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Abstract
ADH-A from Rhodococcus ruber DSM 44541 catalyzes the oxidation of (S)-1-phenylethanol 3,000fold more efficiently as compared to the 2-hydroxylated derivative (R)-phenylethane-1,2-diol. The
enzyme is also highly selective for sec-alcohols with comparably low activities with the corresponding
primary alcohols. When challenged with a substrate containing two secondary alcohols, such as 1phenylpropane-(1R,2S)-diol, ADH-A favors the oxidation of the benzylic carbon of this alcohol. The
catalytic efficiency, however, is modest in comparison to the activity with (S)-1-phenylethanol. To
investigate the structural requirements for improved oxidation of vicinal diols we conducted iterative
saturation mutagenesis combined with activity screening. A first-generation variant, B1 (Y54G,
L119Y) displays a two-fold higher kcat value with 1-phenylpropane-(1R,2S)-diol and a shift in the
cooperative behavior in alcohol binding, from negative in the wild type, to positive in B1, suggesting a
shift from a less active enzyme form (T) in the wild type to a more active form (R) in the B1 variant.
Also, the regiopreference changed to favor oxidation of C-2. A second-generation variant, B1F4 (F43T,
Y54G, L119Y, F282W), shows further improvement in the turnover and regioselectivity in oxidation of
1-phenylpropane-(1R,2S)-diol. The crystal structures of the B1 and B1F4 variants describe the
structural alterations to the active site the most significant of which is a re-positioning of a Tyr sidechain located distal to the coenzyme and the catalytic zinc ion. The links between the changes in
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structures and stereoselectivities are rationalized by molecular dynamics simulations of substrate
binding at the respective active sites.
Keywords Alcohol dehydrogenase; alcohol oxidation; directed evolution; enzyme engineering;
biocatalysis; stereoselectivity; crystal structure; molecular dynamics simulations

1. INTRODUCTION
The significant contribution of biocatalytic transformations to the sustainable manufacturing of
chemicals is undisputed. Hence, a fundamental understanding of structure-activity relationships of
enzymes that catalyze relevant chemical transformations is necessary for the future development of
effective biocatalysts. Of particular importance is understanding of the structural requirements of the
active site in order to steer stereoselectivity in substrate acceptance or the resulting stereoconfiguration
of reaction products.
A cornerstone in synthetic chemistry is the oxidation/reduction of alcohols and their respective
carbonyl derivatives. These transformations are generally catalyzed by alcohol dehydrogenases in
biological systems. A class of particularly attractive synthetic building blocks are α-hydroxy ketones
(acyloins) which are precursors in the synthesis of e.g. bio-active natural products.1,2 The biocatalytic
productions of acyloins has been approached using different enzyme systems including
monooxygenases introducing alcohol functions into phenyl-substituted aliphatic ketones, 3 or by alcohol
dehydrogenase-catalyzed oxidation of 1,2-diols.4,5 Successful biocatalytic transformations of reduction
of the corresponding ketones, producing asymmetric alcohols from acyloins, diketones or cyclic
ketones, have also been reported making use of whole-cell systems, 6-8 naturally occurring
dehydrogenases9,10 or in vitro engineered variants.11,12
Alcohol dehydrogenase A (ADH-A) from the bacterium Rhodococcus ruber (strain DSM 44541) is
a potential biocatalyst candidate for redox transformations. ADH-A has been shown to retain its
catalytic function in high concentrations of acetone and isopropanol, 13-15 a feature that is beneficial from
different perspectives. In particular, it allows for the regeneration of the redox state of the coenzyme
NAD+ or NADH, depending on the reaction direction, simply by adding either acetone or isopropanol
as a co-substrate in the reaction mixture. Hence, only catalytic amounts of the costly coenzyme are
required with maintained good conversion into product. The possibility of adding higher concentrations
of organic solvents also facilitates solvation of non-polar substrates that may be of synthetic interest.
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ADH-A displays strong regiopreference for sec-alcohols and ketones. Primary alcohols are very
poor substrates in comparison.16 For example, (1S)-1-phenylethanol ((S)-1 in Figure 1A) is oxidized
5,000-fold more efficiently than 2-phenylethanol. Furthermore, vicinal diols are comparably poor
substrates; (1R)-1-phenylethanediol ((R)-2) is transformed with a 3,000-fold lower efficiency as
compared to (S)-1. As expected from the strong preference for sec-alcohols, given the choice of two
alcohol functions, as in (R)-2, ADH-A exclusively oxidizes the secondary alcohol to 2hydroxyacetophenone (5). This capacity to regioselectively oxidize 1,2-diols, producing the acyloin
products, makes ADH-A a suitable model for studies that may clarify the underlying reasons for the
observed regioselectivity in this enzyme. The dramatic differences in activity towards (S)-1 and (R)-2
further qualifies this enzyme for studies of substrate selectivity, again with special focus on
stereoselectivity. Furthermore, the established stereoselectivity of ADH-A for sec-alcohols motivated
us to study the regiopreference with a vicinal diol substrate containing two secondary alcohol
functions, (1R,2S)-3. We conducted ISM-driven laboratory evolution of the enzyme with the aim to
isolate more efficient catalysts of acyloins from (1R,2S)-3. Here, we demonstrate the successful
isolation of ADH-A variants that exhibit increased turnover numbers for the oxidation of (1R,2S)-3 and
in the reduction of the corresponding diketone (8). We are also able to rationalize the stereopreference
from molecular dynamics simulations using crystal structures of these variants as the structural basis.
2. MATERIALS AND METHODS
2.1. Chemicals and reagents. (R)-1 (≥99 %, #77848), (S)-1 (≥99 %, #77849), (R)-2 (99 %, #302163),
(S)-2 (99 %, #302155), 4 (≥99 %, #00790), 5 (98 %, #445134) and 8 (99 %, #223034) were purchased
from Merck (Darmstadt, Germany). (1R,2S)-3 was produced by hydrolyzing 1-phenyl-(1S,2S)propaneoxide (98 %, #287792, Merck) using epoxide hydrolase as described before 17 (Figure 1B). All
other reagents, solvents, substrates, coenzymes, microbial growth media, and chromatographic resins
were purchased from commercial sources at highest available purity.
2.2. Gene library construction. The design of libraries for ISM-driven18-20 evolution of ADH-A
targeted amino acid residues constituting the active-site cavity as deduced from the crystal structure
(PDB code: 3jv721). The construction of library B has been described before. 22 Library B1F was
constructed similarly with some modifications and was created from the first-generation ‘B1’ variant as
parent. The ‘F’ site contained two residues, F43 and F282*, where the asterisk indicates that this
residue is located in the neighboring subunit of the dimer. Codon degeneracy was minimized using
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oligonucleotides containing mixtures of NDT, VMA, ATG and TGG codons, 23 thus, the theoretical
number of unique sequences in the constructed library was 400. Detailed descriptions of the library
construction and sequences of used oligonucleotides are provided in the Supporting Information (see
also Figure S1 and Table S1). The gene constructs were subcloned into the XhoI and SpeI sites of
pGT7ADHA-5H.16 Plasmids were transformed into Escherichia coli BL21-AI (Invitrogen) already
carrying a plasmid for over-expression of chaperonins GroEL/ES, 24 through electroporation and grown
on LB plates containing 100 mg/ml ampicillin and 30 mg/ml kanamycin.
2.3. Library screening. Screening was performed essentially as described earlier.22 Clones were
incubated in round-bottom Nunc 96-well plates over 2 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 was added to each well and single colonies were inoculated into designated wells. Each
plate contained four parent enzyme clones as baseline controls and four negative controls with cells
expressing an unrelated protein from the same expression construct (yeast YNR064c 25) and four blank
controls containing only growth medium. Gas permeable seals were placed on the plates followed by
incubation at 30 °C for 16 hours under rotation at 150 rpm. On the following day, overnight cultures
were diluted 14-fold into new plates containing 325 µl 2TY, 50 µg/ml ampicillin and 30 µg/ml
kanamycin. Gas permeable seal was placed on the plates and the plates were incubated as described for
3 hours. After this incubation, 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 Scientific, Waltham,
MA, USA; 4 mg lysozyme, 2 mg DNase, 1 EDTA-free Complete mini-tablet, Merck; 10 µM ZnSO 4),
then incubated for 1 h on a table-top mixer (Vortex-Genie 2, Scientific Industries, Bohemia, NY, USA)
at lowest speed. Lysed cells were diluted with 100 µl assay buffer (0.1 M sodium-phosphate, pH 8.0,
10 µM ZnSO4) and centrifuged for 60 min at 3,000×g for library in a swing-out centrifuge. The
oxidation activities of expressed proteins with either (1R,2S)-3 or isopropanol, as positive control, were
measured in clear flat-bottom Nunc 96-well plates in a plate reader (SpectraMAX 190, Molecular
devices, Sunnyvale, CA, USA) at 340 nm, 30 °C for 10-20 min. The conditions in each well for the
measurement were 0.1 M sodium-phosphate, pH 8.0, 10 µM ZnSO 4, 0.5 mM NAD+ and 10 mM
4

(1R,2S)-3. For each activity measurement, 40 µl lysate was added in a total volume of 150 µl. Clones
were scored as hits dependent on the degree of increase in the reaction velocity as compared to the
parent control. 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 hits re-screened. Plasmid DNA was extracted and the
ADH-A genes were sequenced in full. At least 1200 individual clones were screened from each library.
2.4. Enzyme expression and purification. Enzyme variants were expressed and purified as
described before16 with the differences that expression of ADH-A variants and GroEL/ES were induced
by addition of 0.04 % (w/v) L-arabinose and 1 mM IPTG, respectively. Cultures were incubated for 1618 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 using Ni(II) charged Chelating Sepharose (GE Healthcare,
Uppsala, Sweden). 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 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 desalted into 30 mM Tris-HCl, pH 7.4, 10 µM
ZnSO4 and then concentrated. Protein purity was confirmed by SDS-PAGE stained with Coomassie
Brilliant Blue-R250. The purity was in all cases deemed to be >98 %.
2.5. Steady state kinetics. Kinetic parameters were determined for variants of interest by measuring
initial velocities in the presence of varying concentrations of (S)-1, (R)-(2), (S)-2, (1R,2S)-3, 4, 5 and 8
(Figure 1A) in the presence of saturating levels of NAD+ or NADH as described previously. 22 Curve
fitting and model discrimination was performed using programs in the SIMFIT package
(http://www.simfit.org.uk/). The steady state parameters kcat and KM were determined after fitting the
Michaelis-Menten equation to the experimental data using MMFIT. In cases where cooperative
behavior was observed in the substrate concentration dependence of the initial reaction velocities, a
modified Hill equation26 (Eq. 1) was fitted to the raw data, using program INRATE. The degree of
cooperativity was defined by the Hill coefficient, n. The validity of the applied model was judged by Ftests applying a threshold of P<0.01.
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v0
k cat [S] n
=
[E]tot K n0.5 +[S]n

(1)

2.6. Pre-steady state kinetics. Transient kinetics experiments were performed on an Applied Photophysics (Leatherhead, UK) SX.20MV 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)

2.6.1. Coenzyme binding. NADH binding to the enzymes was detected by monitoring the increase
in NADH 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 fluorescence.
Excitation was achieved by shining light of 290 nm, and the emitted light >320 nm 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 co-enzyme concentration to a linear (Eq. 3) function using program
LINFIT.

k obs =k on [NAD(H)]+ k off

(3)

2.6.2. Alcohol oxidation. The change in fluorescence from the increase in the NADH concentration,
as a result of alcohol oxidation was monitored. The oxidation reaction was measured with varying
concentrations of alcohol and saturating concentration of NAD+ (0.4 mM). The enzyme concentrations
were between 0.6 to 2.3 µM. Averaged progression curves (≥5) were fitted Eq. 2 to extract kobs. The
kinetic parameters, k3 and K2 were estimated by fitting the observed rates to Eq. 4 by non-linear
regression using MMFIT. K2 is the equilibrium dissociation constant (k-2/k2) of the alcohol from the

6

ternary enzyme-substrate complex. Numbering of rate and equilibrium constants are based on the
kinetic model in Figure 2.

k obs=

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

(4)

2.7. Synthesis and analysis of acyloins.
2.7.1. Oxidation of (1R,2S)-3. Wild type ADH-A or B1 or B1F4 (3 µM), were mixed with 280 mM
(1R,2S)-3 and 16 mM NAD+. For nucleotide regeneration 280 mM sodium pyruvate and 2 U/ml lactate
dehydrogenase were included. Reactions were carried out in 0.1 M sodium-phosphate, pH 8.0, with 10
µM ZnSO4, at 30 °C in the dark for 30 h.
2.7.2. Reduction of 8. Reactions were performed as in 2.7.1 but with 300 mM 8, 0.4 mM NADH,
300 mM L-lactate (300 mM) and 2 U/ml lactate dehydrogenase.
2.7.3. Product analysis. The structures of reaction products were determined by NMR
spectroscopy. Reaction mixtures were centrifuged at 5000×g to pellet debris. End-point proton NMR
(400 MHz) analysis was performed on the organic phase following extraction into deuterated
chloroform (CDCl3). NMR spectra are shown in Figure S2.
2.8. X-ray crystallography. The B1 and B1F4 variants were crystallized by hanging drop vapor
diffusion at 20 °C. The drops were placed over a 1 ml reservoir well and consisted of 1 µl protein
solution (8 mg/ml and 3 mg/ml of B1 and B1F4 respectively in 50 mM Tris-HCl, pH 8, 4 mM NAD +)
and 1 µl reservoir solution containing 18 % and 15 % (w/v) polyacrylic acid 5100 for B1 and B1F4
respectively, 100 mM Tris-HCl, pH 8.0 and 10 mM MgCl2. The crystals were cryo-protected by
soaking in a solution of 19 % (w/v) polyacrylic acid 5100, 100 mM Tris-HCl, pH 8.0, 10 mM MgCl 2
and 10 % (v/v) glycerol for 10 seconds and flash frozen in liquid nitrogen. Crystallographic data were
collected at 100 K at beamlines I04 or I24 of the Diamond Light Source (Didcot, UK). The data was
autoprocessed and indexed using FAST DP27 on site and further processed using COMBAT and
AIMLESS from the CCP4 software suit.28-30 The data collection statistics are shown in Table S2.
The structures of both variants were solved by molecular replacement using PHASER 31 with the
ADH-A wild type structure (pdb ID: 3jv7 21) as a search model. Manual model building as well as the
addition of water molecules was performed with COOT 32 and restrained and TLS refinement with
REFMAC5.33 For monitoring Rfree, a set of randomly selected reflections (5%) was used. The
7

crystallographic models and data were deposited in the Protein Data Bank with accession codes 5od3
for B1 and 6fg0 for B1F4.
2.9. Molecular dynamics of substrate binding. Wild type ADH-A and its B1 and B1F4 variants
were simulated using AMBER1634 and the ff14SB force field35 to describe the protein. The diols (R)and (S)-2 and (1R,2S)-3 were parametrized using Antechamber36 and the standard RESP protocol,37 and
the resulting parameters are provided in Tables S3-S12 of the Supporting Information. Parameters for
NAD+ and NADH were taken from the literature. 38,39 As the system contains two divalent zinc ions per
subunit, we used a cationic dummy model to describe these metal centers, based on our success with
this model in previous studies.40-43 In the present work, dummy model parameters were obtained for a
tetrahedral zinc model, based on the previous published data. 44,45 Full details of the zinc parametrization
are provided in the Supporting Information.
For wild type and B1, the B and C subunits of the tetramer in the crystal structures (3jv7 and 5od3,
respectively) and the A and D chains with B1F4 (pdb code 6fg0) were used to simulate the protein in
the dimeric form observed in solution. Where multiple rotamers of a given side chain were plausible,
the rotamer with the higher occupancy was selected for the simulations, and where the different
rotamers have equal probabilities, the first rotamer was selected. All crystallographic water molecules
were then stripped from the system, before re-solvating the protein in an octahedral box of TIP3P
water46, with the closest solute atom at least 10 Å away from the box edges. Sodium and chloride ions
were added to a 0.15 M concentration, and the substrates were placed manually in the active site to
allow coordination of the hydroxyl moiety at the carbon involved in the hydride transfer towards the
catalytic zinc. All structures were minimized in three steps with decreasing restraints on the protein
system from 25 kcal/mol×Å² to zero, with 5000 minimization cycles at each step. Non-bonded
interactions were explicitly calculated for all atoms within 8 Å of each other, with interactions beyond
this cut-off being treated using the particle mesh Ewald (PME) approach. Following this, the systems
were heated up over the course of 50 ps to the final temperature of 300 K in an NVT ensemble, again
applying a modest restraint of 5 kcal/mol×Å² on the solute atoms. The step size from this point on was
set to 2 fs, with SHAKE47 applied to the hydrogen atoms in the system. Temperature control was
achieved using the Langevin thermostat. Following this, the system was equilibrated under NPT
conditions for additional 150 ps under the same conditions. During both steps, metal geometries where
kept constrained to the crystal values using distance restraints of 20 kcal/mol/Å 2, with an equilibrium
distance of 1.8 Å, as well as angle restraints for tetrahedral coordination with force constants of 15
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kcal/mol/deg. This was followed by dropping the restraints down to zero over the course of 5 additional
simulations, each 10 ps in length and reducing restraints by 1 kcal/mol each. The last equilibration step
was performed for 10 ps without any restraints on the system, including the metal center. Additional
distance restraints were applied to prevent E53 from coordinating the catalytic zinc during the during
all equilibration steps except the final one. The restraints were chosen such as to add a 20 kcal/mol/Å
penalty starting at a distance of 5.2 Å, with the well curvature set such as to increase the penalty to 50
kcal/mol/Å at 4.8 Å.
Following the equilibrations steps, the systems were further equilibrated for 40 ns in an NPT
ensemble, with the glutamate restraints alternatively activated or disabled every 5 ns to achieve a stable
coordination. After this, the systems were simulated for 60 ns without any restraints in an NPT
ensemble at 300 K. All simulations were performed in triplicate from individually equilibrated
structures.
Data analysis was performed on the snapshots captured from every 50 ps of the calculations,
excluding the restrained equilibration. Protein and substrate RMSD values, as well as protein clusters,
were calculated using CPPTRAJ48 after backbone alignment. Clusters were centered on the residues
surrounding the substrate bound in the active site, specifically residues at positions 383, 385, 407, 464,
498, 640, 694, 696 and 697, using the average linkage method and rms mass comparison with an
epsilon of 4 and random sieve of 5. The production trajectories were further analyzed using R (version
3.4.4) to obtain cross-correlation information. For this, the concatenated coordinates were loaded into R
and analyzed using the Bio3D package, with the two simulated subunits analyzed separately by first
fitting to the C-alpha trace of the subunit, followed by PCA analysis. The script used for the analysis is
available on request. Final analysis of atomic fluctuations was performed using CPPTRAJ as used
before for RMSD analysis. For this, the coordinates were first fit to the average structure backbone
atoms, before calculating the atomic fluctuation by residue. The final numbers are fluctuations in Å.

3. RESULTS AND DISCUSSION
3.1. Stereoselectivity of ADH-A in oxidation of vicinal diols. Wild type ADH-A catalyzes the
oxidation of the benzylic carbon of vicinal diol 2 with a 14-fold preference for the R-enantiomer, as
judged by the corresponding kcat/KM values (Table 1). Given the relatively poor activity with (R)-2, as
compared to the non-hydroxylated derivative (S)-1, it was not surprising to find that (1R,2S)-3 is
oxidized at a comparably low steady state rate. The velocity dependence on substrate concentration
9

with this compound exhibits clear negative cooperativity with a Hill coefficient of 0.75. This behavior
is indicative of stabilization of a less active enzyme form (‘T’ in classical MWC nomenclature 49) with
increasing concentration of (1R,2S)-3. The enzyme preferentially oxidizes the benzylic C-1 carbon
producing acyloin (S)-6 in a ratio of 3.6:1 over (R)-7 as judged by NMR spectroscopy (Table 2). The
catalytic activity with the 1,2-diketone 8 is high; kcat is 62 s-1 and the kcat/K0.5 value places this substrate
as the most efficiently transformed by this enzyme so far (Table 1). The reduction of 8 is preferentially
at C-2 forming acyloin 6 (Table 2).
We complemented the kinetics analyses with molecular dynamics (MD) simulations. The 80-fold
lower kcat with (S)-2 as compared to (R)-2, can be rationalized from the simulations as the hydride to be
transferred is pointing away from the nicotinamide C-4 (Figure 3B). Furthermore, the (1R,2S)-3 diol
binds tightly within the active site in an orientation favorable for hydride transfer from the benzylic C-1
carbon, with a distance of approximately 2.7 Å in the main cluster (Figure 3C). The corresponding
distance for transfer from C-2 is similar but with increased RMSD values for the substrate (Figure 3D).
The energetic difference between reaction at either C-1 or C-2, calculated from the product ratios of
3.6, is only 0.8 kcal/mol, so either binding mode may be trapped in the MD simulation. In the case of
1,2-diketone 8, there was no convergence towards a stable structure cluster. Instead, none of the
obtained averaged structures contains 8 bound at the active site in manner that is compatible with
hydride transfer from C-4 of NADH to any of the carbonyl carbons of the substrate. This suggests that
this flat and rigid molecule is not bound in a specific manner in the active site and that the relationships
between rates of sampling productive binding modes will decide regioselectivity and product
configuration(s). The experimentally observed regioselectivity in reduction of 8 was, however, caught
in the simulation with one generated of the ADH-A mutants (vide infra). Our MD results suggest
therefore that different combinations of substrate and enzyme lead to distinct binding modes and
complex stabilities; subtle changes in the dynamic behavior of certain parts of the active site are
apparently causing the differences in stereopreference.
3.2. Change in regio- and stereoselectivity by active-site substitutions. With the goal to isolate
ADH-A variants with increased catalytic activity with (1R,2S)-3 we conducted targeted saturation
mutagenesis of four active-site residues. Targeted residues were chosen based on their expected
contribution to shaping the alcohol/ketone binding compartment of the active site, thereby influencing
substrate selectivity. To facilitate screening for active enzyme variants the number of mutated residues
per constructed library were limited to two spatially adjacent residues but probing different parts of the

10

substrate binding site (Figure 4). A parallel aim with the laboratory evolution effort was to test if
regioselectivity in oxidation may be linked to catalytic activity, and if so, which structural
modifications of the active site were required?
The chosen residues were grouped in pairs; site ‘A’ consisting of Y294 and W295 and site ‘B’, of
Y54 and L119 (Figure 4A). However, no enzyme variant from the A-site library displayed increased
activity with (1R,2S)-3 under the applied screening conditions. From the B-library, however, one
mutant, dubbed ‘B1’ displayed improved catalytic activity in the screen, when compared to the parent
enzyme (Table S13). The apparent improvement in enzyme activity is due to a two-fold increase in kcat
for (1R,2S)-3 and a shift from negative to positive cooperativity with this substrate (n=1.2). Since the
screening of the constructed enzyme library was performed in the presence of relatively high
concentration of diol substrate (10 mM), the higher turnover number in combination with the positive
cooperativity, resulted in an observed velocity increase in the screening assay, although the actual
catalytic efficiency, if expressed as kcat/K0.5, is actually lower than that of the wild type (Table 1). The
kinetic parameters, however, are not directly comparable since the Y54G, L119Y substitutions also
cause the B1 variant to shift regiopreference from oxidation of the benzylic C-1 to C-2 (Figure 5). As a
consequence, B1 catalyzed oxidation of (1R,2S)-3 produces (R)-7 as the major product (3.4:1) (Table
2). Thus, (1R,2S)-3 is treated as two different substrates by the wild type and the B1 variant.
In the MD simulations, if (1R,2S)-3 is deprotonated on the C-1 hydroxyl, it binds in an orientation in
the B1 active site that leads to a stronger interaction between the substrate phenyl ring and the
nicotinamide ring of the coenzyme, but increases the distance between the hydride and the C-4 of the
co-factor to 5 Å (Figure 6A). The binding mode for the C-2-deprotonated substrate, albeit different
from the corresponding binding in the wild type enzyme (compare Figures 3D and 6B), positions the
substrate in a manner that may allow for hydride transfer with a distance to the coenzyme of <3 Å
(Figure 6B). The MD simulations are thus in agreement with the experimental observations that show
a regiopreference for oxidation of C-2. Since none of the substituted residues can be envisioned to
interact directly in either binding mode, changes in the dynamic nature of the active site may be a
possible reason for the change in regiopreference with (1R,2S)-3.
With the mono-substituted vicinal diols 2 as substrates, the wild type’s 14-fold preference for the Renantiomer over (S)-2, is shifted. The B1 variant instead displays a 2-fold preference for (S)-2 as
substrate, mainly caused by an increase in kcat(S)-2 with a parallel decrease in kcat(R)-2 (Table 1) while the
KM for either enantiomer increases to similar extents (6-8 – fold). These combined changes result in the
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overall differences in kcat/KM. In spite of the decrease in turnover numbers with (R)-2, kcat for this
enantiomer still exceeds kcat(S)-2 by >four-fold. In MD simulations with these substrates the binding
behavior is similar to what is observed with the wild type (Figure S3) and largely agrees with the
observed kinetics. When including 8 and NADH in the simulation, the MD results largely follow that
of the wild type as does the activity with this substrate. However, one cluster displays 8 bound inside
the active site relatively close to the cofactor (7 Å) although outside the range expected to be
compatible with efficient hydride transfer. The regioselectivity, as determined from the product
structure, is similar to the wild type with reduction preferentially at C-2 producing 6 (Table 2).
Although the overall crystal structure of the B1 variant is essentially indistinguishable from the wild
type structure (Figure 7A), with an RMSD of 0.26 Å for superimposition of the α-carbons, the residue
changes at positions 54 and 119 affect the active-site cavity. The substitutions act truly synergistically
(Figure 7B) in reshaping the active site distal to the reactive part of the coenzyme (Figure 7C, D).
Although the Y54G, L119Y substitutions appear to have a relatively modest effect on overall activesite architecture, they result in local changes in intramolecular interactions: in the wild type, the phenyl
ring of Y54 interacts via π-π bonds with the backbone amide of L119. This contact is lost in the B1
mutant which instead forms a new hydrogen bond with the main chain amide of A53. It should be
mentioned that these interactions are not present in all snapshot structures of the MD simulations which
suggests dynamic formation and disruption of these bonds. Although the topology of the active site is
not altered substantially in the B1 crystal structure the functional consequences of shifts in
regioselectivity with (1R,2S)-3 and in enantioselectivity from (R)-2 to (S)-2 are clear.
The B1 gene was subsequently recruited to parent a second round of mutagenesis and selection. A
library, ‘B1F’, was constructed, encoding randomized codons for residues F43 and F282, where F282
enters the active site from the neighboring subunit (Figure 4B). The rationale behind the design of this
library was to introduce structural variability spatially opposite to the Y54G, L119Y substitutions. A
number of variants that exhibited apparently higher activity with (1R,2S)-3 under the screening
conditions were identified (Table S13). Three of these F2 variants, B1F1, B1F4 and B1F5 were
expressed at larger scale, purified and characterized. B1F1 (F43H on the B1 background), shows
comparable activity to B1 with (1R,2S)-3, and also the other tested substrates, whereas B1F5 (B1,
F43S, V194I, F282P) displays lower activities also with (1R,2S)-3 (Table 1). However, both these
variants, and especially B1F5, are produced at higher-than-average levels which can explain why they
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were scored as hits during the screen in which the measured reaction velocities were not normalized for
protein expression levels.
Variant B1F4 (B1, F43T, F282W) displays improved activity with (1R,2S)-3 also after its
purification. The turnover number is increased 2.3-fold as compared to the parent B1 and 4.8-fold as
compared to wild type ADH-A (Table 1). The activity with (S)-2 is comparable to B1 while kcat(R)-2 is
increased to a similar degree as with (1R,2S)-3. B1F4 also displays positive cooperativity in the
oxidation of (1R,2S)-3 (n=1.4). The regiopreference of B1F4 mimics that of the parent B1 but with a
further accentuated preference for oxidation at C-2 (Table 2 and Figure 5).
When analyzing the primary cluster obtained by clustering the structures obtained from the MD
simulations (based on occupancies of greater than 90 %), (1R,2S)-3 is bound in such a conformation as
to facilitate hydride transfer primarily from C-1 to NAD +, although also the C-2 hydride is within 3.5 Å
from the coenzyme (Figure 6C, D). Thus, the MD simulations, in this case, cannot capture the shift in
regioselectivity observed experimentally. This is possibly due to the fact that the adjustments in
substrate binding mode that are required to achieve the observed shift in regiopreference from C-1 to
the closely positioned C-2, can be accommodated by the changes in the overall structure dynamics.
The catalyzed reduction of diketone 8 is especially effective with a kcat of 160 s-1, a 2.5-fold increase
as compared to wild type ADH-A. The regiopreference in the catalyzed reductive reaction is, similar to
both other enzymes, towards C-2 (Table 2). Again, the primary cluster found when analyzing the MD
simulations as above shows that with B1F4 and 8 the substrate is bound in a conformation that would
preferentially favor hydride transfer to C-2, in accordance with the experimental results (Figure 8).
The crystal structure of B1F4 is overall very similar to the wild type and B1 structures (Figure 7A)
with an RMSD of the corresponding subunit’s alpha carbons of compared chains of 0.18-0.26 Å for
superimposition with B1, and 0.27-0.33 Å for superimposition with the wild type. The F43T and
F282W substitutions creates a somewhat wider entrance into the active site (Figure 7E), but the
differences are minor. T43 engages in a new water-linked hydrogen bond network involving the
carbonyl oxygen of I271 and the 2’ and 3’ hydroxyls of the ribose of the nicotinamide moiety of the
coenzyme (Figure 9). A similar interaction network has been observed in an F43S ADH-A variant
isolated in another directed evolution effort 22 and the same F43S substitution is also present in a
number of F2 variants isolated in this work (Table S13). The F43H substitution in B1F1-B1F3 has been
observed before12,22 and the H43 always hydrogen-bonds to the same ribose hydroxyl groups. The
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significance of these new protein-coenzyme interactions is not yet clear but could possibly compensate
for other destabilizing mutations.
3.3. Rate limitation for kcat and destabilization of nonproductive substrate binding. The twoand five-fold increases in turnover of (1R,2S)-3 by B1 and B1F4, respectively, are, paradoxically, not
due to changes in rate-limiting reaction steps. We have previously shown that nucleotide release is rate
determining in the ADH-A catalyzed transformations of the preferred substrates (S)-1 and 4.16 The
deuterium kinetic isotope effect for kcat in the oxidation of isopropanol is significantly smaller
(Dkcat=1.5) than that of the oxidation step (Dk3=3.6)22 which further suggests that (a) step(s) downstream
of the chemical transformation is(are) rate determining.
Here, the oxidation rates of (1R,2S)-3) are also considerably faster than the corresponding turnover
numbers (Table 3) as are the release rates of NADH, which are 65 and 24-fold faster than kcat(1R,2S)-3 for
B1 and B1F4, respectively. The comparable rates of alcohol oxidation and NADH release result in
lower degrees of accumulation of the binary E•NADH complexes, and indeed, the amplitude of the
kinetic ‘burst’ of NADH formation during the pre-steady state phase of the reaction is significantly
lower as compared to e.g. (S)-1 (Figure S4).
Since both k3 and k5 exceeds the turnover rates by more than one order of magnitude, the observed
changes in the kinetic parameters must be caused also by other mechanisms. The parallel increases in
kcat and K0.5 in the B1 and B1F4 catalyzed oxidation reactions suggest two things: (1) the frequency of
binding modes that allow for formation of productive ternary enzyme-substrate complexes has
increased at the expense of binding affinity for unproductive ground-state ternary complex(es), as
reflected in higher K0.5 values. This destabilization increases the probability of formation of productive
binding modes, observed as elevations of kcat. (2) productive binding modes require a shift in the
positioning of the diol substrate so that the C-2 hydride can now react with NAD +. In contrast, in the
wild type enzyme the substrate is bound in a less reactive manner in which the benzylic (C-1) hydride
is preferentially transferred.
The nature of the productive ternary complex is illusive; is the increase in kcat simply a reflection of
a larger proportion of enzyme-substrate complexes with geometries that facilitates the climb to the
transition state, similar to the proximity effect of intramolecular catalysis 50 or does it represent an
increase in ternary ‘near attack complexes’ (NACs) where the alcohol and coenzyme are bound in a
TS-like geometry, thereby lowering the energetic barrier for transformation into product?51-59 Improved
stabilization of a TS-like intermediate, such as a NAC, is expected to increase the rate of oxidation. The
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rates of oxidation (k3) are indeed, albeit moderately, faster in the B1 and B1F4 variants (Table 3). The
fact that these enzymes favor oxidation at C-2, however, complicates the comparison since the
measured rates describe different reactions.
The underlying mechanism responsible for the increase in turnover numbers is not known but the
phenomenon can be explained by the theory of conformational sampling and selection in catalysis.
Here, the enzyme structure undergoes dynamic changes between substrates that may exhibit distinct
properties regarding catalytic efficiencies and substrate selectivities. 60,61 Introduced mutations (or
changes in environmental conditions62) can shift the equilibria between substrates to unveil new
functional properties.63,64 The increase in kcat and the shifts in regioselectivities in the oxidation of
(1R,2S)-3) displayed here by the isolated ADH-A variants are due to the structural changes caused by
the introduced substitutions but the distal location of these modifications in relation to the site of
hydride transfer makes it unlikely that they are directly causing the observed changes in
regioselectivities. An alternative suggestion could be that the equilibrium mixtures of the
conformational substrates of these enzymes have been shifted to instead favor oxidation of C-2 rather
than C-1, which is in itself a very subtle change. Thus, the increase in productively bound ternary
enzyme-substrate complexes may be a reflection of a shift in the distribution of conformational
substrates. The analysis of structural fluctuations during the MD simulation shows that the regions of
the tested enzymes that display the largest differences in fluctuations of the C-α carbons between
oxidation of C-1 or C-2 in (1R,2S)-3) include the mutated residues 43, 54 and 119 (Figure 10). We
note also that the issue of non-productive binding conformations in enzyme catalysis has been taken up
by several other workers in different contexts, in addition to the references mentioned above (for some
examples see e.g. refs. 65-68).
4. CONCLUSIONS
Nonproductive binding of substrate in the ground state has not been widely presented as an intrinsic
feature of enzyme catalysis and substrate discrimination although it may be a general phenomenon. 69
Increased understanding of its role in enzyme selectivity will be important for efficient engineering of
biocatalysts and for the fundamental understanding of enzyme function. In this study, relatively minor
changes in the topology of the ADH-A active site, primarily caused by the altered position of a tyrosine
side chain, affects the substrate selectivity: the regiopreference towards a vicinal diol containing two
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sec-alcohol functionalities is shifted and the enantiodiscrimination between (R) and (S)-1phenylethane-1,2-diol is affected.
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TABLES
Table 1. Steady state kinetic parameters
kcat (s-1)

K0.5 (mM)

substrate

wild type

(S)-1

80±20b

kcat/K0.5 (s-1 M-1)

na

kcat (s-1)

K0.5 (mM)

kcat/K0.5 (s-1 M-1)

n

B1 (Y54G, L119Y)
0.63±0.05b
b

0.73±0.01

(S)-2

0.0094±0.0005b

3.0±0.7b

3.1±0.6b

(1R,2S)-3

0.48±0.01

11±1

43±5

4

36±0.8b

1.2±0.09b

30 000±2 000b

b

5

2.0±0.08

3.7±0.4

8

62±0.6

0.31±0.01

44±8

(1)

11±1

32±6

340±30

(1)

0.17±0.008

130±10

1.3±0.06

(1)

0.039±0.001

17±2

2.3±0.2

(1)

0.75±0.03

0.98±0.03

33±2

30±2

1.2±0.06

(1)

7.3±0.6

4.8±1

1 500±300

(1)

0.54±0.02

15±0.9

36±1

(1)

85±0.5

0.32±0.009

260 000±8 000

0.93±0.02

b

(R)-2

b

17±0.6

b

130 000±30 000b

550±30

b

200 000±9 000

1.3±0.06

B1F4 (F43T, Y54G, L119Y, F282W* c)

B1F1 (F43H, Y54G, L119Y)
(S)-1

22±0.8

47±3

460±40

1.1±0.02

37±3

73±10

500±100

0.77±0.02

(R)-2

0.96±0.09

940±100

1.0±0.05

(1)

0.45±0.006

140±4

3.2±0.004

(1)

(S)-2

0.022±0.002

28±5

1.3±0.3

1.3±0.2

0.072±0.008

60±20

1.2±0.4

0.79±0.06

(1R,2S)-3

0.76±0.01

41±1

19±0.6

1.3±0.03

2.3±0.04

35±1

66±3

1.4±0.05

4

5.7±0.03

5.9±0.1

980±20

1.5±0.09

26±0.6

8.5±0.5

3 000±200

1.2±0.05

5

0.62±0.03

39±3

16±2

1.1±0.03

0.98±0.2

25±1

38±1

(1)

8

84±2

1.8±0.1

48 000±3 000

1.2±0.07

160±2

0.51±0.02

320 000±2 000

(1)

B1F5 (F43S, Y54G, L119Y, V194I, F282P*)
(1R,2S)-3

0.41±0.009

48±2

8.4±0.4

1.4±0.05

8

49±0.7

1.8±0.09

28 000±1 000

(1)

a

n, Hill coefficient. K0.5 = KM if n=1. bData from ref. 16. c *, Residue from the neighboring subunit.

Table 2. Relative amounts of formed products following oxidation of (1R,2S)-3 or reduction of 8.
1

H NMR integrals (%)a

oxidation of (1R,2S)-3

reduction of 8

wild type

B1

B1F4

wild type

B1

B1F4

72

70

32

78

82

71

21

17

27

1

1

2

-

-

-

(1R,2S)-3

8

22

7

12

(S)-6

6

6

24

55

(R)-7

7

-b

-

-

8
a

3

Calculated from the relative abundance of the distinguishing methyl protons. b -, not detected. NMR

spectra are shown in Figure S2.
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Table 3. Kinetic rates and equilibrium dissociation constants
Substrate

k1 (s-1µM-1)

k-1 (s-1)

K1a (µM)

110±10

17±2

k3b (s-1)

K2b (mM)

k5 (s-1)

k-5 (s-1µM-1)

K5c (µM)

51±6d

5.1±0.1d

10±0.1d

64±20

12±0.5

5.3±2

56±30

9.6±1

5.9±3

wild type
NAD+

6.8±0.5

NADH
(S)-1

630±40e

2.5±0.5e

(R)-2

42±8

87±30

(1R,2S)-3

20±9

62±40

B1 (Y54G, L119Y)
NAD+

9.7±0.4

190±20

20±2

NADH
(1R,2S)-3

77±20

91±30

B1F4 (F43T, Y54G, L119Y, F282W*f)
NAD+

6.9±0.3

110±9

16±1

NADH
(1R,2S)-3

68±20

a

41±20

Calculated from the ratios of k-1/k1. b From fitting Eq. 4 to the observed transient rates. c Calculated
from the ratios of k5/k-5. d Data from ref. 22. e Data from ref. 16. f *, Residue from the neighboring
subunit.
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Figures

Figure 1. (A) Alcohols and ketones 1-5 and 8 were tested as substrates. Acyloins 6 and 7 are the
oxidation products from (1R,2S)-3 following hydride transfer from either carbon 1 or 2, respectively.
(B) (1R,2S)-3 is produced by epoxide hydrolase catalyzed hydrolysis of the corresponding (1S,2S)epoxide.

Figure 2. Model of the kinetic mechanism for alcohol oxidation by ADH-A.
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Figure 3. Structures of MD snapshots of most populated clusters obtained from the calculations with
wild type ADH-A and (R)-2 (A), (S)-2 (B) and (1R,2S)-3 (C, D). (R)-2 binds in a configuration that can
facilitate hydride transfer from C-1 of the diol to the nicotinamide C-4 (A) whereas with (S)-2, the
corresponding hydrogen points away from the nicotinamide ring (B, hydrogen highlighted by a red
dotted circle). (1R,2S)-3 is bound in an orientation for hydride transfer from the benzylic C-1 carbon
with a distance of approximately 2.7 Å in the main cluster (C). The corresponding distance for transfer
from C-2 is similar (D) but with slightly increased RMSD values for the substrate. See the Materials
and Methods section for details on the methodology and the Supporting Information for details on
parametrization of the active-site tetrahedral Zn2+.
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Figure 4. Residues exposed to saturation mutagenesis. The surface shows the volume of the active site
cavities. (A) In the wild type enzyme (pink), Y294 and W295 make up site ‘A’ and Y54 and L119, site
‘B’. (B) In the B1 variant (Y54G, L119Y), F43 and F282* (from the neighboring subunit) make up site
‘F’. Image created with PyMOL ver. 1.8.770 with the atomic coordinates in 3jv722 (wild type) and 5od3
(B1).

Figure 5. Outcome of oxidation of (1R, 2S)-3 by wild type ADH-A or the B1 or B1F4 variants. The
introduced substitution changes the regiopreference from C-1 to C-2.
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Figure 6. Molecular dynamics simulation performed to describe the interactions of (1R,2S)-3 (bright
green) within the active sites of B1 (dark green) or B1F4 (blue). (A) In the B1 variant, if the diol is
deprotonated on the C-1 hydroxyl, it becomes bound in an orientation that leads to a stronger
interaction between the substrate phenyl ring and the nicotinamide ring, resulting in an increased
distance between the hydride and the co-factor. (B) For the C-2-deprotonated substrate the distance
between the hydride and the coenzyme in the most populated MD cluster is <3 Å, a distance in
agreement with hydride transfer. The flexibility of F43 seen in the simulations with the wild type
enzyme is observed also with B1. In the case of B1F4, the most stable structure cluster with (1R,2S)-3
bound in the active site places C-1 in the most favorable position for oxidation (C), while the distance
for hydride transfer from C-2 is substantially larger and at an unfavorable angle (D). Note that, as
indicated in the Materials and Methods section, a multisite model was used to describe the Zn 2+ ions in
our simulations, shown here by a tetrahedron.
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Figure 7. (A) Superimposition of the protein backbones of the A-chains of the wild type ADH-A (pink,
3jv7), B1 (dark green, PDB code 5od3) and B1F4 (blue, PDB code 6fg0) crystal structures. The
catalytic and structural zinc ions are shown as spheres and their protein ligands and the bound
coenzyme are shown as sticks. (B) Conformations of amino acid residues 54 and 119 in the wild type
enzyme (pink) and the B1 variant (green). The Y54G substitution allows Y119 (in the B1 variant) to
adopt a conformation in which the phenol side-chain occupies the freed space. (C-E), Surface
representations of the active-site cavities of the wild type (C), B1 (D) and B1F4 (E) enzymes. The
substitutions in the first-generation B1 variant reshapes the binding pocket distal to the reactive C-4 of
the coenzyme NAD+. The F43T and F282W* substitutions result in a slightly wider opening to the
active site. The coenzymes are shown in stick representation and the catalytic zinc ions as spheres.
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Figure 8. Most stable structure cluster after molecular dynamics simulation of B1F4 with the diketone
8 (green). The substrate is bound in a position that could facilitate transfer of the pro-(R) hydride of
NADH to C-2 of 8. Our multisite Zn2+ model is shown here as a tetrahedron (see the Materials and
Methods section for more details).

Figure 9. Active site of B1F4. The side-chain O-γ of the inserted T43 hydrogen is bound to the
coenzyme ribose 2’ and 3’ hydroxyls via a water molecule. Zinc ligands are shown in sticks with white
carbon atoms, and active-site residues subjected to mutagenesis are shown as sticks with blue carbon
atoms. The image was created from the atomic coordinates of PDB entry 6fg0 with PyMOL ver.
1.8.770.
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Figure 10. Root mean square fluctuations of C-α during molecular dynamics simulations of complexes
of enzymes with bound (1R, 2S)-3. (A) Diol (1R,2S)-3 bound in the active site for oxidation of C-1.
Regions of relatively higher fluctuations, excluding the N- and C-termini, together with the Rossman
domain are indicated by colored bars. Their locations in the folded structure are shown in (D). (B) Diol
(1R,2S)-3 bound for oxidation of C-2. (C) Differences in RMSF between the two enzyme-substrate
complexes. The region displaying the largest differences between different substrate binding modes is
indicated by a blue bar and its location in the folded structure is shown in (E). See the Materials and
Methods section for a detailed description of how these values were calculated.
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