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Abstract

Designed retroaldolases have utilized a nucleophilic lysine to promote carbon—carbon bond cleavage of
B-hydroxy-ketones via a covalent Schiff base intermediate. Previous computational designs have incorporated a
water molecule to facilitate formation and breakdown of the carbinolamine intermediate to give the Schiff base and
to function as a general acid/base. Here we investigate an alternative active-site design in which the catalytic water
molecule was replaced by the side chain of a glutamic acid. Five out of seven designs expressed solubly and
exhibited catalytic efficiencies similar to previously designed retroaldolases for the conversion of 4-hydro-
xy-4-(6-methoxy-2-naphthyl)-2-butanone to 6-methoxy-2-naphthaldehyde and acetone. After one round of
site-directed saturation muta%enesis, improved variants of the two best designs, RA114 and RA117, exhibited
among the highest kso: (>107° s~") and ke K (11-25 M~ s~") values observed for retroaldolase designs prior
to comprehensive directed evolution. In both cases, the >10°-fold rate accelerations that were achieved are within
1-3 orders of magnitude of the rate enhancements reported for the best catalysts for related reactions, including
catalytic antibodies (kear'kuncat = 10° to 108) and an extensively evolved computational design (ksakuncat > 107).
The catalytic sites, revealed by X-ray structures of optimized versions of the two active designs, are in close
agreement with the design models except for the catalytic lysine in RA114. We further improved the variants by
computational remodeling of the loops and yeast display selection for reactivity of the catalytic lysine with a
diketone probe, obtaining an additional order of magnitude enhancement in activity with both approaches.

© 2013 Published by Elsevier Ltd.

Introduction

Computational enzyme design has been used to
create catalysts for a wide range of reactions [1-5],
but considerable challenges remain in both increas-
ing the fraction of designs that have activity and
increasing the overall level of activity. The in silico
design process proceeds in three stages: (i) con-

0022-2836/$ - see front matter © 2013 Published by Elsevier Ltd.

struction of an idealized active-site description, or
theozyme; (ii) placement of the theozyme in a
suitable protein scaffold; and (iii) optimization of the
surrounding sequence for transition-state binding.
Choosing an appropriate theozyme is critical as the
catalytic mechanism and the chemical composition
of the catalytic residues and their interactions with
the transition state must be decided upon. Each
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Fig. 1. Catalysis of the retroaldol reaction. A reactive lysine accelerates the cleavage of 4-hydroxy-4-(6-methox-
y-2-naphthyl)-2-butanone (methodol) by forming protonated Schiff base intermediates. 6-Methoxy-2-naphthaldehyde and
acetone are the final products. A glutamic acid and a serine are examples of potential catalytic residues that could activate
the substrate and stabilize transition states and intermediates along the multistep reaction pathway through

hydrogen-bonding interactions and acid/base chemistry.

different theozyme represents a hypothesis about
how catalysis can be achieved, which can be
evaluated using quantum mechanical calculations
[6] and ultimately by the experimentally observed
activity of the designed enzymes.

Multistep retroaldol reactions, which are subject to
amine catalysis, were among the first transformations
tackled by computational design [2,7]. Catalysis is
initiated by attack of a reactive lysine on the carbonyl
group of the B-hydroxy-ketone substrate to form a
tetrahedral carbinolamine intermediate that subse-
quently breaks down to give a protonated Schiff base.
The latter serves as an electron sink, facilitating
cleavage of the adjacent carbon—carbon bond to
generate an aldehyde and an enamine. Protonation
and hydrolysis of the enamine leads finally to release
of acetone and regeneration of the enzyme. This
mechanism, which is exploited by natural type |
aldolases [8], has been successfully mimicked by
lysine-rich helical peptides [9—11] and proteins [12],
as well as catalytic antibodies selected against
1,3-diketones [13,14] and [3-keto sulfones [15].

The first computationally designed retroaldolases
were obtained by explicitly modeling the structure of
the carbinolamine intermediate and flanking transition
states, the most sterically demanding species along
the reaction coordinate. These designs also included
an ordered water molecule, bound by two hydrogen-
bonding side chains, to promote carbinol-amine

formation and breakdown. It was envisaged that the
water would additionally assist proton transfer from
the B-alcohol in the cleavage step. The designed
catalysts exhibited significant retroaldolase activity,
with rate accelerations of up to 4 orders of magnitude
over background [2,7]. Detailed mutagenesis and
structural studies of representative designs have
confirmed the importance of the reactive lysine, but
a significant catalytic role for the explicit water has
not been observed [16]. Although naturally occur-
ring class | aldolases such as D-2-deoxyribose-5-
phosphate aldolase often use a water molecule
for acid/base catalysis, this water is typically oriented
and activated by an extensive network of polar
side chains that is difficult to emulate with current
computational protein design methodologies [17,18].
We speculated that, in the absence of such a
network, amino acid side chains interacting directly
with bound ligands at the designed active sites might
provide better control over the reaction coordinate
than a loosely bound water molecule and thus afford
higher activity.

Here we describe the results of design calculations
in which the explicit water in the earlier theozymes is
replaced by the carboxylic acid side chain of glutamic
or aspartic acid, to function as a general acid/base,
plus a serine or threonine residue, to provide additional
hydrogen-bonding interactions. We also describe
approaches to increase the activity of the designed
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Fig. 2. Computational design of retroaldolases and experimental optimization. (a) Schematic of the theozyme used in
the design calculations. Structure of the RA114 (b) and RA117 (c) computational designs. Broken lines show
hydrogen-bonding interactions with the hydroxyl group of the carbinolamine intermediate. The amino acid substitutions
identified during site-saturation mutagenesis of the active site are shown in yellow in RA114.3 (d) and RA117.1 (e).

catalysts by computational loop remodeling and by
in vitro protein evolution using yeast display with a
mechanism-based inhibitor.

Results

Computational design strategy

As in our previous work [2,7], we focused on amine
catalysis of the retroaldol reaction of 4-hydroxy-4-(6-
methoxy-2-naphthyl)-2-butanone [19] to give 6-meth-

oxy-2-naphthaldehyde and acetone (Fig. 1). However,
the water molecule in the original theozyme was
replaced with the side chains of two amino acids, an
aspartic or glutamic acid plus a serine or threonine,
which can make hydrogen-bonding interactions directly
with the carbinolamine. We hypothesized that such
residues would be better suited for acid/base chemistry
than a loosely bound water molecule. For example,
carboxylic acids are effectively utilized for acid/base
catalysis in aspartyl proteases and glycosidases. The
carboxylic acid side chain of Asp/Glu could promote
several steps in the retroaldolase reaction (Fig. 1),
including (i) formation of the carbinolamine intermediate
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Table 1. Steady-state parameters of the designed
retroaldolases

Design Kcat Kwm Keat/ K KeatKuncat
(s (uM) (M's™)

RA114 3.22 x 107 34 0.095 494

RA115 151 x 107° 1740 0.0087 2320

RA116 1.38 x 107° 1570 0.0088 2110

RA117 2.76 x 107° 473 0.058 4270

RA120 3.63 x 107° 880 0.0041 559

Kinetic assays were performed in 25 mM HEPES buffer (100 mM
NaCl; pH 7.4) at room temperature using 5 uyM enzyme, up to
640 uM substrate and 3% acetonitrile for substrate solubility. The
k.ot and Ky parameters were obtained by fitting initial rates to the
Michaelis—Menten equation. Values for catalysts with
Ku > 640 uM are extrapolations and hence only approximate.
k.ot 2and Ky, are based on initial rates and a single measurement at
each substrate concentration.

For comparison, Kyncat = 6.5 X 1072 s7"; the kear and Ky values of
our previously designed retroaldolases vary from 8 to 150 us™"
and from 210 to 1600 pM, respectively [1,7].

by protonation of the oxyanion, (ii) breakdown of the
carbinolamine with release of water to generate a
protonated Schiff base, (iii) proton abstraction from
the B-hydroxyl group of the intermediate to initiate C-C
bond cleavage, (iv) protonation of the resulting
enamine, and (v) general-base-assisted hydrolysis of
the protonated Schiff base to release acetone and
regenerate the catalyst. This theozyme contrasts with
earlier designs in which the hydrogen-bonding amino
acids tyrosine and histidine—aspartate were built in to
interact with the B-hydroxyl of the retroaldol substrate
rather than with the carbinolamine hydroxyl.

Table 2. Kinetics of representative RA114 variants

Theozymes consisting of the carbinolamine cova-
lently bound to the catalytic lysine and hydrogen
bonded to two amino acids via the hydroxyl group
(Fig. 2a) were constructed as described in Materials
and Methods. In our previous work, we used a
composite transition state consisting of superim-
posed reaction intermediates and transition states.
Here we focus on the carbinolamine intermediate as
a transition-state surrogate because the hydroxyl
group approximates the position of the water
molecule that participates in the reaction (Fig. 1).
RosettaMatch was then used to search for sets of
backbone positions in six protein scaffolds that had
successfully hosted retroaldolase theozymes based
on the ordered water motif [20].

Circa 40,000 Asp/Glu—Ser/Thr matches were
designed. After initial minimization, 2423 matches
had excellent geometry without clashes with the
scaffold backbone. For each of these matches, we
redesigned a sphere of residues close to the ligand
and sampled side-chain rotamers of residues out-
side this shell using the Rosetta enzyme design
methodology [21]. Twenty-two designs were then
selected from this set based on the active-site
geometry, protein—carbinolamine interaction
energy, and the total system energy according to
the Rosetta energy function. They were further
optimized using Foldit [22] by reverting unnecessary
mutations to the amino acids present in the starting
scaffold and by introducing new mutations to
minimize the overall system energy. Seven designs
were subsequently selected for experimental char-
acterization based on (i) hydrophobic packing of the
naphthyl group, (ii) supporting interactions for the
Asp/Glu residue (salt bridges or interactions to

Variant kcat kcat/ KM kcat/ kuncat (kcat/ KM)WT/
(3_1) (“M) (M_1 5_1) (kcat/KM)mut
RA114.1 1.35 x 1072 582 2.32 2.08 x 10° 1
RA114.1-E50A 2.05 x 107 179 1.15 3.16 x 10* 2
RA114.1-K209R 3.35x 107° 1260 0.00 5.16 x 102 869
RA114.1-K209A 9.43 x 107~/ 458 0.00 1.45 x 102 1126
RA114.1-E50A/K209A 1.38 x 107 252 0.01 2.13 x 102 5021
RA114.2 6.83 x 1074 22.6 1.04 x 10° 1
RA114.2-E50A 1.08 x 1072 15.2 1.66 x 10° 15
RA114.2-K209R 4.83 x 1077 155 0.0032 7.54 x 10" 7140
RA114.2-K209A 3.83x 107° 109 0.035 5.93 x 102 639
RA114.2- ES0A/K209A 5.83 x 107° 0.086 8.99 x 102 263
RA114.2-E50S 1.72x 1072 31.8 2.65 x 10° 0.7
RA114.3% (2.63 £ 0.12) x 1073 107 £ 13 24.6 4.04 x 10° —
RA114.4° (2.4 +0.13) x 1073 18 =3 133 3.69 x 10° —

Kinetic assays were performed in 25 mM HEPES buffer (100 mM NaCl; pH 7.4) at room temperature using 5 pM enzyme and up to
320 pM substrate. We used 3% acetonitrile for substrate solubility; k.,; and Ky are based on initial rates and a single measurement at each
substrate concentration. RA114.3 and RA114.4 assay conditions: 0.1 uM enzyme, 2% acetonitrile, and triplicate measurement at each

point.

2 RA114.3 is a RA114.1 variant with the S80F and S180A mutations.

® RA114.4 was generated by loop library screening with RA114.3.
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Table 3. Kinetics of representative RA117 variants

Variant kcat KM kcat/KM kcat/kuncat (kcat/KM)WT/
(3_1) (”M) (M_1 3_1) (kcat/KM)mut

RA117.1 (1.18 £ 0.13) x 1073 113 + 33 11 1.82 x 10° —

RA117.12 1.55 x 1073 390 3.96 2.37 x 10° 1

RA117.1-E50A? 6.50 x 107° 341 0.19 1.00 x 10* 21

RA117.1-K80R? 1.38 x 1o*j 1140 0.012 212 x 10? 329

- a ~

RAy 2 (118 + 0.04) x 10°3 3926 0 782 10° 1

RA117.3° (3.00 + 0.14) x 1072 92 + 13 32 4.62 x 10° —

RA117.49 (21.0 £ 0.72) x 1073 373 +23 56 3.23 x 10° —

Kinetic assays were performed in 25 mM HEPES buffer (100 mM NaCl; pH 7.4) at room temperature using 0.1 yM enzyme, up to 360—
500 pM substrate and 2—4% acetonitrile for substrate solubility. Measured in triplicate at each concentration.

2 Kinetics assay at 5 pM enzyme and up to 320 uM substrate. k., and Ky, are based on initial rates and a single measurement at each
substrate concentration.

P RA117.2 was derived from RA117.1 following loop remodeling.

¢ RA117.3 contains a three-residue WET duplication at residues 183—185 in RA117.1.

9 RA117.4 was obtained after yeast display.

stabilize the negative charge with good packing of
the side chain), and (iii) packing of the lysine side
chain to restrict its movement. Their sequences are
shown in Scheme S1.

Experimental characterization of the designs

The seven selected designs were cloned intoa T7
expression vector and produced in Escherichia coli.
Of these, five expressed as soluble protein at high
levels and all exhibited detectable retroaldolase
activity. This 100% success rate for the soluble
proteins is significantly higher than in previous
enzyme design efforts and likely reflects the use of
scaffolds and lysine positions that had previously
yielded functional retroaldolases. Nevertheless, the
Keat and Ky values of the new enzymes (Table 1) are,
at best, only comparable to the steady-state para-
meters of the earlier designs. In fact, judging from
their k.a/ K values, the chemical efficiency of these
catalysts is 1 order to 2 orders of magnitude lower
than that of the best previously described in silico
designs [2,7]. The catalytic benefit of the new
hydrogen-bonding motif over an explicit water
molecule, if any, thus appears to be small. This
motif could be inherently unproductive or placement
of the additional functional groups may have been
insufficiently accurate to achieve effective catalysis.

For further characterization, we focused on the
designs that had the lowest Ky (RA114), the highest
Keat (RA117), and the least product inhibition
(RA115). All three designs are based on the TIM
barrel protein indole-3-glycerolphosphate synthase
(PDB code 1A53) [2,7]. Active-site scanning [7] was
used to optimize the catalytic efficiency of these
designs. For RA115, the best single mutation yielded
only a 2-fold improvement; thus, this variant was not
further pursued. In contrast, for RA114 and RA117,
which share the same glutamic acid but differ in the

position of the catalytic lysine (Fig. 2b and c), several
sites were readily optimizable. Favorable mutations
were combined to give variants RA114.1, RA114.2,
and RA117.1 that have k../Ku values that are 25,
250, and 66 times larger than that of their corre-
sponding starting design (Tables 2 and 3). RA114.1
contains the substitutions L82S, S109Y, and E230L
(Fig. 2d), whereas RA114.2 combines L82S,
W183F, and E230F; the four mutations in RA117.1
are V111A, L1351, S179E, and S210A (Fig. 2e).

To determine whether the designed lysine and
glutamic acids are important for catalysis, we carried
out knockout studies with the optimized variants
(Tables 2 and 3). Mutation of the catalytic lysine to
alanine or arginine decreased activity more than
600-fold for RA114.1 and RA114.2 and 300-fold for
RA117.1. The E50A mutation in RA117.1 decreased
the catalytic efficiency 20-fold. In contrast, mutation
of glutamic acid to alanine in RA114.1 and RA114.2
only slightly affected activity, suggesting that this
residue is not designed optimally for its intended role
in catalysis; in this case, another nearby glutamic
acid at position 210 may be able to provide the
desired acid/base functionality in the absence of
Glu50 as both residues are within hydrogen-binding
distance of the catalytic lysine in the experimentally
determined structure.

RA114.1 and RA117.1 were subjected to a second
round of active-site optimization. Further improved
versions of RA117.1 were not found, but the activity
of RA114.1 was augmented an additional 12-fold by
the S80F/S180A mutations giving rise to the
RA114.3 variant (Table 2).

Comparison of the designed models to experi-
mental structures

The structures of RA114.3 and RA117.1 were
experimentally determined by X-ray crystallography
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Fig. 3. Structural comparison of design models (green) with their crystal structures (gray). (a) RA114.3 and (b) RA117.1
are compared to the parent 1A53 scaffold, highlighting the amino acid changes in the active site (the catalytic glutamate,
Glu50, has the same identity as in 1A53). (c) RA114.3 and (d) RA117.1 are depicted with the nucleophilic lysine and the
glutamate that interacts with the carbinolamine. In RA114, the lysine is pulled away from the designed position by a bound
phosphate. In RA117, the catalytic residues are close to the designed positions. MD simulations of the RA114.3 (e) and
RA117.1 (f) variants more closely recapitulate the position of the catalytic lysine seen in the crystal structures.

at high resolution (1.6 A and 1.5 A, respectively;
Table S1) and compared to the design models (with
the additional substitutions modeled using Rosetta;
Fig. 3a and b). The overall C* RMSD for RA114.3
compared to the Rosetta model is 0.7 A with an
RMSD of 1.1 A for the three largest loops bracketing
the active site (structures were superimposed over
all possible C® atoms). For RA117.1, the corre-
sponding values are 0.7 A for the overall C* RMSD

and 0.9 A for the loop RMSD. A phosphate molecule
from the crystallization buffer is bound at both active
pockets in the native phosphate-binding site of the
parent scaffold (Fig. 3c and d). .

In the case of RA114.3, there is a 5-A movement
of the e-amino group of the catalytic lysine, Lys209,
compared to the design. The altered rotameric
preference likely results from favorable electrostatic
interactions with the glutamic acid that was
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Fig. 4. Remodeling of active-site loops in RA114.3 and RA117.1. (a) 1A53 scaffold indicating in green the active-site
loops subjected to computational redesign by insertions. (b) X-ray structure of the redesigned phosphate-binding loop in
RA114.4 (yellow; loop 20 in Table 4) compared to the X-ray structure of the RA114.3 parent variant. The new loop
completely abolishes the phosphate interactions with G232 and S233 in RA114.3 (T231-5233 residues in the RA114.4
structure are 1.3—-2.0 A from the RA114.3 phosphate). (c) Retroaldolase velocity versus substrate concentration profiles
for RA114.3 and the improved loop variant RA114.4. (d) Cartoon representation of the modified loops in RA117.2 (yellow;
loops 5 and 7 in Table 4) in comparison to the parent variant RA117.1 (green). (e) Representation of the designed loops in
RA117.2. (f) Comparison of retroaldolase activity of RA117.1 and the loop variant RA117.2.

supposed to function as a general acid/base
(Glu50), another nearby glutamic acid (Glu210),
and the bound phosphate (Fig. 3c). The C°® of Glus0
likewise shifts by 2 A due to the electrostatic interac-
tions with the bound phosphate (doe_phosphate = 2.4 A)
and Lys52 (dog_nz = 2.9 A) In RA117, the side chain
of Lys80 is more deeply buried in the core and better
held in place by surrounding residues, but there still is a
3-A movement of the e-amine toward the surface of the
barrel. The designed glutamic acid, also at position 50,
is close to the designed orientation with a 1-A deviation
of the C® carbon (distance between Glu50 from
the phosphate and Lys52 is dog_phosphate = 4-2 A and
doe_nz = 3.5 A, respectively).

The significant displacements from the models
clearly reflect problems in the design strategy. They
highlight the importance of holding catalytic residues
fixed through extensive interactions with second-
shell residues. To determine the extent to which
these rearrangements could have been anticipated,
we carried out Rosetta side-chain optimization
calculations with a simplified Coulomb potential

and molecular dynamics (MD) simulations. In MD
trajectories starting from RA114.3 (Rosetta model
with a bound phosphate), the amino group of the
catalytic lysine moved toward its position in the
expenmental structure with an average distance of

1.6 + 0.3 A (calculated over eight MD models; each
model was averaged over the last 200 ps of the MD
trajectory; Fig. 3e). This is clearly a better prediction
than the initial designed position, which was 5 A
away. In RA117.1, the MD simulations also recapl-
tulated the position of the catalytic lysine in the
crystal structure (0.6 = 0.3 A; Fig. 3f). The position
of Glu50 did not change substantially in either MD
simulation.

The mutations found during optimization of RA114
and RA117 are distributed throughout the respective
active sites (Fig. 2d and e). In RA114.3, four of the
five mutations (L82S, S109Y, E230L, and S80F) may
influence the conformation of the catalytic residues
and restrict their flexibility (S109 was designed to
interact with the carbinolamine). The fifth targeted
residue, S180A, points away from the active site and
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Table 4. RA114 and RA117 computational loop modifications tested experimentally

RA117.1 RA114.3

Sequence 2 LOOP/WTP Sequence 2 LOOP/WTP
wT LEINK (186-190) wT LIGSS (230-234)
1 LTDNKK 1 + 13 SHASSA 1 +
2 LTSKKK 1 + 14 SISSHK 1 +
3 YNGVYNT 2 + 15 AADASA 1 +
4 LKIGKTR 2 + 16 AISGSSK 2 +
5 WTITNTNK 3 ++ 17 AISSSLKG 3 +
6 AWKNKYKVTK 5 + WT GISE (211-214)
WT IAGI (209-212) 18 FKSETS 2 ++
7 ISDSL 1 s
8 ISQSAL 2 +
9 FAVDSL 2 +
10 IAVDGL P ++
1 IAYSAA 2 ++
12 IGEGSI 2 ++
wT D(S°)PSG (55-58)
19° 1 (NDGS)~(ANDT)~(GS)~(ARDQEGHLPV)(G)
wT LIGSS (230-234)
20° 1 (DHLV)~(AGISTV)~(AGST)~(AGST)~(GS)—(S)

2 Number of insertions.

P Activity of the variant compared to the wild type (WT).
° In RA117.1.

9 Loop libraries.

is situated in the transition region between a core
B-strand and the loop involved in binding of the
substrate naphthyl ring. Two of the four substitutions
in RA117.1,V111A and L135I, are in close proximity to
the designed position of the naphthyl ring. The S179E
mutation introduces a hydrogen bond to the indole ring
of Trp183 and may stabilize the loop in a favorable
conformation for substrate binding. The S210A muta-
tion is probably involved in stabilizing the binding loop
by providing second-shell packing interactions for
Arg181 and possibly Glu179.

Remodeling of the active-site loops

The active sites in both designs are situated under
three major loops and adjacent to two phosphate-bind-
ing loops (Fig. 4a). These loops were evolutionarily
optimized for the original reaction and are not likely to
be optimal for the retroaldolase reaction. Since these
protein segments are essential for substrate binding
and the presence of nearby phosphate may be
deleterious for the designed reaction, we remodeled
the loops to remove native scaffold functionality and
improve binding of the retroaldol substrate.

Starting with the Rosetta models, we rebuilt the
loops to increase contacts with the substrate using
fragments from the PDB with RosettaRemodel [23].
Loops of specified length were built by fragment
insertion following by closure in the middle of the loop
using the cyclic coordinate descent algorithm [24].
Following closure, we optimized the sequence of the
loop using RosettaDesign. Loops with low energies,
consisting of other residues than only glycine and

alanine, and favorable interactions with the substrate
that do not introduce cavities in the structures were
selected and tested experimentally. Six to twelve
individual loop redesigns were tested for RA114 and
RA117 (Table 4), but none yielded increases in
activity.

Because of the difficulty in accurately controlling the
conformation of loops not well anchored to the rest of
the scaffold (as is the case for TIM barrel proteins), we
computationally built families of loops using Rosetta-
Remodel that could be evaluated by experimental
screening (Table 4). We investigated two approaches
for coupling experimental optimization with the design
process. In the first strategy, applied to RA114, we
computed families of sequences for loop regions, then
constructed libraries that recapitulated the sequence
variation in these families using doped oligonucleo-
tides and screened for more active clones. In the
second strategy, used for RA117, we combined the
individual loop redesigns 1-6 with 7-12 (Table 4).

The loop library screening procedure with RA114.3
yielded a variant, RA114.4, with 4-fold higher catalytic
efficiency (Fig. 4b and ¢ and Table 2). The sequence of
the 234—238 segment was changed from LIGSS in the
original design to VTASGS in the improved variant.
The remodeled loop disrupts the phosphate-binding
site as intended (Fig. 4b compares the X-ray structure
of the segment before and after remodeling). Loop
recombination screening with RA117.1 identified
another clone, RA117.2, with 3-fold increased activity
in which loops 5 and 7 were introduced (Tables 3 and 4
and Fig. 4f). These two loops are in direct contact with
each other in the designed structure (Fig. 4d and e),
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Fig. 5. Effect of phosphate and pyrophosphate on retroaldolase activity. Continuous and broken lines, without
(RA114.3, circles; RA117.3, diamonds) and with (RA114.4, squares; RA117.2, triangles) phosphate-binding loop
remodeling, respectively. Each point is an average of three measurements. Error bars are small and overlap with symbols;
they are omitted for clarity. Lines connecting the points are for illustration purposes only. The assay was performed in
25 mM HEPES buffer (100 mM NaCl; pH 7.4) at room temperature with 0.25 yM enzyme and 100 uM substrate.

and the synergistic activity of the loop replacements
(neither loop increases activity on its own) is likely due
to interactions between them. A third variant with
activity similar to RA117.2, RA117.3 (Table 3), was
obtained by introducing a three-residue WET duplica-
tion at residues 183-185 in RA117.1.

Effect of phosphate on retroaldolase activity

The phosphate anion bound to RA114.3 and
RA117.1 is located within the original substrate-
binding site of indole-3-glycerolphosphate synthase
but does not overlap with the designed binding site
for the retroaldol substrate. To investigate possible
phosphate dependence of the designs, we assayed
their activity in the presence of phosphate and
pyrophosphate.

The activity of RA114.3 decreases upon addition of
increasing amounts of phosphate or pyrophosphate
(Fig. 5, top). The close proximity of the phosphate-

binding site to the catalytic lysine may perturb the
residue from its designed position via electrostatic
interactions (as observed in the crystal structure) and/
or affect its pK,. Since loop remodeling is likely to
disrupt the phosphate-binding sites, we expected that
the loop redesigns would have altered sensitivity to
the phosphate compounds. Indeed, the RA114.4
variant containing the remodeled 234-238 segment
does not bind phosphate (there is no phosphate
bound in the X-ray structure; Fig. 4b) in contrast to the
crystallographically characterized RA114.3 variant
(Fig. 3c) and is not inhibited by phosphate or
pyrophosphate; it is instead slightly activated by
these compounds (Fig. 5, top).

In contrast to RA114.3, the activity of RA117.3
increases markedly upon addition of phosphate
(Fig. 5, bottom). The catalytic lysine is further away
from the phosphate-binding site, but Glu50 is quite
close and the phosphate ion may help to fix it in a
catalytically more favorable orientation. These
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Fig. 6. Optimization of RA117.1 by yeast display and FACS. (a) A biotinylated diketone was used as a
mechanism-based inhibitor. It reacts with the catalytic lysine of the retroaldolase to form a covalent adduct. (b) Yeast
display of the naive RA117.1 retroaldolase library. The displayed catalysts were visualized by immuno-labeling of the
c-myc epitope tag; enzymes capable of reacting with the biotinylated diketone were detected by binding to fluorescently
labeled streptavidin. (c) Third sort of the RA117.1 library. (d) Labeling of one clone obtained from the sort shown in (c). An
Influx cell sorter was used for (b) and (c), while (d) was measured on an Accuri C6 flow cytometer. (e) Michaelis—Menten
plot of representative RA117 variants before (RA117.2 and RA117.3) and after yeast display (RA117.4).

effects are substantially dampened following loop
remodeling in the RA117.2 variant (Fig. 5, bottom).

The modulation of activity by phosphate ion in
different directions in the designs before and after
loop remodeling illustrates how small-molecule
binding can perturb reactivity even in the absence
of evolutionary selection for such contributions. The
refinement of such effects by natural selection may
have given rise to the complex allosteric regulation of
many modern day enzymes.

Retroaldolase activity of yeast display identified
variants

Direct screening for increased enzymatic activity
assay in crude lysates is typically limited to ~1000

variants. The throughput for binding selections, in
contrast, can be 4 orders of magnitude higher.
Taking advantage of the ability of 1,3-diketones to
trap the catalytic lysine covalently [14], we explored
yeast display [25] as a means of optimizing the
retroaldolases. We used fluorescence-activated cell
sorting (FACS) to search large libraries of displayed
retroaldolases for variants that react rapidly with a
biotinylated diketone probe (Fig. 6a). A similar
diketone-based probe has been successfully used
previously with phage-displayed libraries to optimize
the retroaldolase activity of small peptides [10] and
catalytic antibodies [26].

Libraries were generated from RA114.3 and
RA117.1 containing on average 3—6 mutations per
gene. The variants were generated with mutagenic
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Table 5. Representative peptides, antibodies, and previously evolved computational designs that catalyze the retroaldol
cleavage of racemic 4-hydroxy-4-(6-methoxy-2-naphthyl)-2-butanone

CatalySt kcat KM kcat/KM kcat/ kuncat Reference
(s (uM) (M™'s™")

FT-YLK3? 9.3x 107° 1800 52 x 1073 1.4 x 10° 10
FluS303-FTYLK3? 12x107° 1100 1.1 %1072 1.9 x 10° 10
ScLS-2° 3.3x 107° 1000 3.3x 1072 3.0x 10° 12
B-Peptide® 22x 1072 5000 43 x 107" 3.0 x 10° 9
Ab 33F12¢ 1.8x 107 43 4.2 x10' 2.4 x 10° 13
Ab 38C2¢ 1.2 x 1072 25 4.8 x 10° 1.8 x 10° 14
Ab 84G3¢ 58 x 1072 23 2.5 x 10° 3.6 x 106 15
Ab 93F3¢ 4.4 %1072 15 2.9 x 10° 2.7 x 10° 15
RA45.2-10° 3.8x 1072 80 4.7 x 10' 5.8 x 10° 7
RA110.4-6° 3.8x 1073 69 55 x 10° 5.9 x 10° 7
RA95.5-8° 1.7 x 107" 200 8.5 x 102 2.6 x 107 27

@ Lysine-rich peptides selected from phage display libraries by covalent capture with 1,3-diketones.

P An engineered variant of Saccharomyces cerevisiae lumazine synthase containing a lysine-rich protein tunnel.

© An amphiphilic B-peptide with an array of B3-homolysine residues. This catalyst was assayed with 4-phenyl-4-hydroxy-2-oxobutyrate,
which is somewhat more reactive than 4-hydroxy-4-(6-methoxy-2-naphthyl)-2-butanone.

9 Catalytic antibodies elicited either with 1,3-diketone or 1,3-keto sulfone haptens.

¢ Evolutionarily optimized computational designs.

oligonucleotides that targeted residues pointing into
the active site from the eight p-strands of the barrel.
The total library size was on the order of ~107. After
labeling with the biotinylated diketone, we analyzed
the samples by FACS. A representative example of
successive rounds of FACS selection with the
diketone probe is shown in Fig. 6. Although the
starting libraries contained relatively few expressible
variants (occupancy of fluorescein-isothiocyanate-
positive quadrants in Fig. 6b was about 10%), the
subpopulation of functional clones increased after
repeated rounds of selection for expression and
diketone binding, as shown for RA117 in Fig. 6¢ and
d. Selection pressure was steadily increased by
decreasing the probe labeling time in each round.
Rapidly reacting RA114.3 and RA117.1 variants
exhibited a similar pattern of 5—7 mutations situated on
B-strands 2, 3, 4, and 5 (RA114.3) and -strands 3, 4,
5, and 6 (RA117.1). Unfortunately, when tested
individually, selected variants were found to cleave
the retroaldol substrate less efficiently than the starting
enzymes, mainly due to lower turnover and product
inhibition. Indeed, a limitation of this approach is the
lack of selective pressure on steps in the reaction cycle
beyond irreversible formation of the vinylogous amide
from the catalytic lysine and the diketone probe.
Nevertheless, we hypothesized that subsets of the
selected substitutions might activate the lysine and
hence increase overall retroaldolase activity. We
therefore prepared a small library in which individual
yeast display mutations were introduced into the
optimized RA114.4, RA117.2, and RA117.3 variants
in different combinations. Screening 150 individual
colonies from each library for activity in crude cell

lysates did not yield more active RA114.4 variants, but
we identified several RA117 variants that were 2- to
4-fold more active than the parent clones (Fig. 6e). The
best variant RA117.4 had five mutations in the active
site compared to RA117.3: L82l, A107L, S109F,
L233l, and G235L. In contrast, screening of 200
random clones from each unselected library did not
identify active variants. Thus FACS selection can help
identify useful sets of mutations that optimize one of
the reaction steps and also have the potential to
increase the overall catalytic efficiency.

Discussion

Natural enzymes are characterized by complex
arrays of functional groups that enable high catalytic
efficiency. Computationally designed enzymes, in
contrast, are considerably less sophisticated. For
example, the absence of groups other than the
catalytic lysine likely accounts for the comparatively
low activities of previously described retroaldolases
[2]. Recent directed evolution experiments with the
RAO95 retroaldolase have shown that adding support-
ing catalytic functionality in the vicinity of the catalytic
lysine can substantially boost catalytic efficiency to
levels approaching those of natural aldolases [27]. An
asparagine residue and a tyrosine residue that were
introduced into the RA95 active site during optimiza-
tion are likely to promote critical proton transfers
during catalysis, either directly or via bound water
molecules. As a consequence, the evolved RA95.5-8
variant achieves a catalytic efficiency (kca/Kv) of
850 M~' s~' and a rate enhancement over the
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background reaction (Keat'Kuncat) Of 2.6 x 10”. For
comparison, the best catalytic antibodies cleave the
same substrate with rate accelerations in the range
2.4 x 10° t0 3.6 x 10° (Table 5) [26,27].

In the current study, we incorporated additional
catalytic functionality into the retroaldolase active site
directly by design. We succeeded in generating active
enzymes using a scheme that exploited a carboxylic
acid and an alcohol side chain in addition to the
Schiff-base-forming lysine. Although the starting cata-
lysts (Table 1) were not more active than previous
designs or simple peptide-based retroaldolases, which
accelerate the reaction by more than a factor of 10°
(Table 5) [9-11], the extra functionality of the general
acid/base residues imbedded in the TIM scaffold may
make them more evolvable. In fact, one round of
site-directed saturation mutagenesis afforded catalysts
with the best k. and k../Ku values observed for
artificial retroaldolases prior to extensive directed
evolution (Tables 2 and 3). The resulting >10°fold
rate accelerations are within 1 order to 2 orders of
magnitude of the rate enhancements reported for the
best catalysts developed for this reaction (Table 5),
including catalytic antibodies (Keat/kuncat = 10* to>10°)
[15] and highly optimized comgutational designs such
as RA95.5-8 (Keat'kuncat > 107) [27]. Moreover, the
activity of RA117 could be boosted by an additional
order of magnitude by yeast display (Table 2). In the
optimized RA117 variant knockout studies showed that
the designed carboxylic acid side chain of Glu50
contributes to catalysis. That said, there are many steps
in the retroaldolase reaction cycle, and we do not yet
have direct evidence that it functions as intended.

Proficient catalysis requires accurate positioning
of the key catalytic functionalities (Fig. 2a—c). As
evident from the crystal structures in Fig. 3c and d,
the charged catalytic lysine and glutamate residues
are not sufficiently locked into the designed target
conformations. A clear challenge for enzyme design
is to introduce sufficient packing and hydrogen-
bonding interactions to more precisely control the
positions of catalytic groups. The importance of
fixing functional residues in the desired conformation
was highlighted in a recent study of small-molecule
binding-site design, where substitutions which
reduced the entropy of binding site side chains
increased ligand binding affinity [28]. Computational
methods such as MD simulations (Fig. 3e and f) and
explicit computation of side-chain rotamer probabil-
ities [29] show promise for identifying regions of
designs where greater precision is required; it will be
important both to further explore these and other
methods for evaluating the precision of active-site
design and to develop approaches for better
constraining catalytic functionalities in the design
process.

Given the complexity of enzyme catalysis, experi-
mental optimization techniques will continue to be
important for generating practical catalysts in the

years to come. The designs presented here are
attractive candidates for further optimization
because of the greater diversity of nearby functional
groups; for example, tuning of the orientations of the
carboxylate containing residues by multiple rounds
of directed evolution could significantly increase the
rate of catalysis. In this context, the loop remodeling
computational techniques have shown promise for
increasing catalytic efficiency. The combination of
high-throughput yeast display selection for covalent
intermediate formation followed by lower throughput
screening of the identified mutations for increase in
activity could be generally useful for directed
evolution of reactions proceeding through a cova-
lent enzyme—substrate intermediate. Additionally,
using better mimics of high-energy retroaldolase
intermediates, such as the B-keto sulfone haptens
used to generate highly efficient antibodies [15], or
optimizing the substrate structure for the active site
may increase the activity of our designs even
further.

Materials and Methods

Matching and enzyme design

The class | aldolase mechanism [8] considered here
involves attack of a reactive lysine residue on the carbonyl
group of the substrate to form a tetrahedral carbinolamine
intermediate. The design calculations focused on protein
scaffolds 1A53, 1IGS, 1LBF, 1LBL, 10HO, and 1THF.
Lysine residues were placed at positions that had given
rise to active designs in previous work. Glu/Asp—Thr/Ser
pairs were arranged to interact productively with the
carbinolamine [2,7]. We also incorporated amino acid
substitutions found in previous studies to increase protein
expression and solubility [30].

RosettaMatch was used to place the theozyme (Appendix
A Supplementary Information) and the catalytic residues
onto the protein backbones [2,20]. For each successful
placement of the theozyme, all residues within 7 A of the
ligand were redesigned, and side-chain rotamers of
residues 10 A from the ligand were repacked using the
Rosetta enzyme design methodology (in the design
calculations, the Monte Carlo search covers all rotamer
conformations for all possible amino acid residues, whereas
in repacking calculations, the search covers all rotamer
conformations for the native amino acid) [21]. The designed
structures were sorted based on overall Rosetta energy,
ligand binding energy, and accuracy of theozyme recapitu-
lation (distances, angles, and torsions between the small-
molecule and the catalytic residues).

Gene synthesis, protein expression and purification,
mutagenesis, and reaction assay

In total, seven designs (RA114-RA120) were produced.
The genes encoding the designs were synthesized by
GenScript and cloned into the Ndel/Xhol sites of a
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pET-29b(+) vector containing a C-terminal Hisg tag.
Proteins were expressed and purified as described
previously [2,7,16]. Retroaldolase product formation was
assayed by fluorescence spectroscopy (Aex = 330 nm and
Aem = 452 nm) in black, flat-bottom 96-well microtiter
plates (Corning). Protein activity was measured in a
25 mM HEPES buffer (100 mM NaCl; pH 7.4), at room
temperature using 5 yM enzyme, up to 640 pM substrate
and 3% acetonitrile for substrate solubility. Product
concentration was determined from a standard product
fluorescence curve, and Michaelis-Menten kinetics was
derived accordingly.

Enzyme optimization by site-directed mutagenesis

Designs RA114, RA115, and RA117—all based on the
1A53 [31] scaffold—were optimized by randomizing selected
active-site positions and combining favorable mutations.
The genes for the variants were generated according to the
Kunkel protocol [32] using degenerate oligos synthesized
by Integrated DNA Technologies (IDT). The first round
of site-directed mutagenesis included 20 positions (NNK:
S57, S80, L82, L107, S109, and G186; L156A/L + G177L/A,
V207V + E210V/E, E230MLFQE + W183W/Y + E50Q/E,
[132VLIFA + A130VLI, F111VILFY + F88LIFY, and
D55NYEQH + I158VLIF) in RA114, 15 positions
(NNK: P56, S88, R183, G211, and S233; W186
FYLMW + W7PTSVLIWF, W87YF + E57QLE + F111WFY,
N179LIFMN + E209QMIFLE, and
T52MLKT + S50AS + S180LVITS) in RA115, and 14 posi-
tions (NNK: L32, L82, F88, S109, D110, S179, and
S210; V111FAYLI + L135FAYLI and V130F +
V158G + 1132A + A107VILSTA + I209ELVI) in RA117 (all
residue numbering is according to the 1A53 structure without
the leading Met). The second round of optimization included
six positions (E50, D55, S80, S109, S180, and R181) in
RA114 and ten positions (W7, A8, V11, V12, L82, S109,
L156, W183, 1209, and L230) in RA117. The activity of the
variants was assessed in a 96-well plate format. Starter
cultures of E. coliBL21(DE3)* were obtained by inoculating
clones in 1 mL Terrific Broth with kanamycin and growing
overnight. After transfer of 50 pL of the starters to 1 mL of
Terrific Broth, growth for 3 h, and induction for 4 h with
0.1 mM IPTG, the expanded cultures were harvested by
centrifugation at 4000 rpm for 15 min. After five freeze/thaw
cycles, the pellets were resuspended in 0.25-0.3 mL of
25 mM HEPES buffer (100 mM NaCl; pH 7.4). We trans-
ferred 0.15 mL to a 96-well assay plate in which 4 pL of
6 mM retroaldol substrate in acetonitrile was added (final
concentration, 0.16 mM). The reaction was monitored as
mentioned above.

Structure solution and refinement

Crystallization screening was performed using a micro-
batch-under-oil crystallization method at 4 °C [33]. After
optimization, crystals of RA114.3 (Northeast Structural
Genomics Consortium, NESG, target OR62), RA114.4
(OR422), and RA117.1 (OR63) were grown for structure
determination in drops composed of 1.0 L of protein and
1.0 uL of precipitant solution [100 mM sodium acetate,
100 mM sodium phosphate monobasic, and 40% (w/v)
polyethylene glycol 400; pH 5.0] under paraffin oil (Hampton

Research). Data sets were collected at beamline X4C at the
National Synchrotron Light Source at 100 K. Diffraction data
from single crystals were processed with the HKL2000
package [34]. The structures were solved by molecular
replacement using the program BALBES [35] and models
11GS, 3TC7 (RA114.3), and 1JUL for RA114.3, RA114.4, and
RA117.1, respectively. The models were completed using
iterative cycles of manual rebuilding in Coot [36] and refined
against 1.50 A (RA114.3), 1.93 A (RA114.4), or 1.60 A
(RA117.1) data with the program PHENIX [37]. The quality
of the model was inspected by the program PROCHECK [38].

MD simulations

MD simulations were carried out on eight different Rosetta
models of RA117.1 or RA114.3 retroaldolase variants with
the MD package Q [39]. A sphere d = 36 A was placed on
the crystallographic phosphate P atom coordinates and
equilibrated for 100 ps releasing the positional harmonic
restraints and increasing the temperature to 300 K. The
400-ps production phase was performed after an equilibra-
tion trajectory of 50 ps [40]. From the last 200 ps of the
trajectory, 400 frames were collected and averaged for
comparison with corresponding experimental structures.

Diversification and assay of loop remodeled variants

RA114.3 and RA117.1 loops were designed with the
Rosetta loop modeling protocol as implemented in the
Rosetta enzyme design application [3,23]. The loop
ensembles were clustered based on backbone RMSD,
and the loop clusters were evaluated based on the
interactions with the ligand and surrounding active site.
Additional loop insertions were generated experimentally
by duplicating three-residue segments in the active-site
loops in the RA117.1 variant.

Designed loops were introduced individually or as libraries
by Kunkel mutagenesis [32]. Primers were ordered from IDT,
and libraries were synthesized with degenerate oligos.
Loops were assayed as described above but for the assay
volume that consisted of 0.1 mL of resuspended lysed
pallet with additional 0.1 mL of 0.2 mM substrate. For
each designed loop, activity was measured for eight
different clones. In the case of libraries, 200—400 variants
were screened.

The effect of phosphate and pyrophosphate on retro-
aldolase activity was investigated by performing the
activity assay at varying concentrations of the additive.
The assay was performed in 25 mM HEPES buffer
(100 mM NaCl; pH 7.4) at room temperature with
0.25 pM enzyme. The retroaldolase substrate concentra-
tion was kept fixed at 100 pM.

Yeast display library construction

Plasmids pET-29b(+)-RA114.3 and pET-29b(+)-
RA117.1 were used to prepare single-stranded template
for site-directed mutagenesis or library construction by a
modified Kunkel mutagenesis protocol. Mutagenic and
wild-type oligos were obtained from IDT. One to three
mutagenic oligos were synthesized containing various
combinations of degenerate codons. The diversified



Mechanisms and Strategies for Retroaldolase Design

269

residues point toward the substrate and were situated on
eight B-strands of the scaffold (Tables S2 and S3).

The library was assembled by annealing the single-
stranded DNA template with a mixture of 5-phosphory-
lated mutagenic and wild-type oligos. The frequency of
mutations was controlled by changing the ratio between
oligos annealing to the same fragment of the gene [41].
Two sets of libraries were made for both RA114 and
RA117. In the first set with lower mutagenesis level
(libRA114-L, libRA117-L), the ratio of wild-type to muta-
genic oligos was 1:1, and in the second set with a higher
mutagenesis level (libRA114-H, libRA117-H), the ratio was
1:2. Ten to twelve colonies were sequenced to estimate
diversity, and the rest of the cultures were grown overnight,
shaking at 37 °C. The plasmid libraries were used as
templates for PCR amplification with flanking pETCON-
up/pETCON-down specific sequences to mediate homo-
logous recombination into the yeast display vector. We
mixed 0.5 pg of pETCON vector, linearized with Ndel/
Xhol and purified on agarose gel, with 1 pg of PCR
amplified library of RA114 or RA117, electroporated into
competent EBY100 yeast cells, prepared, and treated
following the protocol described previously [42]. The
transformed cells were plated on selective C-UT agar
plates [42] and incubated at 30 °C until colonies
appeared, 48-72 h. The remainder of the transformed
cells was transferred to selective SDCAA liquid medium
[25] and grown at 30 °C with shaking until the induction
step (see below). The diversity of the libraries was
confirmed by randomly sequencing an additional 10-12
colonies.

FACS screening

Stationary-phase liquid yeast cultures harboring RA114
or RA117 libraries in SDCAA medium were harvested by
centrifugation at 2000g for 10 min and resuspended in an
appropriate volume of inducing SGCAA medium to obtain
an ODgqo of about 0.5. To promote protein production and
display on the surface of yeast cells, we incubated cultures
at 18 °C or 30 °C with vigorous shaking for 24 h. After
induction, culture volume containing 107 cells (ODggo = 1
corresponds to 107 cells/mL) was collected by centrifuga-
tion and washed three times by 25 mM HEPES (pH 7.4)
containing 100 mM NaCl (reaction buffer, RB). Labeling
with biotinylated diketone inhibitor (BDK; Fig. 6a, synthesis
Scheme S2) was achieved by resuspending cells in
100 pL of RB containing ~30 uM BDK [from a 20-mM
stock in 50:50 (v/v) acetonitrile:methanol] and incubating
for 10-120 min at room temperature with gentle shaking.
After BDK labeling, cells were washed three times with RB
supplemented with 0.1% bovine serum albumin (BSA) and
then resuspended in 50 yL of RB + BSA containing
streptavidin-phycoerythrin and fluorescein isothiocyanate
conjugated to an anti-myc-antibody. The cell suspension
was incubated for 60 min at 4 °C with gentle shaking.
Before sorting, cells were washed three times with
RB + BSA and finally resuspended in RB + BSA. Cells
positive for expression and labeling with BDK were
selected by appropriate gating on an Influx cell sorter
(BD Biosciences), collected in 1 mL of SDCAA medium
containing 1 pyL of a penicillin-streptomycin solution
(15140-122; Invitrogen) to suppress bacterial contamina-
tion, and grown overnight at 30 °C. We determined the

recovery efficiency to be ~50% by plating 10-100 pL of
recovery culture on C-UT plates and counting the number
of colonies. The selection cycle was repeated three to four
times decreasing BDK labeling time to enrich the popula-
tion of faster-reacting retroaldolase variants. Efficiency of
cell labeling was assessed by flow cytometry on Accuri C6
(BD Biosciences).

Accession numbers

Coordinates for RA114.3, RA114.4, and RA117.1 have
been deposited in the Research Collaboratory for Structural
Bioinformatics Protein Data Bank with accession codes
3TC7, 4LNY, and 3TCB6, respectively.
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