µl for library A) was added in a total volume of 150 µl. Clones were scored as hits
dependent on the degree of improvement of activity as compared to the parent. A re-screen was
performed on isolated hits in triplicates. Overnight cultures of 2 ml 2TY and 100 µg/ml ampicillin were
made for all re-screened clones. Plasmid DNA was extracted and the ADH-A genes were sequenced in
full.

Enzyme expression and purification
Variants of interest were expressed and purified as described before [13] with the differences that
expression of ADH-A variants and GroEL/ES was induced by addition of 0.04 % (w/v) L-arabinose
and 1 mM IPTG, respectively. Cultures were incubated for 16-18 h at 30 °C. Cells were harvested by
centrifugation at 5,000×g and lysed either by French press or ultrasonication into Binding Buffer (20
mM sodium-phosphate, pH 7.5, 20 mM imidazole, 0.5 M NaCl). Lysate was cleared by centrifugation
as described before. Purification was performed by immobilized metal ion chromatography (IMAC)
using Ni(II) charged Chelating Sepharose (GE Healthcare). Protein was adsorbed in batch at 4 °C for 1
h and the gel/lysate slurry was subsequently transferred to a column. The flow-through was discarded
and the gel was washed thrice by addition of 10×gel volume of Washing Buffer (Binding Buffer
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containing 100 mM imidazole). Protein was eluted by addition of 2×5 ml Elution Buffer (Binding
Buffer containing 300 mM imidazole). The eluted protein was desalted into storage buffer (0.1 M
sodium-phosphate, pH 7.4, 10 µM ZnSO4). For protein crystallization the protein was transferred to 30
mM Tris-HCl, pH 7.4, 10 µM ZnSO4 and then concentrated and stored at -80 °C until used.

Steady state kinetics
Kinetic parameters were determined by measuring initial velocities in the presence of (R)- and (S)-1, 2,
3 and 3-2-d1 (Chart 1), respectively, and of saturating levels of NAD + (1.6 mM) or NADH (0.4 mM) at
30 °C, as described previously [13]. The steady state parameters kcat and KM were determined after
fitting the Michaelis-Menten equation to the experimental data using program MMFIT. In cases where
cooperative behavior was observed in the substrate concentration dependence of the initial reaction
velocities, the Hill equation (Eq. 1) was fitted to the raw data, using program INRATE. The degree of
cooperativity was defined by the Hill coefficient, n. Saturation curves and the curve fitting deciding the
choice of model are shown in Fig. S6.
v 0=

V max [ S ]n
K n0 .5 +[ S ] n

(1)

Pre-steady state kinetics
Transient kinetics experiments were performed on an Applied Photophysics (Leatherhead, UK)
SX20MV sequential stopped-flow spectrophotometer/fluorometer. All measurements were performed
at 30 °C in 0.1 M sodium phosphate, pH 8.0, 10 µM ZnSO 4. Averaged progression curves (≥5) were
fitted to Eq. 2, a function of a single exponential with floating endpoint, for determination of the
apparent rates, kobs. F is the recorded fluorescence signal, A, the signal amplitude, t, time and C, the
floating end point.
F=A exp ( −k obs t ) +C

(2)

Coenzyme binding kinetics
NADH binding was assayed by monitoring the increase in fluorescence occurring upon binding of the
coenzyme to the active site. An excitation wavelength of 340 nm was used and fluorescent light was
collected through a 420 nm cut-off filter. NAD + binding was detected by monitoring the quenching of
the intrinsic tryptophan or tyrosine fluorescence. Excitation was achieved by shining light of 290 nm
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(tryptophan) or 276 nm (tyrosine) at the sample, and the emitted light >320 nm (tryptophan) or >295
nm (tyrosine) was recorded. Nucleotide concentrations were always kept at least in 10-fold excess over
the enzyme concentrations. The apparent rates, kobs, were determined as described above. Kinetic
parameters were determined by fitting the dependence of kobs on the coenzyme concentration to a linear
(Eq. 3) function using program LINFIT. Examples of averaged tracks fitted to Eq. 2 are shown in Fig.
S8.
k obs =k on [ NAD(H) ]+k off (3)
Alcohol oxidation kinetics
The change in fluorescence from the increase in the NADH concentration as a result of alcohol
oxidation was monitored. Reactions with (R)-1, (S)-1, 3, and 3-2-d1 were measured with NAD+ as
electron acceptor, at constant saturating concentrations (1.6 mM). For measurements with (S)-1 the
substrate concentrations varied between 0.6-10 mM. For (R)-1, the substrate concentrations were varied
between 1.5-20 mM. The concentrations of 3 and 3-2-d1 were varied between 10 and 200 mM. The
enzyme concentrations were between 0.6 to 2.3 µM. Averaged progression curves (≥5) were fitted to a
function of single exponential increase with floating endpoint, as described above, to determine the
apparent rates, kobs. The kinetic parameters, k3 and K2 were extracted by fitting the obtained rates to Eq.
4 by non-linear regression using MMFIT.
k obs=

k 3 [ R-OH ]
K 2 +[ R-OH ]

(4)

Stereoconfiguration in products
For the analysis of the enantiomeric ratios of the alcohol products from catalyzed reduction of 2, 20
mM 2, 500 mM 3 (as reductant for ADH-A-catalyzed regeneration of NADH) and 1.5 mM NADH
were mixed in 0.1 M sodium-phosphate, pH 8, 10 µM ZnSO 4. Spectra were recorded at time zero with
10 µl sample. Enzyme (4 µM) was added to start the reactions (in triplicates) at room temperature with
mild stirring. Samples (10 µl) were removed for UV/Vis analysis after 20 h and again after 4 days, at
which point the reactions were stopped. The reaction mixture was concentrated in a vacuum centrifuge
at 1,500 rpm for 3 h, and the pellets were resuspended in n-hexane/isopropanol (80:20 v/v). The
resuspended samples were centrifuged at 14,000 rpm in a microcentrifuge for 5 min and subsequently
transferred to HPLC glass vials together with reference samples. The amounts of (R)- and (S)-1 were
then analyzed by chiral HPLC (Chiralpack AS-H, 250 mm×4.6 mm Ø) using a n-hexane/isopropanol
(90:10 v/v) mixture as the mobile phase, a method adapted from [36]. The system used an LC 20AD
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solvent delivery module (Shimadzu, Tokyo, Japan), a Shimadzu SIL-10AF autosampler, and a
Shimadzu SPDM20A photometric unit with a 0.5 ml/min flow rate and 20 min analysis time for each
sample. The retention times for the separated components were (R)-1, 10.6 min, (S)-1, 10.9 min and for
2, 12.9 min (Fig. S1).

X-ray crystallography
The A2, A2C2, A2C3 and A2C2B1 variants were crystallized by hanging drop vapor diffusion at
20 °C. The drop was placed over a 1 ml reservoir well and consisted of 1 µl protein solution (7 – 9
mg/ml in 30 mM Tris-HCl, pH 7.4, 10 µM ZnSO 4 and 4 mM NAD+) and 1 µl reservoir solution
containing 15 – 19 % (w/v) polyacrylic acid 5100, 100 mM Tris-HCl, pH 8.0, and 5 – 20 mM MgCl 2.
The crystals were flash frozen in liquid nitrogen and crystallographic data were collected at 100 K at
beamline I03 for A2, I04 for A2C2 and A2C3, and I24 for A2C2B1 of the Diamond Light Source
(DLS, Didcot, UK). The data was autoprocessed and indexed using FAST DP [45] on site and further
processed using COMBAT and AIMLESS from the ccp4 software suit [46-48]. The data collection
statistics are shown in Table 5.
The structures of the four ADH-A variants were solved by molecular replacement using PHASER
MR [49] with the ADH-A wild-type structure (pdb ID: 3jv7 [26]) as search model. Manual model
building as well as the addition of water molecules was performed with COOT [50] and restrained
refinement with REFMAC5 [51]. For monitoring R free, 5% of the reflections were randomly selected
for the test set. All final models have good stereochemistry and contain all 345 amino acids of the
amino acid sequence, one NAD+ and two Zn2+ ions per chain. Judging on the observed electron density,
the zinc ion occupancy of the active sites varies somewhat between the 4-8 subunits contained per
asymmetric unit. Nevertheless, zinc ion occupancy was adjusted during refinement only if it appeared
to be closer to be below 50 %.
Cocrystallization studies using a number of different substrates were performed, which occasionally
lead to appearance of additional electron density in active sites. However, extent and shape of the
observed density never allowed confident modeling of the bound ligands.
Crystallographic models and data were deposited in the Protein Data Bank with accession codes
5o8q for A2, 5o8h for A2C2, 5o9f for A2C3, and 5o9d, for A2C2B1, respectively.

Molecular modeling calculations
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To aid in the rationalization of the effects of the introduced substitutions on substrate binding mode we
performed molecular docking calculations. The computational strategy involved the molecular docking
of the substrates to the A-chain of the wild-type protein (3jv7) and the A2C2 variant (5o8h). Both
protein systems were prepared using the Macromodel extension and the OPLSA 2005 force field, from
the Schrödinger software to perform the energetic structural refinements [38, 52]. The assessment of
Asn/Gln/His rotamers and the side chain protonation states were predicted with PROPKA [53] at pH
7.0. The R and the S enantiomers of 1 and 2-octanone were built and optimized in 3D using the
Maestro graphical interface and the LigPrep utility from the Schrödinger suite [54]. The docking cavity
was defined based on the position of the zinc ion and expanded with a radius that assured the binding
of ligands, up to 15 Å. The crystal waters present in the binding cavity were retained. Although, the
potential water contribution for the binding was only included in the final docking pose if it produced
an increase in the predicted scoring, and the hydrogen bond network was optimized. During the
docking calculations each ligand was docked using the scoring function in the Glide docking program
[55-57] and allowing full flexibility of the ligand and surrounding amino acid side chains. The criterion
for the selection of docking poses was based on the Glide ranking and the convergence of the solutions
according to the program clustering.

Supplementary material
Supporting Information: Detailed descriptions of gene optimization, library constructions and activity
screening. Model discrimination of steady state kinetics. Supplementary tables and figures.
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TABLES
Table 1. Kinetic rates and equilibrium dissociation constants for nucleotide binding and release
K1
(µM)

k1
(s-1µM-1)

k5
(s-1)

NAD+

enzyme
wild type

k-1
(s-1)

12±0.8b

2.7±0.06a

k-5
(s-1µM-1)

K5
(µM)

NADH
31±2a

51±6a

5.1±0.1a

10±1c

A2

-d

-d

-d

270±20a

17±1a

16±2c

A2C2

-d

-d

-d

260±4a

9.5±0.2a

27±0.6c

A2C3

-d

-d

-d

200±60a

27±4a

7.4±2c

A2C2B1

-d

-d

-d

65±6a

26±0.2a

2.5±0.2c

A2C2B2

-d

-d

-d

110±6a

24±0.2a

4.4±0.2c

a

Determined after fitting Eq. 3 to the experimentally observed rates. bCalculated from k-1/k1. cCalculated

from k5/k-5. dNo change in fluorescence recorded, probably due to the loss of affected fluorophors from
the Y294F, W295A mutations.
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Table 2. Steady state kinetic parameters of ADH-A variants selected for improved activities with (R)-1
(R)-1

(S)-1

2

3

KM a

kcat/KM b

kcat

KM

kcat/KM

KM

kcat/KM

kcat

KM

kcat/KM

(s-1×mM-1)

n

(s-1)

(mM)

(s-1×mM-1)

n

(R)/(S)
(fold)

kcat

(mM)

(s-1)

(mM)

(s-1×mM-1)

n

(s-1)

(mM)

(s-1×mM-1)

n

wild type 0.45±0.005c

0.94±0.04c

0.48±0.01c

(1)

80±20c

0.63±0.05c

130±30c

(1)

0.0037

36±0.8c

1.2±0.09c

30±2c

(1)

85±1

22±0.7

3.9±0.1

1.6±0.07

A1

2.2±0.1

9.7±0.7

0.23±0.02

1.6±0.1

0.48±0.01

2.7±0.2

0.18±0.01

1.3±0.07 1.3

0.25±0.01

12±1

0.020±0.01

(1)

n.s.d

n.s.

0.052

1.8±0.6

A2

2.2±0.04

7.7±0.3

0.28±0.01

1.6±0.06 0.26±0.007 2.5±0.2

0.10±0.007

(1)

2.8

0.18±0.008

9.0±0.9

0.020±0.001

(1)

25±1

550±30

0.045±0.003

2.0±0.2

A2C1

2.3±0.1

13±1

0.18±0.02

1.6±0.1

0.12±0.002 3.0±0.1

0.040±0.002

1.3±0.04 4.5

0.13±0.006

10±0.9

0.013±0.001

1.3±0.06 n.s

n.s.

0.028

1.6±0.1

A2C2

4.0±0.2

10±0.9

0.40±0.04

1.5±0.1

0.22±0.006 2.3±0.3

0.096±0.01

(1)

4.2

0.40±0.01

5.3±0.3

0.076±0.004

1.4±0.06 40±4

1600±200

A2C3

20±7

100±40

0.20±0.02

(1)

0.67±0.01

3.1±0.2

0.22±0.01

(1)

0.90

0.73±0.03

8.3±0.7

0.089±0.009

1.1± 0.05 n.s.

n.s.

0.040

1.4±0.08

A2C2B1

3.4±0.2

7.6±0.8

0.45±0.05

1.9±0.3

0.26±0.02

4.2±0.6

0.061±0.01

1.7±0.3

7.4

0.46±0.01

4.4±0.3

0.10±0.008

1.4±0.08 n.s.

n.s.

0.012

1.1±0.1

A2C2B2

9.3±2

80±20

0.12±0.005 (1)

0.55±0.05

16±3

0.034±0.003

(1)

3.5

0.25±0.005

4.6±0.3

0.053±0.002

(1)

n.s.

0.17

1.5±0.2

kcat
Enzyme

a

-1

(s )

n.s.

0.024±0.004

1.7±0.1

Refers to the Michaelis constant if the Hill coefficient (n) = 1. If the Hill Coefficient >1 this parameter refers to K0.5 which is equal to the [S] that

results in half maximum reaction velocity. b If the Hill Coefficient >1 this parameter describes kcat/K0.5. cAdapted from [13]. d n.s., no enzyme saturation
within the practically usable substrate concentration range.
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Table 3. Deuterium kinetic isotope effects on catalyzed oxidation of 3
D
enzyme substrate k3 (s-1)a Dk3
kcat (s-1)
kcat
kcat/K0.5 (s-1mM-1)
wild type 3

430±90

3-2-d1
A2

A2C2

120±10

3

-b

3-2-d1

-b

3

-b

3-2-d1

-b

3.6±0.8

-

-

-b

A2C2B1 3

-

-b

3-2-d1

85±1c

1.5±0.05

57±2c
25±1

3.1±0.1

8.2±0.2
40±4

3.1±0.05

13±0.7
n.s.d

3.9±0.1c

kcat/K0.5
2.8±0.3

1.4±0.1c

n
1.6±0.07
1.5±0.1

0.045±0.003
0.016±0.0007
0.024±0.004
0.015±0.002

2.9±0.3

1.6±0.3

0.012

-

n.s.

D

3.5

0.0033

2.0±0.2
2.0±0.1
1.7±0.1
1.8±0.2
1.1±0.1

(1)
Determined after fitting Eq. 4 to the experimentally observed rates. No burst during the pre-steady

a

b

state phase. ckcat and kcat/K0.5 were determined after fitting the Hill equation (Eq. 1) to the
experimental data. dn.s., no enzyme saturation within the practically usable substrate concentration
range.

Table 4. Sequences of selected hits
A

a

B

C
Othera

Variant

Y294

W295

Y54

L119

F43

I271

A1

°

A

°

°

°

°

A2

F

A

°

°

°

°

A2C1

F

A

°

°

H

°

A2C2

F

A

°

°

H

°

H39Y

A2C3

F

A

°

°

S

°

H39Y

A2C2B1

F

A

F

°

H

°

H39Y

A2C2B2

F

A

W

°

H

°

H39Y

Mutation introduced from PCR artifact.
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Table 5. Data collection and refinement statistics.
Data collection

A2

A2C2

A2C3

A2C2B1

DLS I03

DLS I04

DLS I04

DLS I24

Wavelength (Å)

0.9763

0.9795

0.9795

0.9686

Space group

P212121

P21

P21

P21

Cell dimensions a,b,c
(Å)

103.7, 109.5,
256.7

65.6, 105.0,
109.7

65.8, 105.3,
109.3

65.5 / 104.8 /
109.0

Resolution (Å)

29.7-2.21
(2.25-2.21)a

29.6-1.96
(1.99-1.96)

29.5-1.64
(1.66-1.64)

28.3-1.79
(1.82-1.79)

Rmerge

0.168 (0.680)

0.103 (0.764)

0.079 (0.539)

0.114 (0.672)

Rp.i.m.

0.065 (0.285)

0.065 (0.489)

0.050 (0.393)

0.072 (0.441)

CC1/2

0.995 (0.763)

0.995 (0.574)

0.996 (0.660)

0.991 (0.573)

7.8 (2.4)

6.9 (1.5)

7.1 (1.2)

6.7 (1.5)

99.0 (80.9)

99.6 (93.7)

97.2 (68.7)

99.0 (90.0)

7.4 (5.9)

3.4 (3.3)

3.3 (2.3)

3.4 (3.1)

25.2

22.0

16.0

13.2

Resolution (Å)

29.6-2.22

29.6-1.96

29.5-1.64

28.3-1.79

No. of unique
reflections

144108

107205

177099

137379

No. of refl. test set (in
%)

7306 (5.1)

5190 (4.8)

8693 (4.9)

6893 (5.0)

Rwork / Rfree (%)

19.4 / 21.6

17.6 / 20.4

16.8 / 18.6

17.0 / 19.1

19745 / 40.7

9931 / 32.9

9900 / 26.3

9886 / 23.0

water molecules

752 / 34.2

1119 / 37.8

1618 / 35.4

1218 / 30.8

NAD+

352 / 34.2

176 / 23.7

176 / 18.1

176 / 15.3

Zn2+

16 / 51.4

8 / 43.8

8 / 20.0

8 / 17.9

-

8 / 60.8

30 / 42.9

40 / 42.8

Bond lengths (Å)

0.01

0.01

0.009

0.01

Bond angles (°)

1.43

1.45

1.48

1.46

Beamline

Mean I / σI
Completeness (%)
Multiplicity
Wilson B-factor (Å2)
Refinement

No. atoms / B-factors
(Å2)
protein

others
R.M.S. deviations

a

Values given in parentheses are for the highest resolution shell.
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CHARTS
Chart 1. Substrates tested in this work

SCHEMES
Scheme 1. Kinetic models of ADH-A catalyzed alcohol oxidation. Model (A) includes
conformational changes between E* and E as an obligatory step prior to coenzyme release. This
step is not included in model (B). (C), Nonproductive binding of the alcohol substrate can result in a
dead-end ternary complex which does not lead to product and also blocks productive binding
modes. The degree of productive ternary complexes are decided by the K’S/K2 ratio where K2 is the
dissociation constant of alcohol from the ternary complex. The rates of all steps subsequent to
formation of the ternary complex will contribute to kcat. In the current cases the main rate limitation
occurs at the release of NADH from the binary complex. In the wild type NADH release is rate
determining (with rate k5) whereas in variants A2, A2C2 and A2C3 also alcohol oxidation (with rate
k3) may also be rate limiting. The apparent steady-state parameters, KM and kcat, will in the case of
nonproductive substrate binding be multiplied by the factor [1+ (K2/K’S].
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Fig. 1. Observed rates as a function of coenzyme concentration by different ADH-A variant
enzymes. Filled symbols, wild-type with NAD + (squares) or NADH (circles). Unfilled symbols are
the NADH binding data for the different variants: A2 (circles), A2C2 (squares), A2C3 (triangles),
A2C2B1 (diamonds) and A2C2B2 (inverted triangles). See Table 3 for extracted values of binding
and dissociation rates. Solid lines are fits to Eq. 3 and error bars represent standard deviation of
replicates. See Materials and Methods section for experimental conditions. Examples of the raw
data and fittings of Eq. 2 are provided in Fig. S7.
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Fig. 2. (A) Position of residues subjected to saturation mutagenesis to produce enzyme libraries AC. Site ‘A’, Y294 and W295 (magenta), ‘B’, Y54 and L119 (yellow) and, ‘C’, F43 and I271
(green). The coenzyme is shown in blue stick representation and the catalytic zinc ion as a gray
sphere. (B-E) Docking poses of either (R)-1 (turquoise sticks, B and D) or (S)-1 (cyan sticks, C and
E) in the wild-type active site (B and C) or the A2C2 variant (D and E). All achieved docking poses
are in agreement with the functional data; (R)-1 is bound in a manner that would be unfavorable for
transfer of the α-hydride which points away from the nicotinamide ring (B). In the A2C2 active site
where W295 is substituted by Ala, however, there is space to bind (R)-1 in a pose that could be
facilitate its oxidation. The reverse is observed with (S)-1. This enantiomer is bound productively in
the wild-type (C) but nonproductively in A2C2 (E). Image created in PyMol 1.8.7 [58] using the
coordinates in 3jv7 [26] and 5o8h.
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Fig. 3. Superimpositions of the crystal structures of ADH-A wild type (3jv7), the A2C2B1 variant
(5o9d) and the horse liver enzyme (1hld [59]). (A) The F43H mutation installs perfectly the
hydrogen bonding network that is proposed to facilitate alcohol oxidation in the horse liver enzyme.
The network involves the oxygen of the substrate, the hydroxyl of S48 (horse enzyme numbering),
the 2’-oxygen of ribose and finally, the imidazole of H51. (B) The loss of the indole at position 295
provides enough space for binding of acetophenone for hydride attack at the si-face of the carbonyl
carbon.
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Fig. 4. Superimposition [60] of the protein backbone of wild-type ADH-A and the in-vitro evolved
variants described in this work. The zinc ions and the NAD + (from the A2 structure) are shown as
gray spheres and in stick representation, respectively.
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Fig. 5. (A) Averaged crystallographic B-factors of the wild-type and here analyzed variants of
ADH-A, plotted as function of residue number. Regions of apparently increased structural
flexibility can be identified. The positions of residues mutated during ISM are shown. (B) Position
of regions of higher B-factors in the folded structure of A2 shown in surface representation. The A2
subunits (chains C and F in 5o8q) are shown in chartreuse and dark green, respectively. and the
cofactor in green. (C) Closeup of the same regions shown in surface representation. These regions
combine to form one face of the active site. Residues interacting with the nucleotide coenzyme and
the catalytic zinc ion are contributed from these regions. The NAD + coenzyme is shown in green
stick representation. F294 and A295 are shown as magenta sticks with their VdW radii indicated by
dots.
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Fig. 6. Changes in enzyme-cofactor interactions in ADH-A variants. The wild-type enzyme (left)
forms hydrogen bonds between the H39 imidazole and phosphate groups in the coenzyme. In
variants A2C2 and A2C3 (middle and right) this interaction is lost due to a H39Y substitution.
Substitutions at F43 caused by saturation mutagenesis at the C-site introduces new interactions. H43
in A2C2 forms hydrogen bonds with with a ribose oxygen (middle) and S43 in A2C3 interacts, via
a water molecule, with the same ribose oxygen (right). Image created in PyMol ver. 1.8.7 [58] using
the atomic coordinates in 3jv7 (wild type) [26], 5o8h (A2C2) and 5o9f (A2C3).
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