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Structures Displaying Outlier χcat Values. Clan SE, Family S11: Penicillin-
binding protein 5. The structure of penicillin-binding protein 5
(PBP5) with a boronic acid inhibitor (PDB ID: 1Z6F) shows the Lys
base of its Ser-Lys-Asn catalytic triad approaches from an anoma-
lously low χcat = −66° (1). From this angle, the e-amino group is
4.5 Å from the leaving group and unable to affect proton transfer.
This discrepancy between structure and function has been rec-
ognized within the literature and an in silico QM/MM analysis of
PBP5 supports either water penetration or motion of the Lys base
closer to the leaving group, which raises jχcatj > 90° (2).
Clan SE, Family S13: PBP4. Similar to PBP5, the apo structure of
PBP4 shows χcat = −73° (PDB ID: 1TVF). Further inspection of
the electron density within this 2.0-Å structure clearly shows an
unidentified citrate ligand has cocrystallized within the active
site, which likely distorts the geometry of the catalytic groups. A
comparable motion of the Lys base that was uncovered for PBP5
may also apply to PBP4.
Clan SJ, Family S16: Lon protease. Lon proteases function with a Ser-
Lys catalytic diad and in the absence of a mechanistically relevant
cocrystal structure there is a great degree of structural ambiguity
within the active site. The structure of a Ser→Ala inactivated
Escherichia coli LonA (PDB ID: 1RR9) is similar to that of
signal peptidase I (SPI), which functions through a g+ rotamer,
and χcat = 148° (3, 4). Modeling this rotamer for E. coli LonA
shows χcat = −176° with the Lys base 4.4 Å away from the cat-
alytic Ser. Rotation of the Lys base closer also brings χcat closer
to a value consistent with that of other si-face–attacking en-
zymes. This ambiguity was not neglected in the publication of the
initial Lon structure and considerable analysis was performed on
the stereochemical mechanism of the protease. The authors
identified the structural similarity of Lon with other Ser-Lys diad
systems (including SPI) and correctly identify the g+ rotamer as
the reactive conformation. It was also recognized that these Ser-
Lys proteases bind their substrates for a si-face attack, in contrast
to the classic catalytic triad systems, such as subtilisin and se-
dolisin that use a re-face attack. However, the cause of this dif-
ference, the link between χcat and stereochemistry reported here,
was not commented upon.
Clan SC, Family S28: Human dipeptidyl peptidase. The 2.45-Å cocrystal
structure of human dipeptidyl peptidase (hDPP) with inhibitor
GSK237826A was determined (PDB ID: 3N0T), and the His
base is positioned with χcat = 80°. This enzyme contains similar
features to its homolog prolyl oligopeptidase, for which catalyt-
ically relevant complexes have been trapped. Superimposition of
the nucleophile for these structures shows the position of the His
base of hDPP is 3.8 Å away from the position of the amine
leaving group. We propose rotation of the His base must occur
to populate a catalytic orientation.
Clan PA, Family S39: Sesbania mosaic virus (SMV) protease. Clan PA
contains seven structurally characterized families of Ser proteases
and for one, Sesbania mosaic virus (SMV) protease of family S39
(PDB ID: 1ZYO), the structure shows χcat = 175° (5). Further
inspection shows the His base is not hydrogen bonded to the Ser
nucleophile, which was reported incorrectly in the original publi-
cation. We hypothesize that considerable protein motion must oc-
cur to generate a reactive state that, consistent with other members
of clan PA, moves the base into a position where χcat < −90°.
Clan SJ, Family S50: Birnavirus VP4 protease.An acyl enzyme structure
has been determined for bVP4 protease (PDB ID: 1ZYO), which
is a homolog of the Lon proteases (6). This structure clearly
establishes si-face attack and χcat = 173°. Although the sign of

χcat is correct, the value itself is unusually large. The simple ro-
tation of χ4 side-chain angle on the Lys base to 60° decreases the
hydrogen bonding distance to the Ser nucleophile and places it
closer to a reasonable catalytic orientation.
Clan PC, Family S51: Aspartyl dipeptidase. A single structure for
aspartyl dipeptidase, the first structurally characterized member
of clan PC, has been solved (PDB ID: 1FYE) and shows χcat = 84°
(7). This enzyme functions with the t-rotamer of its Ser nucleo-
phile, the N + 1 oxyanion hole, and a His base. Although no
cocrystal structures have been determined that might suggest an
inactive conformation for its His base, superimposition with
prolyl oligopeptidase, which has a similar active site architecture
and a cocrystal structure with a hemiketal present (PDB 1QFM),
provides a good picture of the aspartyl dipeptidase tetrahedral
intermediate (8). This model predicts a si-face attack and is
consistent with the original proposal for the aspartyl dipeptidase
mechanism (Fig. S2). As was predicted by the larger trends of
our analysis, the His base of aspartyl dipeptidase is 3.6 Å from
the position where the nitrogen of the tetrahedral intermediate
will be positioned, and some small motion must raise χcat > 90°
to bridge this gap.

Steric Clashes with a Thr Nucleophile.We identified a handful of re-
face attacking Ser protease structures for which no steric in-
teraction between the base and a hypothetical γ-methyl of a Thr
could be detected. However, all of these structures were pre-
viously identified as those that crystallized with the acid/base in
an inactive conformation. For example, for PBP5 there is no
clash with the Thr γ-methyl but the e-amino group is 4.5 Å from
the leaving group. The same computational evidence that sup-
ports either water penetration or motion of the Lys base in-
dicates that these events would be significantly impeded by the
γ-methyl of Thr, as shown in Fig. S2 (2).
The bacterial asparaginase (BA) enzymes hydrolyze the ter-

minal amide of asparagine with two separate catalytic triads. The
first is a Thr-Tyr-Glu system that forms an acyl-enzyme species on
the Thr nucleophile. The second is a Thr-Lys-Asp system that is
used to activate a water molecule for the hydrolysis of the acyl-
enzyme intermediate. Although the structure of the acyl-enzyme
intermediate shows no clash between the γ-methyl and the Tyr
base (9–13), it is not clear what role the Tyr base has in the
catalytic mechanism. Mutation to Phe results in a 100-fold re-
duction in kcat, which is small compared with mutation of other
catalytic triads. We suggest that protonation of the leaving am-
monia group may be performed by the second catalytic triad
present in BA, which would leave the system in a state ready for
water activation. Alternatively, the leaving group may be pro-
tonated through a water-mediated mechanism. In either case,
the Tyr residue involved in acylation does not directly protonate
the leaving group and is, therefore, able to occupy a position that
does not clash with the γ-methyl. Although additional experi-
ments are needed to determine the mechanism of BA, it is clear
that its catalytic reaction is subject to weaker geometric con-
straints that enable use of a Thr nucleophile.
Finally, it was hypothesized on the basis of a series of X-ray

structures that fluoroacetyl CoA thioesterase functions with
a Thr nucleophile and a His base, but no Michaelis-like or co-
valently linked structures were determined (14). Suspiciously,
this system showed χcat = −53°, an unusually low value compared
with that found for the proteases. Further reading of the literature
identified a second mechanistic hypothesis involved anhydride
formation with a Glu residue (15). Although both hypotheses
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seem structurally reasonable, we await further experimentation
that clarifies the mechanism of this unusual enzyme.

Stereospecific Antibiotics. In the course of this investigation we
haveplacedgreat significanceupon the stereochemicalmechanism
of proteolysis. Although our analysis itself shows the utility of this
distinction in understanding the structure–function relationship, it
is also pertinent to identify whether nature is sensitive to this
distinction. We have extensively studied the biosynthesis of 5R-
carbapenem and it is well known that the bridgehead stereo-
chemistry necessary for antibiotic activity forces the 5-membered
ring to occlude the si face of the molecule (16). Because the
penicillin-binding proteins function through a re-face attack, this
does not impair their function. This configuration is common
among all bioactive bicyclic β-lactam antibiotics (such as penicil-
lin, thienamycin, and clavulanic acid), and the enzymes that

generate this stereochemistry have been selected for indepen-
dently at least four different times (17). The salinosporamides and
cinnabaramides are a class of naturally occurring compounds that,
similar to omuralide, inhibit the proteaseome (18, 19). These in-
hibitors share a β-lactone–γ-lactam core, and future studies are
needed to determine the evolutionary relationship of these nat-
ural products.
These molecules represent the best-characterized, naturally

occurring, stereospecific inhibitors. Other compounds that share
these properties have also been described, such as vibralactone,
a β-lactone pancreatic lipase inhibitor (20). Spongiolactone is
a β-lactone marine natural product whose target is not known
(21). If this compound functions through forming an acyl-en-
zyme intermediate, our analysis predicts that the target will be
a si-face–attacking enzyme.
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Fig. S1. Narlaprevir binding to cytomegaloviral protease. This structure shows the noncatalytically relevant interaction between the acid moiety and oxyanion
when χ

cat and χ
oxy have the same sign upon substrate binding. The oxyanion must be shielded from the acid for efficient catalysis, which is observed in all

hydrolases, regardless of whether the local backbone is used to facilitate catalysis.
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Fig. S2. Steric clash with Thr and the Lys base of PBP1b. A computational model of the first tetrahedral intermediate shows a small steric clash between the
Lys base and γ-methyl of Thr. This repulsive interaction would increase as the acid moves from the current 3.8 Å to within hydrogen-bonding distance of the
amine leaving group. Spheres are drawn with corresponding van der Waals radii. Yellow dashes indicated the oxyanion hole interaction. Red dashes are drawn
between the proton donor and the acceptor.
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