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Although the cation—pi pair, formed between a side chain or sub-
strate cation and the negative electrostatic potential of a pi system
on the face of an aromatic ring, has been widely discussed and has
been shown to be important in protein structure and protein-ligand
interactions, there has been little discussion of the potential structural
and functional importance in proteins of the related anion-aromatic
pair (i.e., interaction of a negatively charged group with the positive
electrostatic potential on the ring edge of an aromatic group). We
posited, based on prior structural information, that anion-aromatic
interactions between the anionic Asp general base and Phe54 and
Phe116 might be used instead of a hydrogen-bond network to posi-
tion the general base in the active site of ketosteroid isomerase from
Comamonas testosteroni as there are no neighboring hydrogen-
bonding groups. We have tested the role of the Phe residues using
site-directed mutagenesis, double-mutant cycles, and high-resolution
X-ray crystallography. These results indicate a catalytic role of these
Phe residues. Extensive analysis of the Protein Data Bank provides
strong support for a catalytic role of these and other Phe residues in
providing anion-aromatic interactions that position anionic general
bases within enzyme active sites. Our results further reveal a potential
selective advantage of Phe in certain situations, relative to more
traditional hydrogen-bonding groups, because it can simultaneously
aid in the binding of hydrophobic substrates and positioning of
a neighboring general base.

enzyme catalysis | general-base catalysis | noncovalent interactions

Enzymes use the same functional groups to achieve “chem-
ical catalysis” as small-molecule catalysts, and yet enzymes at-
tain much greater rate enhancements. A distinguishing feature of
enzymes is that their reactions occur in highly specialized active
sites that use noncovalent interactions to precisely position enzy-
matic functional groups relative to substrates and relative to other
active-site features. Understanding how these groups are positioned
within enzyme active sites is key for understanding the differences
between enzymes and small-molecule catalysts.

It is generally recognized that hydrophobic interactions can help
bind and position substrates in enzyme active sites (1, 2). Beyond
hydrophobic interactions, much attention has focused on the im-
portance of hydrogen bonds in precisely positioning active-site groups
directly involved in the chemical reaction (e.g., the catalytic triad
in serine proteases), and the importance of hydrogen-bonding groups
is supported by mutagenesis in many cases (e.g., refs. 1 and 3-5).

In addition to hydrogen bonds, the cation—pi pair, formed be-
tween a side-chain or substrate cation and the negative electro-
static potential associated with the face of a pi system, has been
widely discussed in hundreds of literature reports and has been
shown to be important in both protein structure and protein—
ligand interactions (e.g., refs. 6 and 7). There has been much less
discussion, however, of the potential importance of the related
anion-aromatic pair in protein structure and function (i.e., in-
teraction of a negatively charged side chain and the positive
electrostatic potential associated with the ring edge of an aro-
matic group; Fig. 1)." Several decades ago, Thomas et al. ana-
lyzed 28 protein structures and reported a preference for oxygen
atoms near the ring edge of phenylalanine residues (13). The
authors suggested that the partial positive charge at the edge of
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the aromatic ring favors positioning oxygen atoms around the ring
edge (13). Howell and coworkers recently carried out a much
larger scale analysis and showed that the anionic oxygen atoms of
Asp and Glu carboxylate groups are commonly situated near the
ring edge of the aromatic residues in protein structures (8, 9).
These results and prior computational studies in small molecule
systems have suggested that anion-aromatic pairs play important
roles in protein stability and ligand binding, with energies similar
to those of cation—pi interactions (8, 9). The results presented
herein provide evidence for a role for anion-aromatic inter-
actions in catalysis.

In bacterial ketosteroid isomerase (KSI) from Comamonas
testosteroni (tKSI), an active-site aspartate general base (Asp38)
deprotonates the substrate, generating a dienolate intermediate,
and reprotonates the intermediate to form the product (Fig. 24).
In contrast to the many examples of Asp and Glu general bases
positioned within active sites by hydrogen-bond networks (14),
inspection of numerous tKSI structures reveals no hydrogen-
bonding groups adjacent to the Asp general base. Rather, the ring
edge of a Phe residue, Phe54 for one oxygen and Phel16 for the
other oxygen, is situated next to these anionic oxygen atoms (Fig.
2B) (15, 16). We posited, based on this structural information,
that anion-aromatic interactions between the anionic Asp and
Phe54 and Phel16 were used instead of a hydrogen-bond network
to position the general base in the KSI active site and facilitate
catalysis. Our results, using site-directed mutagenesis, double-
mutant cycles, high-resolution X-ray crystallography, and analysis
of a large number of enzyme structures in the Protein Data Bank
(PDB) support this proposal and suggest a potential functional
advantage and evolutionary pathway for introducing Phe residues
that can aid in both the binding of a hydrophobic substrate and
the positioning of a nearby general base.

Results and Discussion

We first describe functional and structural results that suggest
Phe54 and Phell6 position the anionic general base in the tKSI
active site, consistent with anion-aromatic interactions. We next
test this model via statistical analysis of available X-ray structures.
Finally, we describe results that suggest an additional role for
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Fig. 1. Schematic of the anion-aromatic interaction. The negatively
charged side chain is situated adjacent to the positive electrostatic potential
associated with the ring edge of an aromatic group.

Phel16 in remote substrate binding interactions and how this sec-
ond role can provide an evolutionary advantage and potential
evolutionary pathway for the use of Phe in general-base positioning.

Effects of Phe54 and Phe116 Mutations on KSI Activity. We first de-
termined k., and Ky, for the Phe54Ala and Phell6Ala mutants
using the substrate 5(10)-estrene-3,17-dione [S(10)EST]. We used
5(10)EST to ensure that a chemical step is rate-limiting in all cases
and that Ky reflects binding (17). The Phe54Ala and Phell6Ala
mutations decreased k., by 33- and 24-fold, respectively (Fig. 34).
Effects on Ky (Fig. 3B) are discussed below.

The rate decrease for the Phe54Ala mutation is similar to the
10-fold rate reduction that Choi and coworkers reported previ-
ously for Phe56Ala in the related Pseudomonas putida KSI (pKSI)
for reaction of this substrate (18). In pKSI, Trp120 replaces Phe116,
and the Trp120Ala mutation led to a 68-fold rate decrease (18).

If Phe54 and Phell6 provide simple hydrophobic interactions
to position the general base, then bulky hydrophobic residues
might be able to substitute for Phe at these positions in tKSI. To
probe this possibility, we mutated Phe54 and Phel16 to Val and
Ile. These mutations led to the same rate decreases as for the Ala
mutation for Phe54 and only two- to threefold smaller decreases
for Phel16 (Fig. 34). Mutation of Phe116 to Ala, Val, and Ile also
led to similar ~sevenfold increases in Ky (Fig. 3B), suggesting
a role for the aromatic Phe side chain in substrate-binding inter-
actions, as described below.

X-Ray Structure of Phe54Gly. To directly evaluate whether ablation
of a neighboring Phe residue affects the position of the general
base, we turned to structure. We were unable to obtain diffracting
crystals of the Phe54Ala and Phel16Ala mutants but were able to
solve the crystal structure of tKSI Phe54Gly (PDB ID code 3UNL).
Mutation of Phe54 to Gly led to a 28-fold decrease in k., the same
effect with error as the 33-fold rate decrease observed for mutation
to Ala (Table S1). The overall Phe54Gly structure obtained at
2.5-A resolution was superimposable with that of previously de-
termined wild-type tKSI (PDB ID code 8CHO; 2.3 A) (16), with
a root-mean-square deviation of 0.4 A for the backbone atoms
(Fig. 4). The electron-density map shows well-defined densities for

Fig. 2. Potential anion-aromatic interactions posi- A
tion the general base in KSI. (A) Mechanism of KSI-

the modeled atomic positions of Asp38 in each of the chains in the
asymmetric unit, with no indication of alternative side-chain ori-
entations (Fig. S1). Whereas the Asp38 carboxylate is superim-
posable with wild-type KSI in one of the four chains in the
asymmetric unit, the Asp38 carboxylate is displaced 0.8 A relative
to wild-type KSI in the remaining three chains, suggesting that
mutation of a neighboring Phe residue can affect the general-base
positioning. Additional functional and structural tests described
below support this interpretation of the KSI X-ray crystallographic
results: a role of the Phe residue in general-base positioning.

Double-Mutant Cycles to Test the Role of Phe54 and Phe116 in
Positioning the General Base in the KSI Active Site. If Phe54 and
Phel16 were important for positioning the general base in the
KST active site, then we would expect mutation of these residues
to have smaller deleterious effects in KSI with an already mis-
positioned general base (Fig. 5). Alternatively, if the rate effects
from the Phe mutations were not related to positioning of the
general base, then mutation of Phe54 and Phell6 would be
expected, in the simplest scenario, to have the same deleterious
effect in KSI with a positioned and mispositioned general base
(Fig. 5). These comparisons delineate a double-mutant cycle,
depicted in Fig. 5, that can provide an incisive test of the po-
tential functional connection between the active-site Phe resi-
dues and positioning of the general base.

Prior studies have used mutations that add or remove a side-
chain methylene group to test the importance of positioning ac-
tive-site carboxylate groups (19-24). Such mutations are typically
highly deleterious and have been shown to displace the position
of the carboxylate by ~1 A relative to its wild-type position in
several cases (19-23), a displacement similar to that observed for
the Phe54Gly mutation described above.

To directly test whether the Asp38Glu mutation perturbs the
position of the general base in the KSI active site, we determined
the crystal structure of tKSI Asp38Glu (PDB ID code 4L7K).
The overall Asp38Glu structure, determined at 2.1-A resolution,
was superimposable with that of previously determined wild-type
tKSI (PDB ID code 8CHO; 2.3 A) (16), with a root-mean-square
deviation of 0.4 A for the backbone atoms (Fig. S2). Whereas the
refined positions of active-site residues surrounding residue 38
were superimposable with wild-type KSI, the Glu carboxylate is
displaced ~1.5 A from the position of the wild- -type Asp car-
boxylate in all 12 chains of the asymmetric unit (Fig. S2; 1.5 + 0.2
A for the 12 active sites in the mutant unit cell). Thus, the
Asp38Glu mutation appears to misposition the general base
relative to wild-type KSI without introducing additional active-
site structural rearrangements, as did mutation of Phe54 (Fig. 4).

To assess the interplay of the positioned general base with the
role of the adjacent Phe residues, we compared the functional
consequences of mutating Phe54 and Phel16 with Asp38, a po-
sitioned general base, versus the consequences with Asp38Glu,
a mispositioned general base, via the double-mutant cycle out-
lined in Fig. 5. The Asp38Glu mutation led to a decrease of 240-
fold for k., (Fig. 6A4), similar to the 300-fold decrease reported
previously with a different KSI substrate (5-androstene-3,17-dione)
(20). Whereas the Phe54Ala and Phel16Ala mutants reduce k,,

catalyzed isomerization. (B) Space-filling represen- I Intarmec(ate Eroduct
. . Tyr1d Tyﬂ 4 5 Tyria 8
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boxylate positioned above the face of the Phe ring (Fig. 7).
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Fig. 3. Effects of Phe54 and Phe116 mutations on kcat (A) and Ky (B). Values

and errors are averages and SDs from three or more independent meas-
urements and are from Table S1.

by ~30-fold when introduced in wild-type KSI, as noted above,
these same mutations had no effect when made in an enzymatic
background with Asp38 mutated to Glu (Fig. 64). In other
words, the Phe mutations only had deleterious effects on k¢
when Asp was present. These results indicate a functional in-
teraction between Phe54 and Phel16 and the general base.

Although the role of the Phe residues in positioning is sup-
ported by the double-mutant cycle and the inability of hydro-
phobic residues to replace Phe is consistent with an important
anion—aromatic interaction, it is possible that a high geometric
stringency prevents functional substitution of Phe by other hy-
drophobic residues. Thus, additional data are needed to distin-
guish the model of electrostatic interactions with the Phe positive
edge positioning the general base from the alternative model of
only spatial effects being important for positioning the general
base. To evaluate these possibilities, we turned to the protein
structural database.

Using the X-Ray Structural Database to Test the Hypothesis That
Anion-Aromatic Interactions Position Carboxylate General Bases. If
only spatial and not electrostatic interactions with the positive
edge of Phe are important for positioning a carboxylate general
base, then there should be no preference for Asp and Glu gen-
eral bases to be situated near the edge relative to the rest of the
Phe surface. Prior work by Howell and coworkers demonstrated
through both quantum mechanical calculations and statistical
analysis of structures in the PDB that positioning negatively
charged residues near the positive edge of aromatic residues is
energetically favorable (8, 9). Here, we extend this approach to
evaluate whether Asp and Glu general bases are frequently po-
sitioned near the positive edge of aromatic residues, recognizing
that the frequency of observation of a molecular state is related
to free energy (e.g., refs. 25-27).

We first used the Catalytic Site Atlas (28) and PDB (http://rcsb.
org/pdb) to identify active-site Asp and Glu residues that had
nearby Phe residues (side-chain carboxylate oxygen atoms within
6 A of the center of a Phe ring). We then used the Catalytic Site
Atlas (28, 29), MACIE (Mechanism, Annotation, and Classi-
fication in Enzymes) (30), BRaunschweig ENzyme DAtabase
(BRENDA) (31), and the primary literature to determine whether
the active-site carboxylate residues with the nearby Phe residues
have been implicated as general bases. We identified 246 non-
redundant enzymes with Asp or Glu residues implicated as general
bases and with a nearby Phe residue. The angle between the Asp
or Glu residue and the Phe ring was defined by the closest car-
boxylate oxygen atom, the center point of the Phe ring, and the
plane of the Phe ring (Fig. 74). To account for the differences in
available 3D space for side-chain interactions near the ring edge
relative to the rest of the Phe surface, we determined the expected
distribution of angles for Asp or Glu residues relative to Phe based
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on available volume (Experimental Methods and Table S3). A
histogram of the analysis reveals that catalytic Asp and Glu resi-
dues show a preference for an edgewise interaction of the Phe ring
with the carboxylate groups that is substantially greater than the
distribution expected from available volume (Fig. 7B). These
observations for carboxylates implicated as general bases mirror
previous conclusions for structural anion—aromatic interactions (8,
9) and provide strong support for a frequent role of anion-aro-
matic interactions in the positioning of anionic general bases.

We next evaluated whether aromatics, and not alternative hy-
drophobic groups, are conserved neighbors of these general bases.
Sequence similarity searches were carried out using the UniProt
Knowledgebase for enzymes in Table S4 with an interaction angle
of 0-10° (32). To control for potential bias from the starting
sequences, additional searches were performed starting with
sequences that did not contain a Phe neighboring the general base.
We found that for 67 of 82 enzymes evaluated, >90% of the
sequences contained an aromatic residue at the position of the
neighboring Phe residue (Table S54). For KSI, an aromatic resi-
due at position 54 was found in 98% of the sequences, respectively,
with Phe most highly represented. At position 116, Trp is the most
highly represented residue, and 97% of the sequences have an
aromatic at this position (Table S5B). Structures of KSI from
P. Putida show the Trp indole nitrogen situated to form a hydrogen
bond with the Asp general base (33). The substitution of Phe at the
position of a Trp hydrogen-bond donor is consistent with the
model that an anion-aromatic interaction can substitute for a hy-
drogen-bonding residue. Although substitution of active-site resi-
dues are expected to occur less frequently than surface residues
because there are multiple constraints in and around active sites,
these results provide strong support for a role for aromatic resi-
dues, rather than generic hydrophobic groups, in interactions with
carboxylate general bases.

We performed an additional analysis to determine whether ar-
omatic residues commonly reside near those Asp and Glu general
bases that do not have nearby hydrogen-bonding groups to position
the carboxylate group. We found that aromatic residues were
highly represented near carboxylate general bases without nearby
hydrogen-bonding groups and that Phe residues, in particular,
were common. Indeed, for 46 of 72 Asp or Glu general bases that
we identified with no hydrogen bond within 3.2 A, an aromatic
residue was present within 4.0 A. The Asp or Glu general bases in
the remaining 26 structures had hydrogen bonds to crystallo-
graphically identified water molecules (20 structures), were clearly
mispositioned (5 structures), or had low electron density (1 struc-
ture; see SI Text and Table S6 for details). These observations

r

Tyr14

Asp99 Phe116
T P %f
O\ N Asp38

Phe54Gly

Tyr55

Fig. 4. Crystal structure of tKSI Phe54Gly shows the position of an Asp38
carboxylate oxygen atom is displaced ~1.0 A relative to wild-type tKSI in
three of the four chains in the asymmetric unit. Superposition of the tKSI
Phe54Gly structure determined herein (PDB ID code 3UNL; carbon atoms are
colored green) and the previously determined 2.3 A wild-type tKSI structure
(PDB ID code 8CHO; carbon atoms are colored white). Only one chain from
the asymmetric unit is shown for clarity. The overall root-mean-square de-
viation between the two structures for backbone atoms is 0.4 A. X-ray data
and refinement statistic are listed in Table S2.
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Fig. 5. Double-mutant cycle to test the role of Phe54 and Phe116 posi-
tioning the general base in KSI. According to the model presented in the
text, Phe54 and Phe116 position the Asp38 general base in the active site of
wild-type KSI. Mutation of Asp38 to a hypothetical “mispositioned” general
base allows the general base to access a dominant alternate conformation
(vertical arrows). Mutation of Phe116 or Phe54 affects the positioning of the
general base starting from an enzyme with a positioned general base (top
horizontal arrow) but does not have an effect for an enzyme with a mis-
positioned general base (bottom horizontal arrow).

support the model that interactions with the positive edge of aro-
matic residues are important for positioning carboxylate general
bases in enzyme active sites.

Binding Effects and an Evolutionary Pathway for Using Anion-Aromatic
Interactions to Position the General Base in KSI. Mutation of Phe54
and Phel16, which facilitate catalysis (kc,), also led to increased
and decreased binding, respectively. We now turn to further in-
vestigation of these binding effects. Our results provide an in-
triguing model for why tKSI and certain other enzymes may be
more likely to use anion-aromatic interactions in general-
base positioning.

Effects of Phe54 Mutations on K. Mutation of Phe54 to Ala, Gly,
Val, and Ile led to a ~fivefold decrease in Ky relative to wild-
type KSI (Fig. 3B and Table S1). The lower Ky, values, coupled
with the displacement of Asp38 in the Phe54 mutant (Fig. 4),
suggest that substrate binding is increased in KSI with a mis-
positioned general base relative to a positioned general base in
wild-type KSI. Close juxtaposition of the anionic general base
near the hydrophobic steroid substrate in the Michaelis complex
for wild-type KSI appears to be destabilizing relative to an en-
zyme with a mispositioned general base that can access alterna-
tive conformations that reduce unfavorable interactions between
the general base and steroid substrate (Fig. S3 and ref. 34). Thus,
perturbations that allow rearrangement of the Asp general base
and, thereby, reduce these unfavorable ground-state interactions
are predicted to increase substrate binding, as observed for the
Phe54 mutations (Fig. 3B and Table S1).

Testing the Role of Phe116 in Substrate-Binding Interactions. In the
simplest scenario, mutations of Phell6 would also increase
substrate binding. However, Ky increased ~10-fold upon muta-
tion of Phell6 to Ala, Val, and Ile, which corresponds to de-
creased overall binding (Fig. 3B). The crystal structure of tKSI
Asp38Asn bound to equilenin, a transition state analog, shows
that Phell16 is situated near the B-D rings of the steroid (Fig.
8A4), so that Phel16 could contribute binding interactions with
the distal rings. In contrast, Phe54 is not situated near the distal
steroid rings. To test the possible contribution of Phell6, we
compared KSI catalysis of reactions of a single-ring substrate
lacking the B-D rings (3-cyclohexen-1-one; Sy,in;) and a multiple-
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ring steroid [S(10)EST; Sg; Fig. 8B]. If remote binding inter-
actions with Phell6 contribute to catalysis, then a simple ex-
pectation would be that mutation of Phel16 would not increase
K for reaction with the smgle -ring substrate.

The ke value of 17 s~ for reaction of Spin with wild- -type
tKSI is within twofold of the k¢, value for reaction with Sgy,
suggesting that binding interactions with the distal steroid rings
are not important for specific transition-state stabilization, as
previously observed for wild-type pKSI (35). Similar to the pre-
viously reported ~10*fold difference in Ky, for reaction of Sgy
and S;in; with wild-type pKSI (35), the Ky, value for reaction
with Spin; is ~5,000-fold higher than for reaction with Sg,; for
wild-type tKSI, suggesting that remote binding interactions are
important for tKSI catalysis of reaction of free S (Fig. 8C).
However, in contrast to the ~10-fold increase in Ky; observed
with Sgy; for the Phel16Ala mutation, the Ky, value for S,,;,; was
unaffected by the Phel16Ala mutation (Fig. 8D) and k./Ky was
correspondingly less affected for S, than Sgy (Fig. 8E). Our
results strongly suggest that Phe116 contributes to KSI catalysis
by remote substrate-binding interactions, so that Phe116 exhibits
a dual role in substrate binding and in general-base positioning.

Possible Pathways for the Introduction of Anion-Aromatic Interactions.
Carter and Wells addressed the question of how the catalytic triad
of a serine protease could have evolved, given that it acts co-
operatively (3, 4). They showed that a particular pathway of ad-
dition gave a progressive increase in activity, whereas others
did not (3, 4). The Phe54Ala/Phell6Ala double mutant led to
the same decrease in k., within twofold, as the individual Phe
mutations (Table S1), indicating that the mutations are
functionally cooperative and suggesting that the presence of
a single Phe is insufficient to provide significant positioning of
Asp38. How could such cooperative functional groups arise
through evolution?

The introduction of Phe54 alone to the double mutant (to give
the Phel16Ala mutant) gives no significant increase in catalytic
power (Fig. 9 and Table S1), suggesting that this would not be
a viable pathway in our simplified evolutionary analysis. In-
troduction of Phel16 alone (to give the Phe54Ala mutant) gives
no enhancement of catalysis with bound substrate (Fig. 9 and
Table S1) but does decrease Ky and, thereby, increases k¢,/Kwm.
As described above, this effect arises from a binding interaction
with the steroid B-D rings (Fig. 8), not from enhancement of
general-base catalysis. However, once Phell6 is in place, in-
troduction of the second Phe at position 54 provides positioning
of the Asp general base, via interactions with both Phe residues,
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10? 108
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7
::-‘ 1 _— 4
) ~30 §102 1
= —— (1)
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x10° i . 1)
~ 0.5
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Residue 54 Phe Ala Phe Phe Ala Phe Residue 54 Phe Alu Pho Phe Ala Phe
Residue 116 Phe Phe Ala Phe Phe Ala Residue 116 Phe Phe Ala Phe Phe Ala
General General
i Asp Glu base Asp Glu

Fig. 6. Double-mutant cycle analysis to test the role of Phe54 and Phe116
positioning the general base in the KSI active site. Effects on k.. (A) and Ky
(B) for mutation of Phe54 and Phe116 in KSI with a positioned Asp general
base and a mispositioned Asp38Glu general base. Values and errors are
averages and SDs from three or more independent measurements and are
from Fig. 3 and Table S1.
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Fig. 7. Evaluating the angle between Asp and Glu general acids and bases
and neighboring Phe residues. (A) The angle between the Asp or Glu residue
and the Phe ring was defined by the closest carboxylate oxygen atom, the
center point of the Phe ring, and the plane of the Phe ring. To match the angle
convention used in ref. 9, an angle of 0° corresponds to the carboxylate po-
sitioned near the ring edge of the Phe, and an angle of 90° corresponds to the
carboxylate positioned above the face of the Phe ring. (B) Histogram of the
analysis (n = 253 proteins) shows a preference for positioning the carboxylate
oxyanion of Asp and Glu general acids and bases (black bars) near the edge of
the ring that is greater than the distribution expected from available volume
(gray bars; see Analysis of Angles Between Carboxylate General Acids and
Bases and Neighboring Phe Residues for details). Values for the randomly
distributed contacts are from Table S3. PDB files are listed in Table S4. A similar
preference was observed for structural interactions (figure 4 in ref. 9).

and, thus, enhances catalysis via more efficient proton abstrac-
tion and ground-state destabilization (Fig. 9 and Table S1).
Although the actual evolution of KSI was certainly much more
complex than this simplified scenario, this example illustrates why
Phe residues may, in some instances, be favored over hydrogen-
bond networks in the positioning of anionic catalytic groups. Phe
residues may have been present in more primitive enzymes with
hydrophobic substrates that provide much of their rate enhance-
ment via binding. The presence of Phe residues for binding may
have then provided opportunities for the later coopting of these
residues for the fine-tuning of the positioning of catalytic anions.
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Fig. 8. Testing the role of Phe116 in remote substrate binding interactions.
(A) Space-filling representation of the crystal structure of tKSI Asp38Asn
bound with equilenin, a transition-state analog, shows the distal B-D steroid
substrate rings packed against Phe116 (PDB ID code 1QJG; equilenin is col-
ored violet, and Phe116 is colored green). (B) Structures of the multiple- and
single-ring KSI substrates. Effects of the Phe116Ala mutation on k., (C), Km
(D), and k.at/Kn (E) for reaction using a multiple- and single-ring substrate.
Values and errors are averages and SDs from three or more independent
measurements and are from Table S1.
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Fig. 9. Evolutionary scenario for anion—aromatic interactions positioning
the general base in KSI. Relative k../Ky values are given next to the arrows. The
general base in the Phe54Ala/Phe116Ala double mutant is not positioned in the
active site (light red, multiple conformations). Introduction of Phe54 alone does
not lead to an increase in activity compared with double mutant (bottom path).
However, in the top path (thicker arrows), introduction of Phe116 alone increases
substrate binding (top species, black dots), and introduction of the second Phe
leads to an effect on the chemical step by positioning the general base.

Implications

The cation—pi interaction is well recognized in biology, with
hundreds of reports and numerous reviews in the literature of
cation—pi interactions involved in ion channels, protein-ligand
interactions, and cofactor binding (e.g., refs. 6, 7, 11, and 36—
40). Our results suggest a catalytic role for the related but less-
discussed anion—aromatic interaction and provide strong sup-
port for a widespread role of anion—aromatic interactions in the
positioning of anionic general bases in enzyme active sites. In
addition, the ability of Phe residues to provide “double duty” in
binding hydrophobic substrates and anion—aromatic interactions
may have provided an impetus for the frequent use of Phe in the
positioning of active-site general bases.

Experimental Methods

Materials. All reagents were commercially available and of the highest purity
(>97%). All buffers were prepared with reagent-grade materials or better;
5(10)EST was from Steraloids; 3-cyclohexen-1-one was synthesized as de-
scribed previously (35).

KSI Mutagenesis, Expression, and Purification. Quik-Change (Stratagene) site-
directed mutagenesis was used to introduce the mutations into th tKSI gene
encoded on pKK22-3 plasmids or pET21c plasmids. Mutations were confirmed
by sequencing miniprep DNA from DH5a cells. Proteins were expressed and
purified as described previously (41).

KSI Kinetics. Reactions with 5(10)EST (S¢)) and 3-cyclohexen-1-one (Syin)) Were
monitored as described previously (35). Reactions were conducted at 25 °Cin
10 mM potassium phosphate (pH 7.2), 1 mM sodium EDTA, 2 mM DTT with
2% (vol/vol) DMSO added as a cosolvent for substrate solubility. The values of
Keatr Km, and kco/Ky were determined by fitting the initial rates as a function
of substrate concentration (typically eight concentrations varied from 2 to
600 1M and 0.02-800 mM for reactions with S, and Smini, respectively) to the
Michaelis-Menten equation. At least three determinations at differing en-
zyme concentrations (varying at least fourfold overall) were averaged.

KSI X-Ray Crystallography. Single-crystal diffraction data were collected at the
Stanford Synchrotron Radiation Lightsource Beamline BL9-1 using a wave-
length of 0.98 A (42). The reflections were indexed and integrated and with
the programs XDS (43); the intensities were scaled, merged, and converted
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to amplitudes with SCALA and TRUNCATE (44). Molecular replacement was
performed with AMoRe using the PDB ID code 3CPO structure, and re-
finement was performed with REFMACS5 (45, 46). Manual model building
was carried out with COOT (47). Crystallographic refinement statistics are
given in Supporting Information.

Analysis of Angles Between Carboxylate General Acids and Bases and
Neighboring Phe Residues. A list of PDB files with active-site Asp and Glu
residues was generated using the Catalytic Site Atlas (Version 2.2.12) (28,
29). Asp and Glu residues with a side-chain carboxylate oxygen atom within
6 A of the center of the Phe ring were identified using a Perl script and the
list of PDB files. The Catalytic Site Atlas (28, 29), MACIE (30), BRENDA (31),
and the primary literature were then used to determine whether the active-
site Asp and Glu residues have been implicated as general acids and bases.
Multiple structures of the same enzyme (e.g., varying bound ligands, crys-
tallography conditions, resolution, or mutations) were identified manually
and removed.

The angle of the interaction was determined by measuring the angle
between the closest carboxylate oxygen atom, the center point of the Phe
ring, and the plane of the Phe ring. In structures with multiple identical chains
in the asymmetric unit, only the A chain was used in the analysis, and only the
A conformer was used when multiple conformation existed in the structure.

The expected distribution of angles for Asp/Glu residues relative to Phe
based on available volume was determined using the volume available to an
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oxygen atom within the cutoff distance of 6 A minus the distance excluded
by the van der Waals spheres of benzene and the interacting oxygen. Vol-
umes were calculated with the computer-aided design software SolidWorks
(Dassault Systémes) as follows. A model of benzene was constructed that
included the van der Waals spheres for the benzene carbon and hydrogen
atoms and a surrounding surface of a depth of 1.52 A to correspond to
the van der Waals radius for oxygen. Conical sections were excised at 10°
increments, and volumes were calculated. The same procedure was followed
for a sphere of 6 A to correspond to the cutoff distance from the center of
the Phe ring. For each angular bin, these quantities were subtracted to give
the volume available to the center of the interacting oxygen.
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