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ABSTRACT: Cyclic protein oligomers are common in
Nature. Here we show that the central pore of the pentameric
ring-forming protein lumazine synthase from Saccharomyces
cerevisiae (ScLS) can be rationally engineered to catalyze a
retro-aldol reaction. The Cs-symmetry of the complex was
exploited to equip the protein tunnel with a ring of five closely
spaced lysines adjacent to an apolar site for substrate binding.
The resulting system utilizes amine catalysis to promote the
cleavage of (+)-methodol to 6-methoxy-2-naphthaldehyde and
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acetone with a >10°-fold rate acceleration. The ease of organizing convergent functional groups within a protein pore may make
the tunnels of many symmetric ring-shaped proteins useful starting points for creating designer enzymes.
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he majority of soluble and membrane-bound proteins and
nearly all structural proteins found in living cells
spontaneously form symmetric multimeric complexes." The
grooves, pockets, and pores generated at the symmetry
interfaces of such supramolecular structures are potentially
attractive sites for the generation of new function,” including
catalysis. In a symmetric ring-shaped homooligomer the
structural and functional effects of a tunnel mutation in one
subunit result in multiple symmetry-related changes in close
proximity within the complex, providing a facile means of
arranging convergent functional groups. Although substrates
and transition states usually lack symmetry, Nature shows that
symmetric active sites are capable of efficiently transforming
asymmetric molecules. Cleavage of diverse peptides at the C,-
symmetric active site of HIV protease is one prominent
example.® Catalysis of dihydrofolate reduction in a 25 A-long,
D,-symmetric tunnel passing through the middle of the
homotetrameric R67 dihydrofolate reductase is another.™’
Saccharomyces cerevisae lumazine synthase (ScLS), which
normally catalyzes the penultimate step in riboflavin biosyn-
thesis, is a toroidal homopentamer.® The Cy-symmetric tunnel
at the center of the pentameric ring is 12—18 A from the
natural active site (Figure 1A and 1B) and has no known
function. Nevertheless, its dimensions—an average Ca to Ca
diameter of ~16 A and a length of ~25 A—would be
appropriate for binding small molecules and catalyzing simple
reactions. Engineering binding or catalytic activity into such a
site requires that the protein scaffold accommodate multiple
clustered mutations. The ScLS tunnel has been shown to be
extremely tolerant to mutation and to vastly different chemical
environments.” Even simultaneous substitution of several
residues lining the pore does not disrupt the protein’s
quaternary structure. Taking advantage of this property and
simple mechanistic principles, we have equipped the ScLS
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Figure 1. Equipping the ScLS tunnel with retro-aldolase activity. (A)
Structure of the pentameric enzyme (PDB: lhqk), showing the
location of the natural active site and the central S-fold symmetric
pore. (B) Schematic representation of the residues lining the tunnel of
ScLS-wt. (C) Scheme showing the residues lining the tunnel of the
three retro-aldolase designs. The catalytic lysines (K) are shown in
blue, the aliphatic alanine (A) and leucine (L) residues introduced to
interact with a hydrophobic substrate are in green.
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tunnel with a reactive lysine residue (Figure 1C) and significant
retro-aldolase activity.

The amine-catalyzed retro-aldol reaction of methodol (1) to
give naphthaldehyde (3) and acetone (Figure 2) represents an
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Figure 2. Amine-catalyzed retro-aldol reaction of methodol (1)
proceeds via a Schiff base intermediate (2) to give 6-methoxy-2-
naphthaldehyde (3) and acetone (4).

ideal model reaction since it is mechanistically well understood,
the features required for catalysis are known, and a sensitive
assay is available.® Natural class I aldolases exploit amine
catalysis with the e-amine group of a lysine at the active site
serving as a critical functional group.””"" The catalytic cycle is
initiated by nucleophilic attack of the unprotonated lysine on
the carbonyl group of the substrate to give a Schiff base adduct
(2). This iminium ion acts as an electron sink, facilitating
cleavage of the adjacent C—C bond and generation of an
aldehyde and an enamine. Protonation of the enamine and
subsequent hydrolysis releases a ketone and regenerates the
catalyst.

This mechanism has been mimicked by a variety of designed
catalysts, including lysine-rich a- and S-peptides,"””™"° small
molecules, ¢ catalytic antibodies,'”*® and computationally
designed enzymes.”' "> Since imine formation is partially rate
limiting in an aqueous environment, an important design
feature for such catalysts is provision of a nucleophilic lysine
with a depressed pK, to speed up this step. The pK, of the
catalytic lysine can be lowered either by placing the side chain
in a hydrophobic microenvironment or through Coulombic
interactions with proximal positively charged residues, such as
other lysines. The first strate%ry has been used successfully to
create catalz’ric antibodies'”*® and computationally designed
enzymes>">* with significant aldolase activity. The second
strategy has been used to design peptides'*"* and cyclodextrin-
based catalysts.'*"”

The tunnel of the ScLS pentameric ring is bounded by one
five-turn a-helix from each subunit (Figure 1A) and provides an
excellent scaffold for placing multiple lysines in close proximity
to one another. Introduction of one lysine per monomer would
yield a ring of five closely spaced basic residues. Since
simultaneous protonation of all five groups would be
electrostatically unfavorable, this arrangement should favor
deprotonation of one or more of the amines under
physiological conditions, providing a catalytic group for
reaction with a substrate molecule bound within the tunnel.
To design ScLS tunnel variants with aldolase activity, residues
that project into the tunnel at different depths were first
identified in the crystal structure of ScLS. Lysines were
introduced at these sites in PyMOL,”* and the hydrophobic
aldol substrate methodol was docked by hand within the tunnel
to place its ketone near the lysine amines. Other tunnel
residues were then replaced by apolar alanines or leucines to
provide favorable binding interactions with the hydrophobic
naphthyl group of the substrate. On the basis of these
considerations, we chose the three designs, depicted in Figure
1C. The first features two rings of lysines at the N-terminal end
of the tunnel and a deep binding pocket for the substrate. In the

983

second design, the lysines are placed in the narrow middle
region of the tunnel, and the hydrophobic substrate binding site
is located toward the N-terminal entry port. In the third design,
the lysines and hydrophobic residues are translated one helical
turn toward the C-terminal end of the tunnel.

Individual mutations were introduced into the ScLS gene by
site-directed mutagenesis. The three tunnel variants M96K/
E99K/D103L (ScLS-1), E99A/D103L/H107K (ScLS-2), and
D103A/H107A/N111K (ScLS-3) plus wild type ScLS (ScLS-
wt) were produced in Escherichia coli and purified by Ni**-
affinity chromatography using a C-terminal Hiss-tag. All
proteins were obtained in high yield (typically 60 mg to 100
mg per liter culture). Circular dichroism (CD) spectroscopy
revealed no changes in secondary structure in the variants
compared to wild type ScLS.

The activity of the designed LS tunnel variants for retro-aldol
cleavage of racemic methodol was investigated by monitoring
the formation of the fluorescent product 6-methoxy-2-naphth-
aldehyde (Figure 2). As test reaction conditions, 20 #M catalyst
and 500 M substrate were chosen. All variants showed
detectable retro-aldol activity over the uncatalyzed reaction at
pH 7.5 (Figure 3A). Even wild type ScLS exhibited nearly 4-
fold higher initial rates than the uncatalyzed background
reaction, probably due to lysines on the protein surface. One of
the designed tunnel variants, ScLS-2, was particularly active.
Methodol cleavage in the presence of this protein was 2S5 times
faster than background and nearly seven times faster than wild
type ScLS. The higher activity of ScLS-2 can be attributed to
the mutations introduced into the tunnel, since they are the
only changes relative to ScLS-wt. In the absence of crystal
structures, we can only speculate as to why ScLS-2 is superior
to the other two designs. However, the location of the catalytic
lysines roughly in the middle of the pore, juxtaposed with a ring
of leucines that snugly binds the substrate, may have been
decisive. Modeling suggests that the engineered pocket in ScLS-
3 is deeper but considerably wider than in ScLS-2 (Supporting
Information, Figure S1), potentially reducing substrate affinity.
In contrast, steric clashes between the substrate and the
substantially narrower pore in ScLS-1 may diminish the efficacy
of this design (Supporting Information, Figure S1). Moreover,
although ScLS-1 has a larger number of lysines than the other
two designs, the rotameric preferences of this amino acid would
also tend to direct the side chains away from the engineered
hydrophobic site toward solvent.

The properties of ScLS-2 were characterized in greater detail
to provide insight into its mechanism of action. The tunnel
mutations do not impair assembly of the pentameric ring as
ScLS-2 elutes from a size exclusion chromatography column at
a volume corresponding to the size of a pentamer. Because the
proposed mechanism depends on a lysine residue with a
perturbed pK,, the reaction should be pH dependent.
Consistent with this expectation, the reaction rate increases
with increasing pH (Figure 3B). Not surprisingly, given the
close proximity of the five lysines, the data are poorly fit by an
equation for a catalyst possessing a single ionizable group. A
much better fit is achieved if two ionizable groups with
apparent pK, values of 7.7 and 9.4 are invoked (Figure 3B).
Nevertheless, the rates at the lowest pH values are still higher
than predicted by this model, so a significant population of
deprotonated amine can apparently be generated even at pH 6.
With increasing pH, additional lysines become deprotonated,
increasing the local concentration of reactive amine at the active
site. These residues might also mediate essential proton
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Figure 3. Kinetic characterization of ScLS-derived retro-aldolases. (A)
Specific activities for the cleavage of 1 by ScLS-wt and the designs. (B)
pH-rate profile for ScLS-2. Rates were determined at S0 M substrate
and 20 uM ScLS-2 pentamer and fitted to the equation (K ,./Ky)gps =
(kcat/I<M)max/(1 + IOPK“_PH) + (kcat/I<M)max/(1 + loquz—pH)' (C)
Michaelis—Menten plot for ScLS-2. Reactions were performed in 50
mM sodium phosphate, pH 7.5 containing 150 mM NaCl and 5%
MeCN, 20 M ScLS pentamer and 50—2000 yM substrate at 30 °C.

transfers during the multistep reaction pathway (Figure 2). For
comparison, the e-amino group of lysine free in solution is
essentially fully protonated under physiological conditions (pK,
~10.5) and hence much less reactive.” In natural enzymes such
as the Dp-2-deoxyribose-S-phosphate aldolase (DERA)'® and
previously designed artificial aldolases the ?Ka value of the
catalytic lysine ranges between 5.5 and 9.'%'>?%%°

The catalytic efficiency of the active tunnel variant ScLS-2
was assessed by steady-state kinetic measurements at pH 7.5
and 30 °C. The enzyme-catalyzed retro-aldol reaction of
racemic 1 follows Michaelis—Menten kinetics with a k_, of 2.0
X 107° min~" and a Ky of 1.0 mM (Figure 3C). Comparison of
the catalytic rate constant of ScLS-2 with the rate constant of
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the uncatalyzed reaction (6 X 1077 min™') gives a rate
acceleration (k./kynce) of more than 3000. Moreover, the
apparent second-order rate constant k /Ky (2 M~ min™") is
1.4 X 10*fold larger than the second-order rate constant for the
nonenzymic reaction promoted by butylamine, an analogue for
the free lysine side chain. ScLS-2 also compares favorably with
a-peptides that promote the cleavage of methodol. Thus, it has
a >3-fold higher turnover number and a 3 to 6-fold larger k,./
K, value than catalysts isolated from peptide phage libraries by
reaction-based selection with 1,3-diketone inhibitors."* Its
activity is also comparable to that of typical first-generation
computationally designed retro-aldolases (k /Ky = 1 to 44
M~ min~').*! However, ScLS-2 is 4 orders of magnitude less
efficient than the catalytic antibody 38C2,® which itself is about
2 orders of magnitude less efficient than natural aldolase
enzymes."*

The enantioselectivity of ScLS-2 was examined using the
isolated (R) and (S) enantiomers of methodol. Comparison of
their respective k./Ky values shows that the catalyst is S-
selective, but the preference for retro-aldol cleavage of the (S)
enantiomer is only a modest 1.4-fold. Other substrates and/or
catalyst variants might conceivably exhibit higher levels of
asymmetric induction.

Although ScLS-2 is much less active than the best aldolase
antibodies and natural enzymes, its design, which focused on
generation of a reactive lysine, is minimalistic. More effective
catalysts of this multistep reaction typically possess additional
functional groups to position substrate and orchestrate essential
proton transfers, and introduction of such groups would be
expected to enhance activity. Directed evolution has been
effectively utilized to optimize many catalysts,”* >’ including
computationally designed retro-aldolases,”>** and might
conceivably be employed to boost the activity and enantiose-
lectivity of the first-generation tunnel catalyst as well.
Functional diversity in this system could be further increased
by combining differently modified subunits to generate more
complex heterooligomeric systems.

Our results demonstrate the feasibility of tailoring the central
pore of a symmetric protein ring for a complex catalytic task.
Given the ease of assembling convergent functional groups
within the tunnel microenvironment, ring-forming proteins
may be attractive starting points for accessing other enzyme
activities.
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