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X-ray Crystallography Reveals How Subtle Changes Control the
Orientation of Substrate Binding in an Alkene Reductase
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ABSTRACT: Reductions of (S)- and (R)-carvone by wild-type exif]
Saccharomyces pastorianus Old Yellow Enzyme (OYE 1) and a i N {
systematic collection of Trp 116 variants revealed that, for (S)- .| ‘
carvone, six Trp 116 mutants displayed inverted diastereoselectivity T~ 4
compared to the wild-type. For example, Ile and Val showed ! /‘j' &/
inverted stereoselectivity, but Leu and Phe maintained the wild- & . %< y _\\t
type stereopreference. For (R)-carvone, only two Trp 116 mutants | 1
(Ala and Val) reduced this alkene with reversed selectivity; all other
catalytically active variants including Leu and Ile retained the wild-
type diastereoselectivity. The same set of mutant enzymes was also
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used to catalyze the dehydrogenation of (S)- and (R)-carvone under aerobic conditions. To understand how small changes to the
active site structure of OYE 1 could significantly influence its catalytic properties, we solved X-ray crystal structures of the wild-
type as well as six key Trp 116 variants after individually soaking with both (S)- and (R)-carvone. In many cases, pseudo-Michaelis
complexes formed in crystallo, and these revealed the details of protein—substrate interactions. Taken together, our results
showed that the wild-type OYE 1 reduces carvone from a less preferred substrate binding orientation. The indole ring of Trp 116
physically blocks access to a hydrophobic active site pocket. Relieving the steric congestion by mutating Trp 116 allows entry of
the isopropenyl side-chain of carvone into this hydrophobic pocket and also makes the opposite face of the 7 system accessible to
hydride addition, thereby yielding the opposite diastereomer after net trans-addition of H,.
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B INTRODUCTION

Enzymes of the Old Yellow Enzyme (OYE) family have
recently gained favor as stereoselective catalysts for reducing
electron-deficient alkenes (for recent reports, see ref 1 and
references therein). Reduction proceeds by a net trans-addition
of H, to olefins,” particularly those conjugated with aldehydes,
ketones, nitriles, nitro groups, and, in some cases, esters.
Hydrogenation follows a polar mechanism in which hydride is
transferred from reduced flavin mononucleotide (FMN) to the
electron-deficient fB-carbon with concomitant protonation at
the a-carbon.® Both the stereochemical course and substrate
range of OYEs complement those of most organometallic
hydrogenation catalysts, which has led to a renewed interest in
this class of flavoproteins, originally discovered in 1932 by
Warburg.*

One challenge in developing biocatalytic methods for organic
synthesis is that one enantiomer is often easily available, but the
“other” enantiomer is not.” The very high stereoselectivities of
OYEs are thus a double-edged sword that make it difficult to
access both product stereoisomers unless the substrate
structure can be altered, ie., employing the opposite alkene
configuration.® For example, wild-type Saccharomyces pastor-
ianus’ OYE 1 reduces simple a-alkyl-substituted 2-cyclo-
hexenones, e.g., 2-methyl-2-cyclohexenone, to the correspond-
ing (R)-products with very high stereoselectivities.® The same
enzyme reduces both enantiomers of carvone to the analogous
products (Scheme 1).” All of these reduction products derive
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from Michaelis complexes in which the 2-cyclohexenone ring
can be superimposed on the aromatic ring carbons of p-
hydroxybenzaldehyde, a potent OYE 1 inhibitor observed in
the X-ray crystal structure of S. pastorianus OYE 1.'° For
simplicity, we refer to this arrangement as the “normal”
substrate binding mode. With one exception (vide infra), we
were unable to discover an enantiocomplementary OYE for any
of the substrates we investigated and were therefore able to
fulfill only half of our methodological goals. A more general
solution to this problem is reported here that joins some
additional successes in this area reported by other groups.''
In principle, one could either invert the stereoselectivity of an
OYE by relocating the substrate from one side of the FMN
cofactor to the other, or by turning the substrate over, thereby
exposing the opposite face of the alkene 7 system to the FMN.
Only the si face of the FMN cofactor is accessible in the active
sites of OYEs, and prospects for remodeling the protein to
accommodate substrate binding on the opposite face of the
cofactor appeared bleak. We therefore concentrated on
strategies to invert the orientation of substrate binding with
respect to the FMN cofactor (referred to as “flipped” substrate
binding, Scheme 1). The first steps toward achieving this goal
came from a chance observation. Like many OYE family
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members,'> wild-type OYE 1 contains Trp at position 116.
Substituting Ile or Met at this position caused a nearly complete
reversal of stereoselectivity toward (S)-carvone (Scheme 1).12
Given the conservative nature of these amino acid changes, this
was a surprising result. Data from *H NMR showed that, like
the wild-type enzyme, the Trp 116 Ile mutant also catalyzed a
net trans-addition of H,, arguing that the reversed stereo-
selectivity was due to an alternative, “flipped” binding
orientation that placed the opposite face of the alkene above
the si face of the FMN cofactor. Interestingly, the same Trp 116
Ile mutant still reduced (R)-carvone to yield the product
derived from the “normal” binding orientation.

While our earlier studies had yielded stereocomplementary
OYE 1 variants for (S)-carvone reduction, this was an isolated
example, and no solution for (R)-carvone was identified, at least
in the limited number of Trp 116 replacements examined.
More importantly, while we had deduced that (S)-carvone
should have bound in the “flipped” orientation to explain the
observed stereochemistry, we had no direct experimental
evidence to support this contention. We therefore examined
this system in more detail. Carvone has previously served as a
useful test case in biocatalytic alkene reductions, which would
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allow comparison with previous studies in this area (see refs
1c,14 and references therein). Our goals were not only to solve
the specific synthetic problems associated with carvone
reductions, but also to discover general principles that might
guide future efforts to adapt these versatile biocatalysts for even
wider synthetic applications.

B RESULTS AND DISCUSSION

A complete set of Trp 116 amino acid replacements for S.
pastorianus OYE 1 was overexpressed in Escherichia coli as N-
terminal glutathione S-transferase (GST) fusions and purified
by affinity chromatography as described previously." Since
previous studies had shown that the tag had no significant
impact on the properties of S. pastorianus OYE 1,7 it was left in
place for catalytic assays. Reductions of both (S)- and (R)-
carvone were carried out individually using purified OYE 1
proteins for 16 h and substrate concentrations of 10 mM.
NADPH was maintained in excess throughout the reactions by
glucose oxidation mediated by glucose dehydrogenase. This
equilibrium strongly favors products because gluconolactone
spontaneously hydrolyzes, and this maintains the nicotinamide
cofactor in the reduced form throughout the reaction. Relative
conversions and product diastereomeric purities were deter-
mined by GC analysis using authentic standards used to assign
both relative and absolute configurations.

Catalytic Studies of OYE 1 Mutants. Reductions of (S)-
carvone. Replacements for Trp 116 had significant impacts on
both the efficiency and the stereoselectivity of (S)-carvone
reductions (Figure 1A). While most polar replacements,
particularly those with charged side-chains, were highly
detrimental, the majority of nonpolar amino substitutions
yielded functional OYE 1 variants. The main exceptions were
Asn and Gln, both of which gave good catalytic efficiencies and
mainly the product expected to arise from “flipped” substrate
binding. The most striking observation was that the Trp 116
Leu mutant afforded mostly the product derived from the
“normal” substrate binding mode whereas the closely related
amino acids Ile and Val gave almost exclusively the
diastereomer derived from the “flipped” orientation. In
addition, Thr, which is nearly isosteric with Val, gave much
lower catalytic efficiency, although the stereoselectivity was
almost completely reversed from that of wild-type. These were
the first indications that substrate binding and catalytic activity
could be altered by very subtle changes to the OYE 1 active site
structure.

Reductions of (R)-carvone. Trp 116 substitution also had
significant impacts on the outcomes of (R)-carvone reductions
(Figure 1B). As before, polar amino acids (except for Asn and
Gln) dramatically decreased alkene reduction efficiency.
Surprisingly, all variants except two (Ala and Val) gave
predominantly the product derived from the “normal” substrate
binding mode. The behavior of the Val mutant is even more
surprising since the closely related Leu and Ile variants
productively bound (R)-carvone only in the “normal”
orientation. From a practical point of view, the Ala and Val
variants were useful in completing the collection of
diastereoselective alkene reductases that allow selective access
to all four stereoisomeric reduction products from (S)- and
(R)-carvone (Scheme 1).

The results of carvone reduction by wild-type and Trp 116
variants of OYE 1 are summarized in Table 1. Successful
replacements for Trp 116 can be divided into three categories
based on their assumed substrate binding interactions prior to
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Figure 1. Carvone reduction by wild-type OYE 1 and Trp 116
variants. Reductions utilized purified GST-fusion proteins with
NADPH maintained in excess by a cofactor regeneration system
(glucose/glucose dehydrogenase). Reactions were incubated at room
temperature for 16 h; then the extents of conversion and
diastereomeric purities were assessed by GC/MS. Data for the wild-
type enzyme are indicated by a star, and the identity of the amino acid
at position 116 is shown next to the appropriate data point. (A) (S)-
carvone data. (B) (R)-carvone data.

Table 1. Summary of Library Screening Results for
Reductions of (S)- and (R)-carvone by OYE 1 and Trp 116
Variants”

Amino acid at
position 116 (S)-carvone 1 (R)-carvone 4
0 0
Asp, His, Leu, CHs CH,
Phe, Pro, Tyr,
Trp (w.t.) CHg\H\\‘- CH,
(0] 0}
CH
Asn, GIn, lle, . 3 CHs
Met CH3 CH,
° CHs 2 CHs
Ala, Val CH, CHs ..n&

“The binding mode leading to the predominant product is depicted.
The gray outline corresponds to the position of p-hydroxybenzalde-
hyde and indicates to the “normal” substrate binding mode. Amino
acids that gave rise to little or no catalytic activity are excluded.”

hydride addition/protonation: (1) those that productively
bound both (S)- and (R)-carvone mainly in the “normal”
orientation; (2) those that bound (S)-carvone in a “flipped”
orientation, but (R)-carvone in the “normal” fashion; (3) those
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that productively bound both (S)- and (R)-carvone in the
“flipped” orientations.

As an additional probe of the active site environments of our
OYE 1 variants, we also studied their ability to oxidize (R)- and
(S)-carvone (Scheme 2). Dismutation predominates under
anaerobic conditions in the absence of an external reductant
such as NADPH or other electron acceptor. This process
involves H, removal from one substrate molecule and
subsequent transfer to a second.” Under aerobic conditions,
molecular oxygen can compete with a second alkene molecule
for electrons from reduced FMN; this alternative electron
acceptor yields hydrogen peroxide and eliminates formation of
the dihydrocarvone byproduct. Regardless of the ultimate fate
of the electrons, OYE 1-mediated oxidations of 2-cyclo-
hexenones are essentially irreversible since the initially formed
cyclohexadienones rapidly tautomerize to the corresponding
phenol. These phenols subsequently form high-affinity charge-
transfer complexes with OYE 1 that feature absorbance maxima
at about 650 nm.'® These complexes can also be recognized
visually by the change in enzyme color from bright yellow
(oxidized FMN form) to green.

As the microscopic reverse of the alkene reduction process,
carvone oxidation requires that the reacting hydrogens be
oriented in a trans-diaxial arrangement (Scheme 2). Because the
location of the FMN is fixed within the protein environment,
the substrate must be positioned so that its C4 hydrogen lies
within the cofactor’s cone of reactivity above Ns.'” In addition,
the carbonyl oxygen must form hydrogen bonds to the side-
chains of His 191 and Asn 194 to facilitate the polar elimination
of H,. These requirements, in addition to avoiding steric
conflict between the isopropenyl side-chain and the FMN
cofactor, define the active site locations of (S)- and (R)-carvone
to be those shown in Scheme 2. While the ring carbons of (S)-
carvone lie in the same locations as those of a phenol inhibitor
for the dehydrogenation step, those of (R)-carvone must be
shifted somewhat to maintain the proper locations of C4 and
the carbonyl oxygen. This has the effect of moving the (R)-
substrate into closer proximity to the side-chain of the amino
acid at position 116 as compared to its (S)-counterpart. For this
reason, we anticipated that the nature of the amino acid at
position 116 might influence the efficiency of carvone
oxidations, particularly for the (R)-enantiomer.

The oxidation activities of OYE 1 Trp 116 variants toward
both (S)- and (R)-carvone were determined spectrophoto-
metrically for all mutants with reasonable alkene reduction
efficiencies.'® Because phenol 7 is a potent inhibitor of OYE 1,
progress curves for these reactions are inherently nonlinear. We
therefore chose a fixed reaction time (24 h) and assessed the
fraction of enzyme with bound phenol 7 as an index of relative
carvone oxidation efficiency (Figure 2). This involved
measuring the A*?/A%*® ratios at the start of the reaction and
after 24 h since these wavelengths correspond to A, values for
FMN in the absence of phenol 7 and the charge-transfer band,
respectively. End point values for completely phenol-complexed
proteins were measured bg adding an excess of p-chlorophenol
in separate experiments.”” These data allowed the fractional
saturation for each dismutation reaction to be calculated after
24 h (Figure 2).*° As anticipated, there was a correlation
between the size of the side-chain at position 116 and the
efficiency of carvone oxidation, and (S)-carvone was more
readily accepted than the (R)-antipode.

Crystallographic studies. To better understand the
molecular interactions that control the orientation of substrate
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Figure 2. Catalytic efficiencies of wild-type OYE 1 and Trp 116 dimensions
variants for carvone oxidation and reduction. Wild-type OYE 1 and a=bc(A) 141.12, 42.92 140.78, 42.76 140.93, 42.46
selected Trp 116 mutants were incubated with either (S)- or (R)- resolution (A) 34.2-136 282145 31.5-1.55
(1.41-1.36) (1.49—1.44) (1.60—1.55)

carvone under aerobic conditions in the absence of external reductant,
then the fraction of protein complexed with phenol 7 was determined
spectrophotometrically (white and black bars, respectively). For
comparison, the fraction of (S)- and (R)-carvone reduction products
derived from the “flipped” binding orientation are also shown
(horizontal- and diagonally striped bars, respectively).

binding to wild-type OYE 1 and its Trp 116 variants, we
determined the three-dimensional structures for key mutants in
the presence of substrates and/or other ligands using X-ray
crystallography (Tables 2—S5). To avoid potential interference
during crystallization, the GST fusion tag was deleted and
proteins were isolated by affinity chromatography on a phenol-
derivatized resin®' with final purification by gel filtration. All
variants crystallized under very similar conditions and in the
same space group as reported by Fox and Karplus for the wild-
type enzyme (P 4; 2, 2)."% As expected, the overall structures
for all mutants were nearly identical (RMSD 0.10—0.27 A). The
only exception was the extra-barrel helix B (residues 145—153),
which exhibited greater deviation. These variations were usually
correlated with small changes in the unit cell dimensions,
suggesting that crystal packing forces were responsible. All
structures were solved by molecular reglacement using the
wild-type OYE 1 (PDB code 10YB),'”” or a Trp 116 Ile
variant solved in conjunction with an earlier study (PDB code
3RND)."® The positions of the mutant side-chains at position
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unique reflections

completeness (%)

87,060 (5,990)
93.78 (65.40)

70,039 (4,324)
90.83 (56.74)

62,517 (6,122)
99.94 (99.69)

multiplicity 16.5 (7.5) 12.8 (11.7) 9.1 (8.7)
Ry’ 0.062 (0.38) 0.044 (0.18) 0.080 (0.90)
/o (1) 39.89 (4.49) 48.82 (12.97) 14.22 (1.89)
Ryon, Reee? 0.108, 0.137 0.115, 0.145 0.182, 0.204
Ramachandran
statistics®
favored (%) 98 98 97
allowed (%) 2 2 3
outliers (%) 0 0 0
number of protein, 3,287, 633, 100 3,255, 590, 65 3,216, 313, 56
solvent and
ligand atoms
average B factors
(47
protein 11.5 13 29.6
solvent 254 26.7 38
FMN 7.5 10.0 19.5
ligands 18.1 19.1

“Values in parentheses denote data for the highest resolution bin.
meerge = ZlI - <I>|/Z<I>' CRwork = ZlFO (hkl)l - |FC (hkl)l/leo
(hKl)I. Ry, is calculated in the same manner as R, using 10% of the
reflection data not included during the refinement. “Statistics
generated using MOLPROBITY. **
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Table 3. Crystallography Data Collection and Refinement Statistics (Accession Codes: 4GE8, 4GBU, 4K7V)

accession code

position 116 a.a.

ligand soaked

observed active site ligand
ligand orientation

X-ray source

space group

unit cell dimensions
a=bc(A)

resolution (A)¢

unique reflections
completeness (%)
multiplicity

Ry
/o (1)

Ryons Ree?
Ramachandran statistics®
favored (%)

allowed (%)

outliers (%)

number of protein, solvent and ligand atoms

average B factors (A%)
protein

solvent

FMN

ligands

4GES8

Ile

(8)-carvone
(S)-carvone
“flipped”

NSLS beamline X25
P4,2,2

140,93, 42.48

24.2—1.5 (1.55—1.49)

68,916 (6,757)
99.75 (99.22)
11.1 (10.4)
0.048 (0.63)
29.40 (2.83)
0.137, 0.170

98

2

0

3,256, 465, 91

21.2
38.0
13.7
23.9

4GBU

Ala

(8)-carvone

oxidation product 7 (from (S)-carvone)
“flipped”

NSLS beamline X6A

P4,2,2

141.12, 42.81
21.0-1.18 (1.22—1.17)
141,261 (13,929)
99.71 (99.59)

7.1 (6.6)

0.076 (0.55)

15.10 (2.05)

0.100, 0.121

98
2
0
3,281, 658, 107

11.5
26.1
6.9

16.3

4K7V

Ala
(+)-dihydrocarvone
(R)-carvone

flipped

NSLS beamline X6A
P4,2,2

140.85, 42.84

35.42—1.52 (1.57-1.516)
66,315 (6,492)

98.52 (97.79)

7.8 (7.2)

0.093 (0.524)

22.67 (3.44)

0.145, 0.183

97

3

0

3,205, 500, 62

18.5
30.90
16.6
28.3

“Values in parentheses denote data for the highest resolution bin. mee,ge = U1 — (DI/JAD). Ry = SIF, (WK — IF, (hKD)I/ IF, (hkD)l. “Rg, is

calculated in the same manner as R,y using 10% of the reflection data not included during the refinement. “Statistics generated using

MOLPROBITY. #

Table 4. Crystallography Data Collection and Refinement Statistics (Accession Codes: 4K8E, 4H4I, 4K8H)

accession code
position 116 a.a.
ligand soaked

observed active site ligand

ligand orientation
X-ray source

space group

unit cell dimensions
a=bc(A)
resolution (A)“
unique reflections
completeness (%)
multiplicity

Ry

/o (1)

Rworkc; Rfreed
Ramachandran statistics®
favored (%)
allowed (%)
outliers (%)

number of protein, solvent and ligand atoms

average B factors (A%)
protein

solvent

FMN

ligands

4K8E 4HA41
Val Val
(R)-carvone (S)-carvone
oxidation product 7 (from (R)-carvone)/ oxidation product 7 (from (S)-
chlorid carvone)
flipped “flipped”
NSLS beamline X6A NSLS beamline X6A
P4,2,2 P4,2,2
141.35, 42.85
141.00, 42.82

24.2-1.27 (1.315—1.269)
113,485 (11,067)

99.44 (98.44)

9.9 (9.0)

0.069 (0.547)

20.33 (2.46)

0.107, 0.127

98

2

0

3,325, 642, 97

11.7
27.90
8.6
16.6

23.6—1.25 (1.29-1.25)
119,164 (11.776)
99.98 (99.95)

10.2 (9.9)

0.10 (0.55)

19.58 (3.07)

0.124, 0.146

98
2
0
3,286, 660, 108

9.8
26.5
5.8
14.7

4K8H
Val
(+)-dihydrocarvone

(R)-carvone

flipped

NSLS beamline X6A
P4,2,2

141.443, 42.851

35.48—1.55 (1.605—1.55)
65,589 (6,247)

99.95 (99.57)

122 (122)

0.086 (0.676)

24.60 (3.79)

0.124, 0.162

97

3

0

3,320, 542, 72

15.00
27.60
12.1
19.3

“Values in parentheses denote data for the highest resolution bin. mee,ge = U — (DI/JAD). Ry = SIF, (WK — IF, (hk)I/ FIF, (hkl)l. “Rg., is
calculated in the same manner as R,y using 10% of the reflection data not included during the refinement. Statistics generated using
MOLPROBITY. * fOccupancies of phenol 7 and chloride were ca. 1: 1 in this structure.
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Table 5. Crystallography Data Collection and Refinement

Statistics (Accession Codes: 3TXZ, 4K7Y)

accession code 3TXZ 4K7Y
position 116 a.a. Gln Thr

ligand soaked (R)-carvone (R)-carvone
observed active site ligand (R)-carvone chloride
ligand orientation unique

X-ray source

NSLS beamline
X25

NSLS beamline
X6A

space group P4,2,2 P4;2,2

unit cell dimensions

a=bc(A) 141.36, 42.69 141.37, 42.83

resolution (A)% 450-1.7 (1.76— 23.59—12 (1.242—
1.7) 1.199)

unique reflections

completeness (%)

48,165 (4,726)
99.99 (99.96)

135,136 (13,135)
99.80 (98.28)

multiplicity 9.5 (6.2) 6.0 (5.6)

Ry’ 0.052 (0.58) 0.067 (0.570)

/o (1) 17.10 (2.22) 14.34 (1.87)

RoosS Reee? 0.161, 0.186 0.1150, 0.1350

Ramachandran statistics®

favored (%) 98 97

allowed (%) 2 3

outliers (%) 0 0

number of protein, solvent and 3,244, 368, 43 3,358, 666, 58
ligand atoms

average B factors (A%)

protein 23.5 11.4

solvent 36.1 26.40

FMN 16.8 8.3

ligands 25.6

“Values in parentheses denote data for the highest resolution bin.
meerge = ZlI - <I>|/Z<I> CRwork = ZlFO (hkl)l - ch (hkl)l/leo
(hKI)I. ¥Ry, is calculated in the same manner as R,y using 10% of the
reflection data not included during the refinement. “Statistics
generated using MOLPROBITY. “

116 were readily apparent from the high-resolution electron
density difference maps.

Soaking experiments were carried out by adding neat (R)-
and (S)-carvone to pregrown crystals in the mother liquor prior
to mounting.”* We also carried out some soaking experiments
with (+)-dihydrocarvone,* which was added to crystals of the
Thr, Ala, and Val OYE 1 variants. All crystals initially exhibited
the characteristic bright yellow color of oxidized flavin;
however, after several days of soaking in the presence of
carvone, some mutants gradually adopted a green color. This
was particularly apparent in crystals of the Val and Ala
replacements. By contrast, crystals of the Ile and Gln variants
remained bright yellow, even after prolonged soaking times.
When ligands were observed in the active site, occupancies
were generally very high (>85%), and their locations were very
well-defined by the electron density. Ligand atoms were added
manually after the protein, and most water molecules had been
refined to avoid model bias.

Wild-Type. Crystals of wild-type OYE 1 were soaked
individually with both (S)- and (R)-carvone and complete,
high-resolution data sets were collected for both experiments.*®
No electron density that corresponding to carvone was
observed; instead, the spherical electron density lying above
the FMN and near the side-chains of His 191 and Asn 194 was
well-fit by a chloride ion. Its position was essentially the same as
that occupied by the phenolate oxygen in charge-transfer
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complex structures such as those reported by Fox and
Karplus.*® Chloride was present at about 220 mM in the
crystallization buffer and binds to wild-type OYE 1 with a Kj,
value of 8 mM, making it the “default” active site ligand in the
absence of other additives.”” That it remained bound to the
wild-type enzyme even in the presence of saturating carvone
implies that the thermodynamic stabilities of these complexes
were insufficient to displace an active site ligand with relatively
modest affinity. It is also possible that loop 6 (residues 289—
309) cannot be repositioned to accommodate the carvone
isopropenyl group in a wild-type active site.

Trp 116 Leu Mutant. Based on the stereochemistry of the
carvone reduction products obtained from this protein, we
surmised that the Trp 116 Leu OYE 1 variant must have bound
both (R)- and (S)-carvone in the “normal” orientation.
Numerous soaking experiments were carried out in an effort
to observe (S)-carvone within the active site; unfortunately,
only a spherical region of electron density best modeled as a
chloride ion was found when this ligand was used. By contrast,
we were successful with (R)-carvone, although the nature of the
active site ligand depended on the time between substrate
addition and flash cooling the crystals in liquid nitrogen (Figure
3). Initially yellow crystals gradually became green after soaking
with (R)-carvone for 2 days at about 4 °C (Figure 3A). When
the soaking time was decreased to 2.5 h before freezing in liquid
nitrogen, the crystals remained yellow (Figure 3A). These color
changes suggested that the green crystals contained the
phenolic oxidation product 7 derived from (R)-carvone while
the yellow crystals contained unmodified (R)-carvone. To test
this hypothesis, we carried out in crystallo UV—vis spectroscopy
during X-ray data collection. In these experiments, single
crystals of the Trp 116 Leu mutant that had been soaked in
(R)-carvone for different times were mounted for X-ray data
collection at 100 K in the normal fashion. After determining the
optimal crystal orientation, UV—vis absorbance spectra
between 350 and 800 nm were collected using a micro-
spectrophotometer that was focused on the crystal rotation axis.
Complete data sets were collected for both (yellow and green)
crystal forms, which exhibited significantly different absorbance
spectra in the 550—800 nm (Figure 3B).

As expected from the results of in crystallo spectroscopy, the
X-ray structure of the green crystals of (R)-carvone-soaked Trp
116 Leu had ligand electron density that was best fit by phenol
7, rather than the starting (R)-carvone (Figure 3C, PDB code
4GXM). Since no free phenols were present during the
purification procedure or in the crystallization buffer, we
concluded that carvone oxidation must have occurred post
crystallization. The orientation of phenol 7 in the active site
matched our expectations for the “normal” binding mode and
also superimposed very well on the previously observed p-
hydroxybenzaldehyde structure.'® This location placed the
ligand’s isopropenyl moiety very close to the side-chain of Phe
296, which is part of loop 6 (closest approach of 3.20 A).
Despite this proximity, Phe 296 predominantly occupied one
well-defined conformation (Figure 3C). The Leu side-chain at
position 116 was also well-defined with no unduly close
contacts between the methyl group of 7 and this protein
residue.

Both the ligand electron density from the yellow crystals of
(R)-carvone soaked Trp 116 Leu OYE 1 and the absence of an
in crystallo absorption band in the 500—800 nm range were
consistent with unmodified substrate in the active site (Figure
3D; PDB code 4GWE). (R)-Carvone was easily identifiable in
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Figure 3. Structural studies of the Trp 116 Leu variant of OYE 1. (A) Protein crystals soaked with (R)-carvone for several days prior to storage at 77
K yielded green crystals (top) while those soaked for only a few minutes prior to flash cooling and X-ray data collection were yellow (bottom). (B)
In crystallo UV—vis spectra of green and yellow crystals collected during X-ray irradiation. While the yellow crystals were featureless in the 550—800
nm region, the green crystals exhibited a peak with 4,,,,, at about 660 nm, consistent with a phenol(ate) charge transfer complex in the active site. (C)
X-ray structure of phenol 7 bound to Trp 116 Leu OYE 1 in the “normal” orientation (green crystal form, PDB code 4GXM). Electron density maps
(2mFo-DFc) for key active site residues are shown in gray mesh at the 1.2 ¢ contour level. Carbon atoms are colored cyan for protein residues,
yellow for FMN and green for phenol 7. An omit difference map (mFo-DFc) is shown in red mesh for the ligand at the 3.0 ¢ contour level. (D) X-
ray structure of (R)-carvone bound to Trp 116 Leu OYE 1 in the “normal” orientation (yellow crystal form, PDB code 4GWE). Atom and map
colors are the same as those as in Figure 3C.
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Figure 4. Trp 116 Ile OYE 1 structures. (A) The X-ray structure from crystals soaked with (R)-carvone showed no identifiable active site electron
density apart from a sphere that could be modeled as chloride (PDB code 4H6K). Atom colors are the same as those as in Figure 3C. The gray mesh
represents the 2mFo-DFc map contoured at the 1.0 o level for key protein residues while the red mesh depicts the mFo-DFc omit map at the 3
contour level for the ligand. The side-chains of Phe 296 and Tyr 375 were found in multiple conformations, and the best fits to the observed electron
density are shown. (B) X-ray structure of (S)-carvone-soaked crystals (PDB code 4GE8). Atom and map colors are the same as those in panel A.
The major conformation of Ile 116 showed a 180° y; rotation from its orientation in the chloride complex, and at least two conformers were
observed in the crystal structure. By contrast, the side-chains of Phe 296 and Tyr 375 were well-defined.
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Figure S. Structures of Trp 116 Ala OYE 1 soaked with (S)-carvone and (+)-dihydrocarvone. (A) Complex with phenol 7 in the “flipped”
orientation formed after soaking for an extended time with (S)-carvone (PDB code 4GBU). Atom colors are the same as those in Figure 3C. The
gray mesh represents the 2mFo-DFc map contoured at the 1.2 ¢ level for key protein residues while the red mesh depicts the mFo-DFc omit map at
the 3 & contour level for the ligand. The inset shows the ligand electron density whose shape is consistent with oxidation product 7. (B) Complex
with (R)-carvone observed after overnight soaking with (+)-dihydrocarvone (PDB code 4K7V). Atom and map colors are the same as those in panel
A. The inset shows the ligand electron density whose shape is consistent with (R)-carvone 4.

the experimental electron density maps, and the ligand was
bound in the active site approximately parallel to the
isoalloxazine ring of the FMN. As in the previous structure,
the ligand was found in the “normal” binding mode and the
positions of bound phenol 7 and (R)-carvone 4 were very
similar. The ring carbons of 4 also superimposed well on those
of p-hydroxybenzaldehyde complexed to wild-type OYE 1."°
The carbonyl oxygen of 4 was ideally positioned to form
hydrogen bonds with both Ne2 of His 191 and N62 of Asn 194.
Its isopropenyl group pointed away from the side chain of Leu
116 and made contacts with the side-chains of Phe 250, Pro
295, and Phe 296. The side chain of the latter showed the
largest movement to accommodate the ligand, rotating nearly
90° around y, along with a 0.35 A backbone movement. Minor
adjustments were also observed in the side-chain positions of
Phe 250 and Tyr 375, with the latter occupying multiple
conformations. The C, methyl group of 4 appeared to make
hydrophobic contacts with Cé1 and C62 of Leu 116.

The distance and angle from the FMN Ny atom and the
plane of the isoalloxazine ring (3.75 A and 10S°, respectively)
suggests that this complex mimics the catalytically productive
Michaelis complex in the “normal” binding orientation. Two
changes in protein structure were apparent when the (R)-
carvone 4 and phenol 7 complexes were compared. First, the
electron density for the side-chain of Phe 296 was weak in the
presence of 4, and it was clear that several conformations were
present in the ensemble of protein molecules within the crystal
(Figure 3D). Second, both the backbone and the side-chain of
Tyr 375 were also found in at least two conformations. These
observations suggest that additional changes at positions 296
and 375 that create additional space for substrate binding might
yield even more catalytically efficient OYE 1 variants. The close
approach of the isopropenyl group to the above-mentioned
protein residues may also explain why we were unable to
observe a complex with (S)-carvone despite numerous soaking
attempts. While the isopropenyl side-chains occupy similar
locations in the two carvone enantiomers, their exact locations
differ slightly, and in cases where they are nearly in van der
Waals contact with protein residues, very minor changes in the
location of this moiety may have significant impacts.
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Trp 116 lle Mutant. Soaking this mutant with (R)-carvone
failed to yield active site electron density that could be assigned
as carvone; instead, only chloride ion was found (Figure 4A,
PDB code 4H6K). This high-resolution structure (1.55 A)
showed very well-defined electron density for all atoms of the
Ile 116 side-chain (Figure 4A), while the side-chains of Phe 296
and Tyr 375 showed indications of disorder, with weak electron
density and high B-factors. As anticipated, this substitution
created a much larger pocket on the “eastern” side of the OYE
1 active site just below Tyr 196.

The addition of (S)-carvone to these crystals yielded a
pseudo-Michaelis complex that demonstrated directly—for the
first time—that carvone could be accommodated in the active
site of S. pastorianus OYE 1 in a “flipped” orientation. (Figure
4B, PDB code 4GE8). The side-chain of Tyr 196 moved
significantly to bind the substrate, exhibiting a y, rotation of 80°
and a slight backbone shift. These shifts would favor Tyr 196-
mediated proton transfer to the a-carbon of an enol(ate)
intermediate. (S)-Carvone was stacked above the FMN
cofactor with its carbonyl oxygen atom positioned to form
hydrogen bonds with both Ne2 of His 191 and N52 of Asn 194.
Its isopropenyl group occupied a hydrophobic pocket directly
above Thr 37 and made hydrophobic contacts with the side
chain of the Ile introduced at position 116. The side-chains of
Phe 296 and Tyr 375 showed well-defined electron density, in
contrast to this region in the uncomplexed enzyme. The
distance and angle from Ny of the plane of the FMN (3.70 A
and 89°, respectively) were within the range of values
expected'” for catalytically relevant complex.

Interestingly, the side-chain of Ile 116 was no longer well-
defined at the methyl terminus in this pseudo-Michaelis
complex; rather, two different conformations were observed
at the point of closest approach to the bound substrate (Figure
4B). In one (occupancy ca. 0.45), the side-chain showed a 180°
rotation about y; to avoid clash with the isopropenyl side-chain
of (S)-carvone. The other Ile 116 conformer (occupancy ca.
0.55) matched that observed in the chloride complex described
above. This behavior suggests that there may be some steric
interference between the substrate and the residue at position
116, even in a variant that allows the substrate to bind in the
“flipped” orientation. The almost-too-close approach between
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the side-chain of Ile at position 116 and the isopropenyl moiety
of the substrate may also explain why the same mutant was
unable to bind (R)-carvone in an analogous “flipped”
orientation. As noted above, the side-chains of these substrate
enantiomers occupy similar, but not identical, spatial positions.

Trp 116 Ala Mutant. Based on the reduction products, we
deduced that the Trp 116 Ala mutant must have bound both
(S)- and (R)-carvone primarily in “flipped” orientations. These
predictions were borne out by the results of soaking
experiments, which yielded electron density maps that were
only consistent with the expected ligand binding orientation
(Figure S). Unfortunately, the high dismutation activity of this
OYE 1 variant toward both carvone enantiomers meant that
only phenol 7 could be observed in the crystals, even after
relatively short soaking times (Figure SA, PDB code 4GBU*).
The position of phenol 7 in both complexes was very similar to
that observed for the (S)-carvone/Trp 116 Ile variant and also
close to that observed for the Val structures (vide infra),
although C; of the ligand was shifted by 0.64 A to make contact
with the Cy atom of the Ala at position 116.

Soaking crystals of the Trp 116 Ala mutant with
(+)-dihydrocarvone 5 overnight at 4 °C yielded active site
electron density best fit by (R)-carvone 4 in the flipped
orientation (Figure SB, PDB code 4K7V). Attempts to fit the
ligand electron density with fully dismutated product 7 or
(+)-dihydrocarvone yielded much poorer results (data not
shown). One possible route to the crystallographically observed
complex is summarized in Scheme 3. Trans-elimination of H,
from § would most logically occur from a binding arrangement
in which the substrate’s ring atoms matched those of the phenol
inhibitor, thereby yielding reduced cofactor and (R)-carvone
within the active site in the “normal” orientation. From this
complex, the FMNH, can either transfer a pair of electrons to
the alkene (back-reaction to reform $) or reduce a different
acceptor (likely O,) in an essentially irreversible step. This
would leave an oxidized substrate in the active site with an
oxidized cofactor. In the absence of an external reductant, this
dead-end complex then isomerized to the favored “flipped”
binding orientation to yield the crystallographically observed
complex.”” One puzzling observation is that little or no further
dismutation of (R)-carvone to phenol 7 was observed in the
crystal structure, despite the demonstrated ability of this mutant
to catalyze this reaction when (R)-carvone was the starting
substrate. It is possible that the enzyme had insufficient time to
carry out the second dismutation step prior to flash cooling.

Regardless of the precise mechanism by which the “flipped”
(R)-carvone complex with the Trp 116 Ala mutant was formed,
this structure provided valuable information. The initial
dehydrogenation step most likely involved the “normal”
substrate binding mode, clearly demonstrating that this mutant
is capable of interacting with substrate in this manner (Scheme
3). That the final, crystallographically observed (R)-carvone
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complex involved the “flipped” orientation showed that this
arrangement is energetically preferred even when the
alternative is accessible. This led us to hypothesize that OYE
1 intrinsically prefers to bind carvone in the “flipped”
orientation and only when this arrangement is sterically
precluded by an amino acid side-chain at position 116 is the
“normal” binding orientation utilized. This notion was further
supported by studies of the Trp 116 Val mutant.

Trp 116 Val Mutant. Like the Ala variant, Val substitution at
position 116 resulted in carvone reduction products presumed
to arise from the “flipped” substrate binding orientation.
Crystals of the Trp 116 Val mutant were soaked with both (R)-
and (S)-carvone, and complete data sets were collected for both
experiments (PDB codes 4K8E and 4HA4I, respectively). In
both cases, carvone oxidation product 7 was found in the active
site, and as expected, both structures were essentially identical.
The isopropenyl group of 7 made hydrophobic contacts with
both Cyl and Cy2 of the Val at position 116 and the phenolic
oxygen made short (2.71 and 2.77 A) and well aligned
hydrogen bonds with Ne2 of His 191 and No2 of Asn 194
(data not shown).

Soaking the Trp 116 Val mutant with (+)-dihydrocarvone §
yielded electron density that could be partially accounted for by
(R)-carvone in the “flipped” binding orientation (PDB code
4K8H). This ligand likely arises by the same mechanism as
described above for the Ala case (Scheme 3) and further
demonstrates that even when both ligand binding orientations
are accessible, OYE 1 prefers the “flipped” arrangement. In the
case of the Val variant, however, it appeared that the crystals
contained a mixed population of ligand with both (R)-carvone
and phenol 7 present.

Trp 116 Thr Mutant. The Thr mutant was chosen for
additional study because this residue is nearly isosteric with Val
(though very different in polarity). Our hypothesis was that if
substrate binding orientation was controlled solely by steric
factors, the Thr and Val variants should show similar properties.
This was not observed. Substituting Thr for Trp 116 was highly
detrimental for the catalytic efficiency of OYE 1, and this
mutant showed essentially no conversion for (R)-carvone and
relatively poor conversion of (S)-carvone (with reversed
stereoselectivity; Figure 1).

We soaked crystals of the Thr variant individually with (S)-
and (R)-carvone as well as (+)-dihydrocarvone and collected
complete, high-resolution data sets for all three experiments. In
all cases, no active site electron density beyond that of chloride
(the “default” ligand always found in nonsoaked crystals of
OYE 1) was observed. The highest resolution structure (1.2 A)
was derived from soaking with (R)-carvone (PDB code
4K7Y).*® Surprisingly, the side-chain of Asn 194 appeared to
occupy at least two different conformations in this structure
with an approximate occupancy of 65: 35. To the best of our
knowledge, this phenomenon has not been observed in any
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Figure 6. Structure of Trp 116 Thr OYE 1. The gray mesh shows the
2mFo-DFc electron density map contoured at the 1.2 ¢ level for key
protein residues. The red mesh shows the omit mFo-DFc maps at the
3 o level for the ligand. Protein residues are colored in cyan, FMN in
yellow, and the waters are shown as red spheres.

Figure 7. Structure of Trp 116 Gln OYE 1 complexed with (R)-
carvone. The gray mesh shows the 2mFo-DFc electron density map
contoured at the 1.2 ¢ level for key protein residues, and the red mesh
shows the omit mFo-DFc maps at the 3 o level for the ligand. Protein
residues are colored in cyan and FMN in yellow.

other OYE 1 structure (Figure 6).>' While the major conformer
of Asn 194 was identical to that observed previously, the second
placed the side-chain carbonyl above the FMN, occupying the
same space normally filled by a chloride ion in an “empty” OYE
1 structure. Modeling only the two conformations of Asn 194
led to a positive peak in the F, — F. difference map, which
could be eliminated by adding a water molecule ion whose
occupancy mirrored that of the Asn 194 side-chain in its usual
conformation. It is possible to model a hydrogen bond network
between the side-chain of Thr 116, WAT 723 and the side-
chain of Asn 194 (in the second conformation), and these
favorable interactions may partially explain the observed
structural changes (Figure 6). It should be noted that locating
the side-chain of Asn 194 directly above the FMN would
preclude substrate binding, and this may be the reason that this
Trp 116 variant showed poor catalytic efficiency.

Trp 116 GIn Mutant. The final mutant selected for structural
studies was the Trp 116 Gln variant since this protein showed
good catalytic activity toward both (R)- and (S)-carvone with
altered stereoselectivity for the latter (Figure 1). In this regard,
its properties closely resemble that of the Ile mutant. We were
unable to determine a carvone oxidation activity for the Gln
mutant, either because it was unable to catalyze the reaction or
it was unable to form a stable charge-transfer complex carvone
oxidation product 7 under our experimental conditions

Attempts to observe (S)-carvone within the active site of the
Trp 116 GIn mutant by soaking with neat ligand were
unsuccessful and the active site electron density observed
corresponded to a chloride ion. Soaking experiments with (R)-
carvone did afford a complex; however, there were several
unusual features (PDB code 3TXZ). Based on the stereo-
chemistry of its reduction, we anticipated a “normal” substrate
binding orientation similar to that seen for the wild-type and
Leu variant. Instead, the substrate was observed in a “flipped”
orientation, which would lead to the opposite stereoisomer
(Figure 7).

Several features of this “flipped” complex argue that it does
not represent a catalytically productive arrangement. First, the
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distances between the substrate’s carbonyl oxygen and Ne2 of
His 191 and N&2 of Asn 194 were 3.7 and 4.6 A, respectively.
Such distances preclude hydrogen bonds, which are known to
be essential for catalytic turnover by OYE 1.** An analogous
binding mode for phenols, lacking these hydrogen bonds,
would also be consistent with our inability to observe a charge-
transfer complex in dismutation studies of the Gln mutant. In
wild-type OYE 1, a hydrogen bond between the phenol oxygen
and the side-chain of His 191 stabilizes the former in its
electron-rich anionic form, allowing a charge-transfer complex
with the electron-deficient FMN.>> By mutating His 191,
Massey demonstrated that loss of this hydrogen bond
eliminated charge-transfer complex formation; in our case, it
is ligand repositioning that eliminates the interaction.

The geometric relationship between bound (R)-carvone and
the FMN cofactor also argues against the catalytic relevance of
the observed complex. In particular, the angle formed between
Cp of carvone and the plane of the FMN is 66.5°, well outside
the range observed by Fraaije in his survey of flavoproteins
bound to their respective substrates and/or products,'” strongly
suggesting that hydride transfer would be impossible from such
a geometry. Interestingly, the carbonyl of (R)-carvone is
positioned between the side-chains of His 191 and Gln 116,
reminiscent of its normal location between His 191 and Asn
194.

Understanding Stereocontrol by OYE 1. Our goals in
this study were to uncover general principles by which the
orientation of substrate binding was controlled in enzymes of
the OYE superfamily and also to generate proteins that
selectively provided synthetic access to all four possible carvone
reduction products. Given the hydrophobic character of
carvone (and most other alkene reductase substrates of
synthetic interest), we hypothesized that substrate binding
orientation would be controlled largely by steric factors.
Consistent with this notion, the OYE 1 active site is largely
composed of uncharged amino acid side-chains.

Our crystallographic studies provided experimental data for
all four possible types of OYE 1/ligand complexes: carvone
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bound in the “normal” orientation, carvone oxidation product 7
in the “normal” orientation, carvone bound in the “flipped”
mode, and phenol 7 in the “flipped” mode. To obtain an
unbiased, comparative view of substrate binding, all of these
structures were superimposed using only the FMN moieties
(Figure 8A). With a few exceptions noted above, protein
residues for all structures occupied essentially the same
locations in the overlaid structures. Regardless of the ligand
oxidation state or binding orientation, all ligands placed their
oxygen atoms at a common point that lies within hydrogen
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Figure 8. The influence of steric interactions on “flipped” substrate
binding by wild-type and Trp 116 OYE 1 variants. (A) Overlay of
ligand positions determined from X-ray crystallography studies.
Structures of OYE 1 variants with the carvone oxidation product 7
in the “normal” binding mode (Trp 116 Leu, PDB code 4GXM, blue),
phenol 7 in the “flipped” binding mode (Trp 116 Val, PDB code 4H4],
green), (R)-carvone in the “normal” binding mode (Trp 116 Leu, PDB
code 4GWE, pink), and (S)-carvone in the “flipped” binding mode
(Trp 116 Ile, PDB code 4GE8, purple) were overlaid using the FMN
coordinates. In all cases, the oxygen atoms lay in essentially identical
positions, where they could interact with the side-chains of His 191
and Asn 194. The distance from the central carbon of the side-chain
propenyl carbon to the closest atom of the side-chain at position 116 is
indicated schematically. (B) Correlation between substrate/protein
distance and carvone binding in the “flipped” orientation. Distances
between the bound substrate and the side-chain at position 116 were
determined as described in the text and plotted against the percentage
of product arising from the “flipped” substrate binding orientation for

both (S)- (@) and (R)-carvone (H).
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bonding distance of His 191 and Asn 194. This convergence
reinforces the notion that this interaction is highly important to
ligand binding.*’

Interestingly, whether the ligand was aromatic or non-
aromatic, the positions of the branchpoint carbons of the side-
chains (Cg) were essentially identical (Figure 8A). While the
positions of these atoms were well-defined, the terminal methyl
and methylene moieties (C, and Cjo, respectively) likely
occupied a range of locations because of facile rotation around
the Cs-Cg bond at noncryogenic temperatures. We attempted to
correlate the results of catalytic assays, particularly the extents
of carvone oxidation and the propensity for substrate binding in
the “flipped” orientation prior to alkene reduction, with a
variety molecular distances and angles obtained from the
aggregated crystal structures. The most informative comparison
turned out to be the distances between the ligand Cgz atom and
the closest atom of the side-chain at position 116.** For Trp
116 variants that bound 7 in the “flipped” orientation (Ala and
Val), these distances could be measured directly from the X-ray
structures. In cases where protein crystal structures were
known, but no “flipped” ligand complexes had been observed
experimentally (wild-type, Ile and Gln), phenol 7 was modeled
into the active sites based on the structural alignment in Figure
8A. Finally, for those Trp 116 variants lacking crystal structure
data (Asn, Met, Phe, and Tyr), both the altered side-chain and
the phenol 7 in the “flipped” binding orientation were modeled.

We found a good correlation between the interatomic
distances separating 7 and the closest atom of the position 116
side-chain and the fraction of carvone reduction product
derived from the “flipped” binding orientation (Figure 8B). The
relationship was consistent for (S)-carvone: if the ligand/
protein distance was less than about 3.7 A, the enzyme was
unable to bind this substrate productively in the “flipped”
orientation. Given the C-C bond distances between Cg, C,, and
Cyo and the angular rotation of the side-chain, this critical
distance likely reflects complexes that would have had ligand/
protein complex distances below the van der Waals contact
limits. This is consistent with the notion that control of
substrate binding orientation is largely steric in origin.

Three Trp 116 variants showed significant deviations from
the predicted behavior for (R)-carvone (Asn, Ile, and Met); in
each case, additional factors likely contribute. Our crystallo-
graphic studies of the Trp 116 Gln mutant revealed that this
side-chain provoked an unusual substrate binding mode, and it
is possible that the Asn side-chain caused similar perturbations.
In the case of the Ile variant, binding of (S)-carvone caused
partial repositioning of the isobutyryl side-chain to accom-
modate the substrate and some disorder was apparent in this
residue. These observations suggest that the mutant only
reluctantly allows (S)-carvone binding in the “flipped”
orientation, and that the steric interactions are close to
unallowable in this case. Subtle differences in side-chain
positions between (S)- and (R)-carvone would be expected
from the difference in cyclohexene ring half-chair conforma-
tions preferred by the two substrate enantiomers. These small
differences were erased in the modeled complex with phenol 7
used to construct the relationship in Figure 8A. Finally, the
orientation(s) of the Met side-chain at position 116 are highly
uncertain because of the numerous accessible y values for this
residue, which lead to significant uncertainties in predicting the
appropriate distance between this side-chain and the Cg atom of
phenol 7.
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The most striking conclusion from this work is that OYE 1’s
preferred binding mode for carvone is actually the “flipped”
orientation. Only when this arrangement is sterically forbidden
does the enzyme accept the alternative, “normal” binding mode.
While the term “normal” was chosen because it describes the
behavior of the wild-type enzyme, our data show that this
substrate binding arrangement is actually less preferred.
Replacing Trp with smaller residues such as Ala or Val created
additional volume on one side of the active site, but the
opposite side remained the same as in the wild-type. Both
variants should therefore have had sufficient space to bind the
substrate in either orientation, and the in crystallo oxidation of
(+)-dihydrocarvone strongly supports this contention. Thus, if
both orientations were sterically accessible, why was only one
strongly preferred? Our crystallographic studies have provided
one possible explanation. When carvone is bound in the
“normal” orientation, its isopropenyl side-chain projects into a
pocket partially defined by the side-chains of Phe 250, Phe 296,
and Tyr 375 (Figure 3D). The structure of the Trp 116 Leu
variant complexed with (R)-carvone showed that the side-
chains of both Phe 296 and Tyr 375 had to move from their
preferred positions in the apoprotein to accommodate the
substrate. By contrast, in the “flipped” substrate binding
orientation, the side-chain of carvone projects into a pocket
lined entirely by hydrophobic protein residues,® none of which
show significant reorientation upon substrate binding (Figure
SB). The better match between the hydrophobic side-chain of
carvone and the newly created binding pocket on the “eastern”
side of the active site is a second reason that the enzyme might
prefer the “flipped” binding orientation. From this perspective,
the “normal” substrate binding mode for carvone is forced upon
wild-type and some OYE 1 variants as the only way to avoid
steric overlap between the substrate side-chain and the residue
at position 116, despite being disfavored by the need to reorient
Phe 296 and Tyr 375. In the case of wild-type OYE 1, the sheer
size of the indole ring overrides all other considerations.
Substituting smaller groups for this side-chain unmasks the
enzyme’s intrinsic preference for the alternative substrate
binding mode. The active site surfaces of the wild-type and
the Trp 116 Val variant illustrate these differences in binding
pockets clearly (Figure 9). The indole ring of Trp 116 acts as a
“gate” that blocks access to one side of the active site; once the
blockade has been lifted, a hydrophobic pocket that can
accommodate larger substrates becomes accessible. Moreover,
given the high sequence and structural homology between OYE
family members, it is unlikely that the phenomena uncovered
here are confined to the S. pastorianus enzyme, and similar
approaches may also yield useful variants of other enzymes in
the alkene reductase family of biocatalysts.

B EXPERIMENTAL SECTION

Carvone Reductions. Wild-type and OYE 1 variants with
all possible amino acids at position 116 were overexpressed as
fusion proteins with glutathione S-transferase in E. coli and
purified by affinity chromatography as described previously.'®
Screening reactions (300 pL total volume) were carried out in
50 mM KP;, pH 7.5 containing 200 mM glucose, 25 U/mL
GDH102 (BioCatalytics), 0.3 mM NADP*, 10 mM carvone,
and approximately 100 pg of purified GST-fusion protein.
Reactions were shaken at room temperature for 16 h, then
extracted with 500 yL of EtOAc. After brief centrifugation,
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Figure 9. Active site surfaces. (A) (R)-carvone modeled (green) in the
“flipped” binding orientation within the active site of wild-type OYE 1.
The ligand position was based on experimental data from the Ala and
Val variants and preserves the hydrogen bond between the carbonyl
oxygen and the side-chains of His 191 and Asn 194. The interior active
site surface (calculated with a probe sphere of 1.4 A radius) is shown
semitransparently, and the entrance to the active site is indicated by an
arrow. The side-chain of Trp 116 lies on the right side of the active site
and precludes this modeled “flipped” substrate binding orientation.
(B) Active site surface of the Trp 116 Val OYE 1 with bound (R)-
carvone 4 (green) (PDB code 4K8H). The interior active site surface
(calculated with a probe sphere of 1.4 A radius) is shown
semitransparently, and the entrance to the active site is indicated by
an arrow. A hydrophobic pocket that can accommodate the
isopropenyl side-chain of 4 is highlighted.

aliquots of the organic layer (300 uL) were removed and
analyzed by GC/MS (EI at 70 eV) using a 0.25 mm X 30 m
DB-17 column with an initial temperature of 90 °C followed
immediately by a 10 °C/min increase to 130 °C, a 2 °C/min
increase to 150 °C, and a final increase of 20 °C/min to 250 °C
(maintained for S min). Typical retention times were 7.23 min
for the trans-(2R,SR) and -(25,5S) reduction products, 7.62 min
for the cis-(2S,5R) and -(2R,SS) reduction products and 8.84
min for the substrates.

Carvone Oxidations. Purified OYE 1 Trp 116 variants
were diluted to about 15 M in 100 mM KP,, pH 8.0 and a final
volume of 250 pL. The actual enzyme concentration used in
each assay was calculated spectrophotometrically using FMN
absorbance (¢*? = 11,700 M~' cm™)** and initial values for
A*2 A8 and A% were recorded. Substrate (either (R)- or
(S)-carvone) was added to a final concentration of 2 mM (from
a 100 mM stock solution in EtOH). The mixtures were gently
agitated at room temperature in a rotatory apparatus in sealed
microcentrifuge tubes. After 24 h, the tubes were centrifuged
for 2 min at room temperature, and UV—vis spectra were
collected to provide final values for A% A% and ASP In
separate experiments, each variant was incubated for 2 min with
3 mM p-chlorophenol, then centrifuged and analyzed by UV—
vis spectroscopy in the same manner as described above.

All values of A*? and A%*® were corrected for small baseline
variations by subtracting the A**® obtained for that spectrum.
Data from incubations with p-chlorophenol were treated
similarly. The initial A*?/A®® ratio reflected the optical
properties of an OYE 1 with no phenol bound and the
corrected final A*?/A%*® ratio observed in the presence of
excess p-chlorophenol provided the optical properties of the
fully phenol-complexed protein. The fractional saturation of
phenol binding derived from carvone oxidations after 24 h were
calculated for the wild-type and selected mutant proteins using
eq L.
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Mutagenesis and Protein Isolation for Crystallogra-
phy. Prior to crystallization studies, Trp 116 mutations were
introduced into an overexpression plasmid for native OYE 1
(pET3b-OYE, a generous gift from Dr. Betty Jo Brown,
University of Michigan)36 using previously described meth-
ods."> Wild-type and Trp 116 mutant OYE 1 variants were
purified by affinity chromatography®" followed by gel filtration
(Superdex 200) as reported earlier.'®

Crystallogenesis and Data Collection. Crystals were
obtained using a hanging drop vapor diffusion method at 4 °C.
The protein concentrations were approximately 40 mg/mL in
50 mM Tris-HCl, 50 mM NaCl, 10 uM PMSF, pH 7.5 and the
reservoir solution contained 35% PEG 400, 200 mM MgCl,,
100 mM HEPES, pH 8.3. For crystal growth, equal volumes
(ca. S uL) of the protein stock and reservoir solution were
mixed and applied to a silanized glass coverslip. Crystals grew as
yellow tetragonal rods and were typically observed initially after
5—7 days with continued growth over the next 7—14 days.
Those chosen for data collection measured approximately 180
um X 180 yum X 600 pm and diffracted to 2.0—1.3 A resolution.
For substrate soaking experiments, crystals were soaked in
mother liquor containing saturated solutions of ligand for
varying periods of time at 4 °C. Data collection was performed
under cryogenic conditions at 100 K at Brookhaven National
Laboratory beamlines X6A, X2S5, or X26C. Crystals were
mounted on nylon loops and plunged into liquid nitrogen prior
to data collection. When possible, resolution limits were set
based on the signal-to-noise ratio in the highest resolution shell.
In some cases, for example, 4GWE, physical limitations of the
detection apparatus precluded a location sufficiently close to
avoid data being lost beyond the edge of the detector, and the
resolution limit was therefore governed by the physical position
and dimensions of the detector.

In Crystallo UV—vis Spectroscopy. Data were collected at
National Synchrotron Light Source (NSLS) X26C beamline in
Brookhaven, NY. This beamline is equipped with a micro-
spectrophotometer (350—800 nm) with an approximately 25
um diameter optical focal point focused on the crystal rotation
axis. The source objective that focuses the light from a 75 W Xe
arc lamp onto the sample is mounted above the sample,
allowing absorption spectra to be collected from protein
crystals in conjunction with X-ray diffraction data. For
concurrent spectroscopy collection, the crystal was oriented
with its flat face normal to the spectroscopy photons. Spectra
were measured at 5° intervals over a 360° rotation, and the
characteristic spectral peaks determined for OYE 1 in solution
(384 and 462 nm) were analyzed with respect to the crystal
orientation. Electronic absorption and X-ray diffraction data
collection were integrated into the data collection software
(CBASS). For example, during the X-ray detector readout, the
crystal was rotated to the optimal crystal orientation angle, a
spectrum was collected, and the crystal was returned to the
correct orientation for X-ray data collection. Thus, all spectra
collected for a particular crystal were from the same orientation
of the crystal. We did not attempt to estimate the absorbed X-
ray dose since no substantial changes were detected in the UV—
vis spectral region of interest. Additionally, no significant

corrected A/ A%*¥(0 h)
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deterioration was noticed in the X-ray diffraction data
throughout the experiment.

Structure Solution. X-ray data sets were processed using
HKL2000*” or iMOSFLM.*® Structures were solved by
molecular replacement using AUTOMR in the PHENIX
suite.>’ The search used a high resolution structure of OYE 1
(PDB codes 10YB'® or 3RND") devoid of water molecules
and any ligands; in addition, residue 116 was initially modeled
as an alanine. Inspection of the electron density maps was
followed by manual rebuilding, addition of ordered waters, and
refinement of each model’s coordinates and temperature factors
against the X-ray data. During refinement, inspection of the
calculated 2F, — F. and the F, — F, difference map showed
clear positive electron density for the side chain of residue at
position 116 and for bound ligands above the isoalloxazine
moiety of the bound FMN cofactor. This allowed for building
of the correct residue 116 side chains and unambiguous
placement of the nonprotein ligands. This process was
performed iteratively until residual errors R, and Rg..
converged.

Modeling of OYE 1/Phenol 7 Complexes Not
Observed Experimentally. The coordinates for phenol 7
were modeled into the active sites of the wild-type, Asn, Gln,
Met, Phe, Pro, and Tyr OYE 1 variants in a “flipped”
orientation. The altered side-chains at position 116 were
generated manually using COOT,* and their initial positions
were selected based on the likelihood of observing a particular
rotamer and when possible, similarity to a side-chain in an
existing crystal structure model, for example, the side-chain of
Phe was placed similarly to that of Trp.

The location of phenol 7 within the active site was
constrained by hydrogen bond interactions with the Ne, and
N&, atoms of His 191 and Asn 194, respectively, and also by
distances from the FMN isoalloxazine ring and the side-chain of
distance to the proton donor, Tyr 196. Using this information
and the ligand positions observed experimentally in the crystal
structures of the Ala and Val mutants, phenol 7 was manually
placed into the active sites of the modeled OYE 1 variants. The
resulting enzyme—inhibitor models were subjected to all-atom
geometry optimization/energy minimization using RE-
FMACS*" prior to manual inspection. Complexes in which
the phenolic oxygen moved by >0.20 A were discarded since
they would likely represent unproductive complexes. This was
the case for both the wild-type and the Trp 116 Tyr variant, so
simple least-squares superposition was used to estimate steric
clashes. Finally, the modeled Trp 116 Pro variant was not used
in this analysis since all attempts to employ energy
minimization failed. This may be due to backbone rearrange-
ments that might be provoked by this substitution.**
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