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The study of proteolysis lies at the heart of our understanding of
biocatalysis, enzyme evolution, and drug development. To un-
derstand the degree of natural variation in protease active sites,
we systematically evaluated simple active site features from all
serine, cysteine and threonine proteases of independent lineage.
This convergent evolutionary analysis revealed several interre-
lated and previously unrecognized relationships. The reactive
rotamer of the nucleophile determines which neighboring amide
can be used in the local oxyanion hole. Each rotamer–oxyanion
hole combination limits the location of the moiety facilitating pro-
ton transfer and, combined together, fixes the stereochemistry of
catalysis. All proteases that use an acyl-enzyme mechanism natu-
rally divide into two classes according to which face of the peptide
substrate is attacked during catalysis. We show that each class is
subject to unique structural constraints that have governed the
convergent evolution of enzyme structure. Using this framework,
we show that the γ-methyl of Thr causes an intrinsic steric clash
that precludes its use as the nucleophile in the traditional catalytic
triad. This constraint is released upon autoproteolysis and we pro-
pose a molecular basis for the increased enzymatic efficiency in-
troduced by the γ-methyl of Thr. Finally, we identify several
classes of natural products whose mode of action is sensitive to
the division according to the face of attack identified here. This
analysis of protease structure and function unifies 50 y of bioca-
talysis research, providing a framework for the continued study of
enzyme evolution and the development of inhibitors with in-
creased selectivity.
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The acceleration of chemical reactions is essential to all bio-
chemistry. The generation of reactive species by enzymes is

tightly controlled and limited by the chemical makeup of the 20
proteinogenic amino acids. In isolation, no protein residue har-
bors a strong nucleophile at physiological pH. Rather, enzymatic
activity arises after protein folding introduces cooperative in-
teractions that selectively amplify the reactivity of their otherwise
weakly active functional groups. The preeminent system through
which this phenomenon has been studied is the Ser-His-Asp
catalytic triad of the Ser proteases (1). Several distinct molecular
strategies have been identified that contribute to rate enhance-
ment. Substrate binding increases the local concentration of
interacting species, general acids and bases facilitate proton
transfer, and a high-energy step can be split into multiple lower-
energy steps (2). These distinct molecular strategies may be
unified through the formalism of transition-state theory (3) and
the idea that the active site is electrostatically preorganized for
transition-state stabilization (4, 5). Although the biophysics of
rate acceleration are intricate and sensitive to even minor struc-
tural perturbations, evolution has converged on a catalytic triad
(or diad) with a reactive Ser, Cys, or Thr nucleophile more than
25 separate times to facilitate central biochemical reactions such
as hydrolysis (6), transacylation (7), and phosphorylation (8).
Our understanding of biochemistry has progressed into an

increasingly complex picture but many basic questions about

enzyme evolution remain unanswered. Because evolution oper-
ates through random forces, rationalizing why a particular out-
come occurs is a difficult challenge. For example, the hydroxyl
nucleophile of a Ser protease was swapped for the thiol of Cys at
least twice in evolutionary history (9). However, there is not
a single example of Thr naturally substituting for Ser in the
protease catalytic triad, despite its greater chemical similarity
(9). Instead, the Thr proteases generate their N-terminal nu-
cleophile through a posttranslational modification: cis-autopro-
teolysis (10, 11). These facts constitute clear evidence that there
is a strong selective pressure against Thr in the catalytic triad that
is somehow relieved by cis-autoproteolysis. Because the catalytic
triad is the principal system through which enzymatic rate ac-
celeration has been studied, the inability to rationalize the evo-
lutionary selection of the catalytic nucleophile is a fundamental
weakness in our understanding of biocatalysis. Motivated by this
simple, yet unexplained structure–function relationship, we sought
to answer the question: How do the chemical and structural con-
straints of proteolysis combine to shape the evolution of a protease
active site?
Two strategies can be undertaken to probe the properties of

diverse catalytic architectures. The first is the contemporary ex-
perimental approach whereby all parameters of interest in an
active site are systematically varied and analyzed in silico for
catalytic viability. This technique was used by Smith et al. to show
that the catalytic triad of esterases adopts a consensus geometry
that minimizes reorganization during the multistep mechanism
(12). Computational explorations are unsurpassed in their detail
and broad applicability, but hindered by their need to explicitly
anticipate the structural and mechanistic diversity generated
through natural selection. We elected to pursue an alternative
strategy to elucidate the constraints that guide active site evo-
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lution that is not computational, but observational. Studying the
large set of naturally occurring structures limits analyses to coarser
features, but greatly increases the universality of the results. This
technique requires only a diverse set of enzyme structures and
a rudimentary understanding of organic and biochemistry. By
recognizing the constraints imposed by bond geometries and
steric clashes, it is easy to compare the potential catalytic archi-
tectures for a given reaction.
Results from the veritable explosion of gene sequencing and

protein structure determination have identified at least 23 folds
related through convergent evolution that support proteolysis
through an acyl-enzyme intermediate (9). We cross-compared
the active site architecture among these “analogous” enzymes
(13), each of which has been optimized for catalysis through
natural selection, to interrogate the entire known structural di-
versity that supports efficient proteolysis. We first identified key
parameters that define active site architecture, such as the ori-
entation of substrate binding, the φ, ψ angles of the nucleophile,
and the stereochemistry of catalysis. Analysis of all Ser, Cys, and
Thr proteases of independent lineage showed they were all
highly interrelated. By rationalizing these correlations between
analogous enzymes in terms of their underlying chemistry, we
describe how the function of proteases has guided the evolution
of their structure. These data show that proteases naturally di-
vide into two mechanistically distinct classes that are inhibited by
separate groups of naturally occurring antibiotics. By identifying
prohibitive steric interactions of the Thr γ-methyl within each
class, we explain why evolution selected Ser, and not Thr, as the
nucleophile of the catalytic triad.

Results and Discussion
Chemical Constraints of Proteolysis. To understand how the chem-
ical constraints of proteolysis affect the evolution of a protease
active site, it is necessary to invoke the chemical principles that
underlie its mechanism. As the present work is not a review of
the protease literature, we limit this discussion to only the most
central facts (Fig. 1). The Ser hydroxyl group is not itself strongly
nucleophilic and enzymes must supply a general base to facilitate
its deprotonation. The traditional residue for this role is His,
although other residues are also used (6, 14). Nucleophilic attack
into a peptide bond generates an oxyanion intermediate that is
stabilized by the “oxyanion hole” composed of two hydrogen bond
donors, one of which typically comes from a backbone NH flank-
ing the nucleophilic residue (14, 15). The nitrogen of the scissile
bond becomes basic upon formation of the tetrahedral interme-
diate and proton transfer to the amine leaving group occurs con-
comitantly with collapse of the oxyanion, yielding the acyl-enzyme
intermediate. Subsequent hydrolysis of this enzyme-bound spe-
cies also proceeds through a tetrahedral intermediate. Although

the energetics of hydrolysis are different from enzyme acylation,
they share many structural constraints. As is shown in this in-
vestigation, it is sufficient to consider only the acylation step of the
reaction, as displayed in Fig. 1, to rationalize much of the ob-
servable convergent evolution of proteases.
Evolution has selected for many different residues to activate

the nucleophile, but the cooperative interactions that engender
reactivity are effectively “tuned” differently for each individual
enzyme. This principle was first tested by the chemical swapping
of the hydroxyl nucleophile of subtilisin for a thiol and observing
loss of proteolytic activity (16, 17). More exhaustive studies using
site-directed mutagenesis of both subtilisin and trypsin showed
that alteration of any component of the catalytic triad results in
a large decrease in enzyme efficiency (18, 19). Interestingly, the
Ser→Thr variant of trypsin created a worse enzyme than simul-
taneously mutating all three residues of the catalytic triad.
Conversely, when the N-terminal Thr nucleophile of the pro-
teasome β-subunit was mutated to Ser, there was a reduction in
its catalytic power (20). The juxtaposition of these results and the
inability to rationalize the opposite effects of the Thr γ-methyl
further stimulated our desire to understand how evolution fol-
lows the chemical constraints of proteolysis.

Reactive Rotamer Determines the Identity of the Local Oxyanion
Hole. To our knowledge, the extent of active site variation
among different proteases has not been systematically explored.
Relying on the clan/family nomenclature developed in the
MEROPS database (9) and several excellent reviews (6, 14, 21,
22), we used a simple strategy to analyze the existing collection
of protease structures in the Protein Data Bank (PDB). Because
our investigation is based upon structural analysis of actual pro-
teases, the residues facilitating this chemistry are evolutionarily
optimized for catalysis. Cross-comparison of these structures
enables us to probe the amount of structural diversity present
when the biophysical constraints for rate acceleration are met and
ask how this diversity relates to the underlying chemistry.
There are three staggered rotamers of Ser and they are

denoted according to whether the γOH is gauche or trans to its
peptide NH (Fig. 2A). Table 1 shows that all three staggered
rotamers have been exploited for enzyme acylation and we de-
note the state from which chemistry arises as the “reactive
rotamer.” Table 1 also shows that all but one clan of Ser pro-
teases (23) use an amide NH flanking the nucleophile to stabilize
the oxyanion hole. It has been established that utilization of a
local oxyanion hole moiety forces a suboptimal geometry of oxy-
anion stabilization (24, 25). Although the geometry of the oxy-
anion holes is well understood, it was proposed that the identity
of the oxyanion hole “. . . is a direct consequence of the handed-
ness of the catalytic triad” (ref. 26, p. 165). “Handedness” refers to
the direction from which the base approaches the nucleophile,
but is a limited descriptor because it cannot be extended to the
Thr proteases. We introduce a term that both encompasses the
handedness of the active site and is generalizable: the dihedral
angle between the side chain of the nucleophile and the basic
atom, designated χcat (Fig. 2B). Contrary to the earlier hypoth-
esis, the identity of the oxyanion hole is not determined by the
handedness of the catalytic triad, but is correlated with the re-
active rotamer. When either of the gauche (g+ or g−) rotamers is
used, it is the amide NH of the nucleophilic residue that sta-
bilizes the oxyanion intermediate (Fig. 2 D–H). When the trans
(t) rotamer is used, it is the amide NH of the residue C-terminal
to the nucleophile (denoted the N + 1 residue) that is accessible
(Fig. 2 F and I). The molecular basis for this relationship is
simple: Only the backbone NH that is adjacent to the nucleo-
phile can be used to facilitate catalysis.

Natural Limits on the Location of the Proton Transfer Residue. We
observed that the identity of the reactive rotamer is tightly cor-

Fig. 1. The acylation mechanism of a Ser protease. After substrate binding,
the Ser side chain attacks the scissile peptide bond to generate a tetrahedral
oxyanion intermediate. Protonation of the amine leaving group allows
collapse of the intermediate and formation of an acyl-enzyme species.
Dashed bonds represent the hydrogen bond of the oxyanion hole. See text
for details.
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related with the location of the base, as indicated by χcat (Table
1). The only exception to this correlation is clan SH, which does
not use the local oxyanion hole. Therefore, we hypothesized that
constraints introduced by the reactive rotamer and oxyanion hole
combine to severely limit the catalytically viable location of the
base. For proteases that share a common reactive rotamer, there is
∼50° variability in χcat. Some of this variation may be due to the
fact that conformational heterogeneity in the ground state can
hide features that are used to stabilize the transition state(s) (12).

We identified a common limit, |χcat| > 90°, which is shared
among the vast majority of protease structures. To explore the
basis of this limit and whether divergent evolution may have
altered active site architecture, we extended our analysis to every
structurally characterized Ser protease family (Table S1). We
observed that all outliers to the trend |χcat| > 90° also contained
features that indicated an inactive state had been crystallized (SI
Text). Hence, |χcat| > 90° is a naturally occurring constraint in
protease architecture. A partial explanation for this limit may be

Fig. 2. Active site architectures of Ser Proteases. (A) Newman projection down the Cβ-Cα bond of a side chain on a peptide. The rotamers of the γ-atom are
named g+, g−, or t, as shown. (B) Newman projection down the Cβ-Oγ bond of a Ser nucleophile. The dihedral angle χcat is measured between Cα, Cβ, Oγ, and
the base (B). αcat is defined as the angle between the base, Oγ, and carbonyl carbon. (C) The dihedral angle between Cβ, Oγ of the nucleophile, and the
carbonyl of the scissile bond, χoxy, is used to measure the relative orientation of the substrate. (D-F) Schematic of the three possible active site arrangements
when a local oxyanion hole is used. (G–I) Representative examples of a Ser protease with each reactive rotamer. Dashes represent hydrogen bonds between
the nucleophile and the base (green) or the protein backbone and substrate (orange). PDB IDs: G, 3VGC, γ-chymotrypsin with a boronic acid inhibitor; H, 2EEP,
signal peptidase I with a β-lactam inhibitor; I, 1B12, prolyl aminopeptidase with a boronic acid inhibitor.

Table 1. Active site parameters of convergently related Ser proteases

Clan Enzyme PDB Complex
Reactive
rotamer ϕ, ψ angles

Catalytic
motif

Oxyanion
hole

Face
of attack χcat αcat χoxy Reference

PA Elastase 3HGN Hemiketal g− (−43, 140) S-H-D N re −131 125 −32 (68)
SB Sedolisin 1GA4 Ester g− (−62, −24) S-E-D N re −147 108 −18 (69)
SE D-Ala-D-Ala

peptidase
1MPL Phophonate g− (−72, 0) S-Y-K N re −156 97 −48 (70)

SC Prolyl
aminopeptidase

1QFM Hemiketal t (66, −115) S-H-D N + 1 si 117 106 32 (26)

SS L,D-carboxypeptidase 1ZRS t (64, −130) S-H-E N + 1 si 109 (49)
PC Aspartyl dipeptidase 1FYE t (57, −122) S-H-E N + 1 si 84 (71)
SH CMV protease 1NKM α-Ketoamide t (−177, 132) S-H-H Extrinsic re −125 111 −39 (23)
SK ClpP 1FZS HMK t (59, −122) S-H-D N + 1 si 130 74 50 (29)

SF Signal peptidase 1B12 Ester g+ (−68, −11) S-K N si 148 109 1 (60)
SJ VP4 protease 3R0B Ester g+ (−65, −13) S-K N si 173 114 −9 (72)
ST Rhomboid-1 2IC8 g+ (−63, −29) S-H N si 113 (73)

Halomethyl ketone (HMK) inactivators give rise to unusually small αcat values. See text for details.
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attributed to the protein backbone flanking the nucleophile,
which enforces an insurmountable barrier to an approach from
more acute angles. Although additional work will be needed to
ascertain the exact origin of this constraint on χcat, the fact that it
occurs within all Ser proteases marks it as an intrinsic conse-
quence of their activity.
A second constraint on the location of the base is the angle

defined by the basic atom, nucleophile, and electrophile, designated
αcat (Fig. 2B). With respect to deprotonation, αcat ∼ 116° because
the γO of the nucleophile is sp3 hybridized during the concerted
deprotonation and nucleophilic attack that initiates catalysis
(27). Because this is inherent to proteolysis with Ser, all such
proteases must converge on this geometry. Inspection of Table 1
shows this parameter is faithfully reported by most structures
with a mechanism-based analog. An interesting exception is the
family of halomethyl ketone (HMK) inactivators, which co-
valently link to both the nucleophile and the base and show αcat
∼ 75°, distorting the system that has moved away from its cata-
lytic orientation (28–30).
These simple geometric constraints combine to define the

catalytic architecture for all proteases that use the local oxyanion
hole. For each reactive rotamer, only one candidate backbone
amide can contribute to the oxyanion hole. Because the substrate
and base must both be adjacent to the nucleophile, this limitation
on the position of the substrate translates into a restriction on
the location of the base. Consequently, χcat must be positive for
the g+ and t rotamers and negative for the g−rotamer, as was
experimentally observed (Fig. 2 D–F). The location of the base
is further defined by the requirements that |χcat| > 90° and αcat
∼116°. Although additional constraints are imposed by the nu-
ances of transition state stabilization to define the reaction tra-
jectory, these fundamental constraints are sufficient to explain
the convergent evolution of all proteases that use a local oxy-
anion hole.

Ser Proteases Divide into Two Mechanistic Classes. The most con-
spicuous feature of Table 1 is the interrelationship between χcat
and the orientation of substrate binding. In principle, a peptide
substrate can bind to present either the re or the si face of the
scissile bond. For re-face attacking enzymes, our measurements
show that χcat is always negative. Moreover, measurement of the
dihedral angle between Cβ and Oγ of the nucleophile and the
carbonyl electrophile (χoxy, Fig. 2C) shows these enzymes bind
their substrate in a similar, staggered, position. When the local
backbone is used in oxyanion hole formation, only the g− rotamer
is observed to support re-face attack. Conversely, χcat is always
positive for the si-face–attacking enzymes and only the g+ and
t rotamers are used.
This complex convergence was wholly unexpected and we

sought to rationalize this phenomenon in terms of the underlying
structural and mechanistic constraints. For a protease to be
catalytically productive, the leaving group must be positioned
within hydrogen-bonding distance of the proton-transfer moiety.
For χcat < −90° this constraint is satisfied only when a re-face
attack occurs and, by symmetry, the opposite holds for χcat > 90°
(Fig. 3). Because χcat is predetermined for each reactive rotamer/
oxyanion hole pair, the convergence on a common stereochem-
ical mechanism for each protease is the inevitable evolutionary
consequence of using the local backbone to facilitate proteolysis.
As noted earlier, the proteases of clan SH do not use the local

backbone in oxyanion hole formation but still attack into the re
face of the scissile bond and have χcat and χoxy values similar to
those of other re-face attackers (23). This prompted us to con-
sider whether some additional mechanistic factor might preclude
alternative geometries. For example, the oxyanion intermediate
that is generated during enzyme acylation is highly basic and
must be shielded from the acid moiety used in catalysis. In the
framework described here, this chemical imperative translates

into a requirement that χoxy and χcat must have the same sign
(Fig. S1). We suggest additional constraints might be identified
by in silico interrogation of nonobserved, hypothetical active site
configurations. In sum, despite the great diversity in Ser protease
structure and substrate specificity, they may be partitioned into
precisely two distinct mechanistic classes according to which face
of the peptide bond is attacked during catalysis.

Extension of Convergent Analysis to the Cys Proteases. The mech-
anistic constraints discussed above are not unique to the Ser
proteases. The availability of the local backbone to contribute to
oxyanion hole formation, the relevance of the reactive rotamer,
and the importance of χcat are all applicable to the Cys proteases.
To validate these principles, we extended our analysis to each of
the 11 structurally characterized clans of Cys proteases (Table 2).
Like the Ser proteases, the Cys proteases evolved to use all three
staggered rotamers of the nucleophile and we observed the same
correlation between the reactive rotamer and the identity of the
local oxyanion hole residue. We found that χcat did not correlate
well with the face of attack because most Cys proteases use
a thiolate/acid pair that forms before substrate binding and the
larger radius of sulfur means the thiol is deprotonated from
farther away (31). This important distinction from the Ser pro-
teases allows the acid to be preorganized for protonation of the
leaving group and not activation of the nucleophile. More gen-
erally, the thiol of Cys is intrinsically more reactive than the
hydroxyl of Ser and the structural constraints for efficient ca-
talysis are correspondingly less stringent. These positional dif-
ferences are made clearest by analysis of clans PA and PC, which
contain both Ser and Cys proteases that are related through
divergent evolution (9). In each case, the Cys proteases show
geometries that would be ill-suited for deprotonation of Ser, but
the acidic moiety is well positioned for protonation of the amine
leaving group. Although thiols and hydroxyls require different
geometries of proton transfer, the orientation of substrate
binding is conserved between these enzymes. Table 2 shows that
all Cys proteases use the local oxyanion hole and |χoxy| < 90°.
Moreover, the relationship between the reactive rotamer and the
face of attack is identical to that of the Ser proteases (with the
exception of clan SH). Although divergent evolution may change
the substrate specificity or the identity of the catalytic triad of

Fig. 3. Stereospecificity of proteolysis. (A) The substrate carbonyl points
toward the local backbone for stabilization with a local oxyanion hole.
When χcat > 90°, the substrate must expose the si face of the peptide for
attack, because a re-face attack is nonproductive for proton transfer. (B)
When χcat < 90°, the opposite holds. Only a re-face attack is viable for en-
zyme acylation and a si-face attack leads to an inactive complex.
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a protease, we report here that the stereochemistry of catalysis is
absolutely conserved.

Mechanistic Constraints Imposed by the Thr γ-Methyl. With this
comprehensive framework for dissecting proteolysis in place, we
can address the question that first motivated this investigation:
Why do the Ser proteases not use Thr? For every system we
examined, the Thr γ-methyl was modeled onto the Ser nucleo-
phile and its interactions with the environment were recorded.
Surprisingly, only two types of interference were necessary to
account for the inability of Thr to function in the catalytic triad.
For Ser proteases with χcat > 90°, which attack into the si face of
the scissile bond, the γ-methyl of Thr would form a preclusive
steric clash with the oxyanion generated during catalysis (Fig. 4 C
and D). Alternatively, when χcat < −90°, the γ-methyl clashes
with the residue facilitating proton transfer (Fig. 4 A and B).
Because this residue is the active site component subject to the
most variation, we expanded our test of the γ-methyl to every
structurally characterized Ser protease family, which accounts for
divergent evolutionary pressures. For the few structures in which
no clash was observed there was strong evidence that a catalyti-
cally incompetent conformation had been crystallized (Fig. S2
and SI Text). Hence, a clash with a hypothetical γ-methyl was
observed for all Ser proteases irrespective of the identity of the
catalytic triad, the reactive rotamer, or the components of the
oxyanion hole. Because this clash is intrinsic to protease struc-
ture, evolution always selects against a Thr nucleophile in all
clans of Ser proteases.
In light of this conclusion, the report that trypsin may be

converted to a weak, but functional, Thr protease with as few as
three mutations is particularly striking (32). This variant was
never tested against a true protein substrate and we hypothesize
that additional experiments will show it avoids enzyme acylation
or does not feature direct proton transfer to the leaving group.
There do exist natural Thr nucleophiles in biochemistry but
without posttranslational modification, none of them catalyze
proteolysis. The most similar reaction is that of the bacterial
asparaginase enzymes, which hydrolyze the terminal amide of
asparagine to yield aspartate and ammonia. Evidence clearly
supports the use of a Thr nucleophile in a Thr-Tyr-Glu catalytic
triad. However, removal of the phenolic OH of the Tyr base has
a relatively small 100-fold reduction on kcat, compared with the
∼1,000,000-fold reduction upon removal of the His residue of the
Ser protease catalytic triad (18, 33). This and other circumstantial
evidence suggest more than one residue or a bridging water may
be facilitating proton transfer during acylation (SI Text).

When the chemistry in question is fundamentally altered from
hydrolysis to phosphoryl group transfer, so are the mechanistic
imperatives. Protonation of the leaving group is no longer nec-
essary, and the structure of phosphothreonine lyase shows the
longer P-O bonds may accommodate the Thr γ-methyl without
a steric clash (8). Although some reactions have sufficiently weak
chemical constraints to allow a Thr nucleophile, the vast majority
of enzymes that function with an acyl-enzyme intermediate do
not use Thr. Covalent catalysis is a common theme in bio-
chemistry and the structural constraints identified here for the
proteases also apply to many other enzymatic reactions including
amidohydrolases (34), esterases (35), β-lactamases (36), thio-

Table 2. Active site parameters of convergently related Cys proteases

Clan Enzyme PDB Complex
Reactive
rotamer ϕ, ψ angles

Catalytic
motif

Oxyanion
hole

Face of
attack χcat αcat χoxy Reference

PA SARS protease 3SND Thioacetal g− (−56, 142) C-H N re −168 82 −41 (74)
CD Caspase 8 1QTN Thioacetal g− (−73, 159) C-H N re NA NA −2 (75)
CF Pyrrolidone carboxylate

peptidase
1IU8 g− (−64, -52) C-H-E N re −169 (76)

CL L,D-transpeptidase 1ZAT g− (−65, 164) C-H N re 179 (77)
CM HCV NS2 protease 2HD0 g− (−66, 141) C-H-E N re 153 (78)
PC PH1704 1G2I t (60, −115) C-E N + 1 si 180 (79)
CA Papain 1POP Thioacetal g+ (−56, −32) C-H N si −177 76 30 (80)
CE Ulp1 1EUV Thioacetal g+ (−52, −46) C-H-D N si −169 82 36 (81)
CN Equine encephalitis

alphavirus nsP2
2HWK g+ (−54, −26) C-H N si ND (82)

CO Diamino endopeptidase 2HBQ g+ (−64, −47) C-H-H N si −160 (83)
CP deSUMOylase DeSI-1 2WP7 Unmodeled g+ (−59, −32) C-H N si 179 (84)

Members of clan CD do not use the same general base for activation of the nucleophile and protonation of the leaving group. The structure 2HWK
crystallized with the base in an inactive state and 2WP7 has a ligand covalently bound to the nucleophile that was not modeled.

Fig. 4. Steric clashes of the Thr γ-methyl. (A) γ-Chymotrypsin with a boronic
acid inhibitor (PDB ID: 3VGC). The γ-methyl of Thr was modeled (black) and
its steric clash with the base is indicated by overlapping spheres drawn with
the van der Waals radii. (B) CMV protease with an α-ketoamide inhibitor
(PDB ID: 1NKM) shows a steric clash still occurs when the local oxyanion hole
is not used. (C) Prolyl aminopeptidase with a boronic acid inhibitor (PDB ID:
2EEP). The “nucleophilic elbow”motif is incompatible with the Thr γ-methyl,
which clashes with the oxyanion substrate (red sphere). (D) A similar clash is
observed for signal peptidase I with a β-lactam inhibitor (PDB ID: 1B12).
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esterases (37), and nitrilases (38), as well as more sophisticated
enzymes such as glyceraldehye-3-phosphate dehydrogenase (39).

Positive Selection for an N-Terminal Thr Nucleophile. Of course, the
structural barrier to the Thr nucleophile is not insurmountable.
Seminal research into the mechanism of the proteasome β-sub-
unit (PβS) established it as the first member of the “Thr pro-
teases” (11, 40, 41). In a departure from the canonical Ser
proteases, PβS and related enzymes require an intramolecular
posttranslational modification, cis-autoproteolysis, to generate
the active site (10, 42, 43). The resultant N-terminal nucleophile
(Ntn) harbors an α-amine that acts as the proton transfer cata-
lyst, analogous to the role played by His in the canonical catalytic
triad. These enzymes are found to use all three possible nucle-
ophiles (Cys, Ser, Thr). As indicated by the results discussed
above, catalysis with an Ntn must be geometrically distinct from
that of the Ser and Cys proteases to accommodate a Thr nu-
cleophile. Furthermore, a thorough explanation of Ntn function
should also account for the fact that mutational removal of the
γ-methyl decreases the activity of PβS (20) and other Thr-using
enzymes (44). Therefore, we extended our analysis to the Ntn
enzymes in an effort to resolve the unusual evolutionary pref-
erence for a Thr nucleophile.
There are at least two distinct protein folds that support

autoproteolysis to generate an Ntn enzyme active site: the original
Ntn-fold (10) and the DOM-fold (45). As described above,
autoproteolysis generates an α-amine base with χcat = 30°, which
tightly constrains the potential catalytic geometries. Conse-
quently, all Ntn-using enzymes bind their substrates with a com-
mon orientation and attack into the si face of their substrates
through the g− rotamer. More importantly, because the base
approaches from a previously disallowed trajectory, it no longer has
a steric clash with the γ-methyl, thereby allowing Thr to function as
a catalytic nucleophile.
We recently reported that the Thr γ-methyl may accelerate the

autoactivation of Ntn enzymes through the destabilization of
inactive ground state conformations (46) through a phenomenon
known as the reactive rotamer effect (RRE). Although the RRE
is defined for intramolecular cyclizations (47), in principle it will
apply to any reaction for which equilibration between active
and inactive conformational states is fast relative to catalysis.
The apparent rate of the reaction (kcat) can be increased if the
addition of steric bulk shifts the ground state ensemble to favor
the reactive state. This is precisely the situation presented by
Thr→Ser mutation of PβS and related enzymes. As described by
Fig. 5, the γ-methyl accelerates catalysis by intrinsically favoring
the reactive g− rotamer. These rotamer distributions may be

further shifted by interactions with residues proximal to the active
site (48). This rationale explains the reduction in kcat observed
upon Thr→Ser mutation of PβS (20) and glycosylasparaginase
(44). Hence, the close association of multiple functional groups
forces a steric clash with the Thr γ-methyl that precludes its use as
a nucleophile for most enzymes. These constraints are relieved
upon posttranslational autoproteolysis, whereupon the γ-methyl
is not only tolerated but may intrinsically accelerate catalysis,
explaining why it is the evolutionarily favored nucleophile in PβS
and other Ntn enzymes.

Structural Constraints for Catalysis with a Local Oxyanion Hole. In
addition to affecting the selection of the catalytic residue, the
mechanistic constraints of enzyme acylation with a local oxy-
anion hole limit the structural variation surrounding the nucle-
ophile. For example, a Ramachandran plot showing the φ, ψ
angles of the nucleophile is clustered by the reactive rotamer
(Fig. 6). For the two gauche rotamers, φ ∼ −55° is necessary to
use the local backbone in the formation of an oxyanion hole.
This in turn limits the possible ψ angles. When ψ ∼ 150°, the
carbonyl of the nucleophilic residue has a repulsive interaction
with the g+ rotamer and only the g− rotamer is catalytically vi-
able. Hence, all enzymes that use a local oxyanion hole and ac-
ylate the g+ rotamer of the nucleophile have φ, ψ ∼ −55°, −20°,
where the g− rotamer is also allowed. Far more limiting, though,
is use of the backbone of the N + 1 residue in the oxyanion hole,
which requires ψ ∼ −120°. This angle is allowed only in a small
region of the φ, ψ space. When φ, ψ ∼ 60°, −120°, a g+ rotamer
has a strong steric repulsion with the N − 1 carbonyl, explaining
why this rotamer is never associated with an enzyme that uses an
N + 1 oxyanion hole.
These restrictions on the conformation of the local backbone

have larger structural consequences. When the nucleophile has
φ, ψ ∼ −55°, 150°, there is no correlation in the local secondary
structure between analogous enzymes (Fig. 7A). For φ, ψ ∼ −55°,

Fig. 5. Gauche interactions of an N-terminal nucleophile (Ntn). The g−
rotamer of an Ntn Thr has the fewest gauche interactions. When the
γ-methyl is removed by mutation to Ser, the t rotamer becomes favored. This
effect is exacerbated by repulsive interactions with the neighboring car-
bonyl. Consequently, the Thr γ-methyl shifts the rotamer distribution toward
a reactive state, which increases kcat. These effects are intrinsic to Ntn struc-
ture and may contribute to the evolutionary selection of a Thr nucleophile.

Fig. 6. Plot of the φ, ψ angles of the nucleophilic residue for Ser and Cys
overlaying the Ramachandran plot. Proteases cluster according to the re-
active rotamer in catalysis. The outlier, marked X, does not use the local
backbone for oxyanion stabilization. Ramachandran plot was generated in
MolProbity: light blue, strongly favored; dark blue, allowed (85).
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−20° there is a clear trend for the nucleophile to be positioned at
the N terminus of a helix (Fig. 7B). When this circumstance
occurs, the oxyanion is further stabilized by the helix dipole.
Catalysis through the t rotamer with the N + 1 oxyanion hole
shows evidence of the strongest structural constraints because
ψ ∼ −120° is allowed when φ ∼ 60°. For these enzymes, the nu-
cleophile is always preceded by a β-strand that leads into a helix
(Fig. 7C). This motif has been recognized previously as the
“nucleophilic elbow” and has strong sequence requirements for
its formation (37, 49). This is the only viable conformation when
a single residue separates a strand–helix transition in protein
structure (50), which we suggest could be the first feature formed
in a t rotamer proto-enzyme active site. Previously, there was no
explanation for the convergent evolution of this elaborate motif
for the proteases and more sophisticated nitrilases (37, 49, 51).
When this question is posed in the framework described here,
the nucleophilic elbow is simply a consequence of using the
t rotamer and the N + 1 oxyanion hole for catalysis.
Recently, there has been great interest in developing artificial

enzymes (52) and enzymes with novel function (53, 54). Land-
mark progress have been made with the design of Kemp Elimi-
nases (55) and Diels-Alderases (56). For comparable success
with enzymes that use an acylation mechanism, it would be
beneficial to understand the interactions between the minimal
active site components: nucleophile, oxyanion hole, and proton
transfer catalyst. These were recently explored by the rational
design of novel enzymes with esterase activity (57); but these
enzymes had significantly less catalytic power than natural
esterases. We believe that active site designs featuring the angles,
distances, and structural motifs defined here should lead to
catalysts with improved activity.

Stereospecific Mechanism-Based Inhibitors. Enzymes that use an
acylation mechanism have a long and successful history as ther-
apeutic targets for drug development. Since the discovery of
penicillin, there has been an unceasing effort in the scientific
community to both understand these enzymes and develop new
molecules that inhibit them (58). Traditionally, these enzymes
were classified according to the residue or metal ion used to
generate the nucleophile (6). Unfortunately, this organization
affords no perspective for the design of inhibitors that possess
a mechanism of action that is sensitive to the stereochemistry of
catalysis. Therefore, we sought to understand how nature exploits
the distinction between re- and si-face–attacking enzymes by an-
alyzing naturally occurring, stereospecific inhibitors in the context
of our mechanism-based classification.
The β-lactam antibiotics inhibit penicillin-binding proteins

responsible for the final cross-linking step in bacterial cell wall
biosynthesis (59), a reaction that occurs through a re-face attack.
Conspicuously, all classes of the naturally occurring bicyclic
β-lactam antibiotics feature stereochemistry that occludes the si
face of the β-lactam moiety (Fig. 8A). The bacterial signal pep-

tidase (SPase) is also present in the periplasm, but functions
through a si-face attack. Consistent with our analysis, it has been
shown that incubation of traditional β-lactam antibiotics fails to
inhibit these enzymes (60). However, a β-lactam–based SPase
inhibitor was successfully generated when the bridgehead ste-
reochemistry of a penicillin-like molecule was inverted, to expose
the si face of the synthetic β-lactam.
Omuralide is a naturally occurring β-lactone–γ-lactam (Fig.

8B) antibiotic that functions through inhibition of PβS, a si-face–
attacking Ntn enzyme (61). Despite its high binding affinity for
PβS, it has been shown that incubation of omuralide with the
Chlamydia protease CPAF, which uses the nucleophilic elbow
motif, successfully inactivates the enzyme (62). This is consistent
with the hypotheses that the γ-lactam blocks the re face of the
molecule, thereby restricting the inhibition profile to si-face–
attacking enzymes. Similar properties may be attributed to the
salinosporamides (63), vibralactone (64), and avibactam (65). In
total, we identified seven independent cases where nature se-
lected for the biosynthesis of an inhibitor that is sensitive to the
stereochemistry of the active site of the target enzyme (SI Text).
Currently, efforts to develop new therapeutics are often fo-

cused on optimizing interactions within the binding pocket that
are distinct from the catalytic center itself. This is an extremely
challenging pursuit because there are numerous enzymes with
overlapping substrate specificities. We suggest that incorporation
of moieties that preclude attack into the nontarget face of an
inhibitor may be a useful negative-design parameter in the de-
velopment of new drugs with improved specificity.

Conclusions
In the present investigation, we defined geometric enzyme–sub-
strate parameters that enabled systematic examination of enzyme
function and applied them to every structurally characterized

Fig. 7. Structural overlay of proteases according to their reactive rotamer. (A) Enzymes that use the g− rotamer show no structural similarity apart from their
φ, ψ angles. (B) A reactive g+ rotamer has a loop at its N-terminal direction and a helix at it C-terminal end. (C) Use of the t rotamer and the N + 1 oxyanion
hole imparts stringent structural constraints that are satisfied by a β-strand turning into an α-helix, the “nucleophilic elbow”motif. Structures shown are listed
in Tables 1 and 2.

Fig. 8. Stereospecific antibiotics. (A) The β-lactam molecule carbapenem
contains stereochemistry that blocks the si face of the elecrophilic carbonyl
and this molecule may be used only to inhibit re-face attacking enzymes. (B)
Conversely, omuralide features a β-lactone–γ-lactam core that occludes the
re face of the eletrophilic carbonyl. Consequently, this inhibitor scaffold is
effective only against si-face–attacking enzymes.

Buller and Townsend PNAS | Published online February 4, 2013 | E659

BI
O
CH

EM
IS
TR

Y
PN

A
S
PL

U
S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1221050110/-/DCSupplemental/pnas.201221050SI.pdf?targetid=nameddest=STXT


family of the Ser, Cys, and Thr proteases. This study revealed
surprising correlations between seemingly independent active site
components. We explained that utilization of the local backbone
in oxyanion stabilization is related to the reactive rotamer for
catalysis and that the location of the base determines the orien-
tation of substrate binding. We advocate division of the proteases
into two classes according to the stereochemistry of their nucle-
ophilic attack, as is common in the study of NAD(P)H-dependent
enzymes (66). By understanding the active site constraints im-
parted by proteolysis through an acyl-enzyme mechanism, we
accounted for the selection against a Thr nucleophile, established
why the nucleophilic elbow forms, and provided a basis for un-
derstanding the evolution of stereospecific inhibitors. These re-
lationships constitute incontrovertible links between structure
and function and limit the fitness landscape upon which the
evolution of biocatalysis occurs. This knowledge is distinct from,
but no less valid than, that accessible through detailed quantum
mechanical calculations, time, and computational expertise. Our

method of convergent evolutionary analysis is broadly applicable
and should aid in the continued study of enzymes and their ele-
gant structure–function relationship.

Methods
Proteases of unrelated evolutionary lines were identified according to their
classification in the MEROPS database (9). From this list, structures were
selected according to their resolution and the presence of a mechanistically
relevant ligand and uploaded into Coot for visual inspection of model
quality within each active site (67). All of the measured values in Tables 1
and 2 contain error that is intrinsic to crystallography. These deviations are
resolution dependent and, when possible, we have chosen the highest-res-
olution structure available. The face of attack for each enzyme was estab-
lished by analysis of an inhibitor complex or inference from the location of
the P1 site on the protein. Superimpositions and visualization of group van
der Waals radii were performed in PyMol (Schrödinger, LLC).
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