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Insights into cis-autoproteolysis reveal a reactive
state formed through conformational rearrangement
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ThnT is a pantetheine hydrolase from the DmpA/OAT superfamily
involved in the biosynthesis of the p-lactam antibiotic thienamycin.
We performed a structural and mechanistic investigation into the
cis-autoproteolytic activation of ThnT, a process that has not pre-
viously been subject to analysis within this superfamily of enzymes.
Removal of the y-methyl of the threonine nucleophile resulted in a
rate deceleration that we attribute to a reduction in the population
of the reactive rotamer. This phenomenon is broadly applicable and
constitutes a rationale for the evolutionary selection of threonine
nucleophiles in autoproteolytic systems. Conservative substitution
of the nucleophile (T282C) allowed determination of a 1.6-A proen-
zyme ThnT crystal structure, which revealed a level of structural
flexibility not previously observed within an autoprocessing active
site. We assigned the major conformer as a nonreactive state that
is unable to populate a reactive rotamer. Our analysis shows the
system is activated by a structural rearrangement that places the
scissile amide into an oxyanion hole and forces the nucleophilic re-
sidue into a forbidden region of Ramachandran space. We propose
that conformational strain may drive autoprocessing through the
destabilization of nonproductive states. Comparison of our data
with previous reports uncovered evidence that many inactivated
structures display nonreactive conformations. For penicillin and
cephalosporin acylases, this discrepancy between structure and func-
tion may be resolved by invoking the presence of a hidden confor-
mational state, similar to that reported here for ThnT.
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In stark contrast to the evolutionary selection for chemically
stable polypeptides, there exist several classes of intrinsically
reactive proteins that cleave an internal peptide bond as part of
their cellular function (1). Many cis-autoprocessing events proceed
through an N-O(S) acyl shift, where a threonine (Thr), serine (Ser),
or cysteine (Cys) attacks the peptide bond of the preceding residue
(Fig. 1). Collapse of the resultant (thia)oxazolidine exchanges the
amide for a reactive (thio)ester that undergoes different chemical
reactions, depending on biological context. This chemistry has been
implicated in such diverse phenomena as protein folding, nucleo-
porin biogenesis, Hedgehog and G-protein coupled receptor sig-
naling, protein splicing, and apoptosis (2-6). Additionally, cis-auto-
processing is necessary for maturation of many enzymes including
the proteasome B-subunit, pyruvoyl-dependent decarboxylases, and
the industrially used penicillin and cephalosporin acylases (PA and
CA, respectively) (1, 7, 8). Enzymes use the N-terminal nucleophile
(Ntn) liberated by autoproteolysis as a noncanonical catalytic diad
(9). Central to these systems is the challenge of hydrolyzing an in-
ternal peptide bond, whose half-life at 25 °C and neutral pH is ap-
proximately 600 y, with no assistance from an external catalyst (10).

Although the chemical reactions underlying self-cleavage have
been appreciated for the past decade, understanding how these
reactions are facilitated is hampered by the inapplicability of
many enzymological techniques. Because the active site is not
returned to its original state, autoprocessing is not formally cat-
alytic; this limits the utility of traditional kinetic assays. The large
size and intrinsic reactivity of most systems precludes labeling
schemes and makes nuclear magnetic resonance experiments
particularly difficult. These challenges were recently overcome
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for the 15-kDa Mucl SEA domain, where it was shown that
protein folding introduces torsional strain at the scissile bond,
lowering the barrier to cleavage by 7 kcal/mol (11, 12). The Ntn
hydrolases were the first structurally characterized cis-autopro-
teolytic enzymes (13), but their size and complexity hinder similar
progress. Enzymes from this superfamily are known to utilize all
three possible nucleophiles (Thr, Ser, or Cys); however, the
mechanistic constraints imparted by a given residue are entirely
unknown. Once described as belonging to the Ntn superfamily,
the autoactivation of the less numerous DmpA/OAT (D/O)
superfamily has not been studied (14). Understanding the auto-
proteolytic protein scaffold is of significant practical interest be-
cause enzymes from the D/O or Ntn superfamiles are implicated
in the biosynthesis of all classes of the naturally occurring bicyclic
pB-lactam antibiotics (15-19).

Here, we describe our investigation into the autoproteolytic
activation of a D/O enzyme, ThnT, a pantetheine hydrolase from
Streptomyces cattleya involved in the biosynthesis of the p-lactam
antibiotic thienamycin (19). We identify specific structural con-
straints imparted by the y-methyl of a Thr nucleophile, providing
a common mechanistic link between the Ntn and D/O enzymes
and a rationale for the evolutionary selection of this residue. The
X-ray crystal structure of an uncleaved ThnT precursor showed
unusual structural flexibility in the active site, allowing inter-
conversion between inactive and active states. Evaluation of pre-
viously reported uncleaved Ntn structures found that they often
contain comparable active site geometries to the inactive state of
ThnT, and they are unlikely to promote the requisite chemistry.
Application of the insights gleaned from analysis of ThnT may be
used to address these deficiencies, providing a strengthened basis
for continued research into autoprocessing.

Results and Discussion

The Reactive Rotamer Effect Accelerates the N-O Acyl Shift. ThnT
matures with a half-life (¢,,,) = 43 min at 37 °C, as measured by
a kinetic SDS-PAGE assay. Conservative mutation of the nucleo-
phile, T282S, resulted in a 4.3-fold reduction in the self-cleavage
rate (Fig. 24). An extensive review of the literature revealed that
comparable Thr — Ser mutations always impede autoproteolysis,
suggesting a common cause underlies this phenomenon (20-27).
Temperature dependent analysis of the autoproteolysis of the
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General mechanism of autoproteolysis. The nucleophilic residue attacks into its N-terminal amide bond. The resultant 5-membered oxazolidine ring

collapses with concomitant protonation of the nitrogen leaving group. The nascent amine then acts as a general base to activate a water molecule, which

hydrolyzes the ester intermediate. The new C-terminal residue dissociates, exposing the catalytic N-terminal nucleophile. “A-H" and “B:"

represent a general

acid and general base, respectively. A comparable mechanism also occurs for autoproteolytic systems that utilize Cys and Ser nucleophiles.

Ntn-hydrolase glycosylasparaginase (GA) showed the Thr — Ser
rate deceleration is caused by an increase in the activation entro-
py; however, the molecular interaction giving rise to this effect
remained elusive (22).

The N-O acyl shift proceeds through a sterically disfavored
gauche-rotamer of the nucleophile (7, 28). The reactive g— rota-
mer of Thr offsets this instability by placing the y-methyl in its
anti-position (Fig. 2B). The rotamer distribution of the nucleo-
phile is also affected by interactions with the local backbone. Such
interactions specifically accelerate autoproteolysis with Thr when
the y-methyl forms unfavorable steric interactions in nonproduc-
tive rotamers. This reactive rotamer effect (RRE) is disrupted by
the Thr — Ser mutation, which shifts the ground state rotamer
distribution away from a reactive state, accounting for the entro-
pically derived rate deceleration (29). The RRE may contribute
to the previously unexplainable observation that Thr nucleophiles
are rare outside of cis-autoproteolytically activated systems, but
common among the Ntn and D/O hydrolases (14, 30, 31). We
suggest the evolutionary selection for different nucleophiles be-
tween Ser and Thr hydrolases reflects, in part, the propensity of
a y-methyl to assist in efficient maturation through the RRE.

The X-Ray Crystal Structure of ThnT T282C. Although a Thr — Ser
mutation has a relatively small effect on the rate of autoproteo-
lysis, previous studies have established that mutational exchange
of a hydroxyl nucleophile for a thiol has a strong adverse effect
(23, 26). Chemical rescue of cleavage is traditionally accom-
plished by the addition of the strong nucleophile hydroxylamine
(32). We were unable to detect autoproteolysis of ThnT T282C,
but addition of NH, OH induced a small amount of hydroxyami-
nolysis after 24 h (SI Appendix, Fig. S1). This result demonstrated
that T282C is a chemically stable variant that is capable of under-
going a slow N-S acyl shift and was, therefore, an ideal candidate
to investigate the structure of a minimally altered autoproces-
sing site.
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We identified crystallization conditions in which crystals of
T282C grew overnight, before measurable autoproteolysis could
occur. These crystals diffracted to high resolution and we report
here the 1.6-A X-ray crystal structure of this mutant, which al-
lowed for the analysis of a D/O enzyme in its uncleaved form.
ThnT is dimeric both by native PAGE (19) and within the asym-
metric unit of the crystal. Like other D/O and Ntn proteins, ThnT
has an afpa architecture (Fig. 3). The connectivity of the second-
ary structural elements differs between these superfamilies, indi-
cating they are related through convergent evolution (14). We
compared the architecture of ThnT with representative members
of three other topologically unique cis-autoproteolytic systems
and identified a simple feature common among them: The scissile
bond is located at the end of a B-strand (12, 24, 33). Standard
a-helix geometry prevents the y-atom of a residue from approach-
ing its N-terminal peptide bond, accounting for the general ab-
sence of autoproteolysis sites on a-helices (SI Appendix, Fig. S2).
Although the selection for autoproteolysis at the terminus of a
B-strand likely reflects diverse evolutionary pressures, it also
suggests that an intimate connection exists between the confor-
mational states of these proteins’ active site residues and the
autoproteolytic chemistry they share.

Two Conformations of the Scissile Bond are Crystallographically
Observed. Despite the low rmsd, 0.11 A%, between the subunits
(designated #; and z,) of ThnT T282C the electron density
flanking the scissile bond (N1CT) in z; and =, contain significant
differences. This segment of 7, was readily modeled with the nu-
cleophilic thiol present on the re-face of the scissile bond (state B,
Fig. 4, B). Attempts to model the N1CT segment of 7, with a
single conformer consistently produced low-quality maps. Rely-
ing on the electron-rich sulfur atom of C282 to guide placement
of the side chain, we assigned a major conformer with the thiol on
the si-face of the scissile bond (state A, Fig. 4, A). Inspection of
the resulting F,, — F, map showed the remaining electron density
precisely matched state B. Determination of a 55:45 ratio of the

Inactive Rotamer Reactive Rotamer

Oxazolidine Intermediate

Threonine

Serine

Reaction Coordinate

Fig. 2. The reactive rotamer effect in autoproteolysis. (A) Time course of the autoproteolysis reactions of ThnT and T282S shown on 15% SDS-PAGE. As the
reaction progresses, there is a decrease in the intensity of the uncleaved (z) band and a corresponding increase in the intensity of the two cleavage products («
and p). Quantification with first-order kinetics shows a 4.3-fold rate deceleration caused by removal of the y-methyl. (B) Hypothetical reaction coordinate
diagram showing how threonine accelerates nucleophilic attack into the N-terminal amide bond by minimizing the number of gauche interactions for
the reactive rotamer. This effect is specific to the 3R stereochemistry of the p-carbon and is also influenced by the geometry of the local protein backbone.
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Fig. 3. Representative autoproteolytic proteins from distinct folds. Autop-
roteolysis sites (black arrows) separate the N-terminal domain (silver) from
the C-terminal domain (red). In each system, the autoproteolysis site is found
at the terminus of a p-strand. The Ntn hydrolases (A) and the D/O hydrolases
(D) share similar offpa architecture, but the connectivity between the second-
ary structure elements is different, indicating their relationship through con-
vergent evolution. Protein Data Bank ID: (A) 2A8l, hTaspasel; (B) 2Q5X,
hNup98; (C) 2ACM, Muc1 SEA; (D) 3S3U, ThnT. For clarity, a single monomer
of hTaspase1 and ThnT is shown.

A and B states in 7, required including the partial occupancy of
Watl and Wat2 in state B, which occupy the same space as the
thiol and scissile carbonyl of state A (Fig. 4). During model build-
ing, C282 in state A consistently refined to a disallowed region of
¢-w space (87°, 114°), suggesting that specific structural features
must favor what is otherwise a highly strained conformation.

The origin of the differences between each subunit may be
related to the asymmetry of their crystalline environments, as in-
dicated by B-factor analysis. The average B factor of the atoms
modeled in z, 17.2 1&2, is 25% higher than the 7, atoms, 13.7 AZ.
This asymmetry is distributed broadly throughout the subunit and
may reflect significant differences in the packing forces across the
asymmetric unit (SI Appendix, Fig. S3). The mechanism through
which state A in 7, is preferentially stabilized is not apparent.
Residues 1.319-D321, which have crystal contacts, are adjacent
to the active site and also populate two conformations in 7,
suggesting that long-range conformational coupling may affect
the ThnT active site. The existing crystallographic data, however,
cannot determine a causal relationship between multiple confor-
mational states.

Fig. 4. Dual occupancy at the active site residues N281, C282, and T283. (A)
The r, subunit with states A and B modeled with a 55:45 ratio, 2mF, — DF
electron density map (blue) calculated at 1.0 ¢. (B) The z; subunit with a sin-
gle conformer, state B, modeled. (C) Modeling state B alone into z, produces
poor F, — F. electron density at 4.0 ¢ with negative (red) and positive (green)
density corresponding to the omitted conformer (red residues, water as as-
terisks). (D) Modeling state A alone into r, clearly shows that the missing
density may be satisfied by the partial occupancy of state B, identified in z;.
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Autoproteolysis Proceeds Through a Si-Face Attack. Each state de-
fined by the structure of ThnT T282C implicates a different face
of the scissile bond for the initial nucleophilic attack. Based on
the chemical demands of the N-O acyl shift, we established a
procedure to identify a potential cleavage-competent state. A
reactive rotamer is defined by its ability to reach a Biirgi-Dunitz
(B-D) trajectory of 105 £ 5° (34). Inspection of the active site
must show this reactive rotamer is sterically allowed. For systems
displaying the RRE, the reactive rotamer will be favored by Thr
relative to Ser. In order to estimate the population of a given ro-
tamer, we employed a backbone-dependent rotamer library. (35).
Lastly, we note that crystal structures of disabled autoprocessing
sites should be viewed generously, because mutational inactiva-
tion and crystal packing may alter the active site geometry.

In state B of ThnT, the B-D trajectory may be reached from
the g+ rotamer of T282, however, this forces a strong steric clash
with the carbonyl oxygen of the scissile amide (SI Appendix, Fig. S4).
A single viable rotamer for T282 can be rationalized, with the hy-
droxyl anti to the scissile bond (Fig. 54). Therefore, we conclude
state B could be populated by ThnT, but could not effect the N-O
acyl shift. In state A, the g— rotamer of T282 can reach the B-D
trajectory for attack into the si-face of the scissile bond (Fig. 5B),
requiring bond angle compression that is also necessary for forma-
tion of the oxazolidine intermediate. In this conformation, the
y-methyl is 2.7 A from the carbonyls of A142 and G320. These steric
clashes could be ameliorated by small structural adjustments. Final-
ly, state A favors the g— rotamer of Thr more than Ser by a factor
of 1.6, as indicated by the backbone-dependent rotamer library.
The capacity of Ser to hydrogen bond to the carbonyls of A142 or
G320 in the nonreactive anti-rotamer, which Thr cannot populate,
may further shift the rotamer distribution to account for the ob-
served 4.3-fold rate deceleration observed with the T282S mutant.

Consequently, state A satisfies the known constraints for ThnT
autoproteolysis and may represent a cleavage-competent state.
Assignment of a si-face attack is corroborated by the presence of
an oxyanion hole, comprised of the SNH, of N217 and the amide
NH of F144, with optimal distances and angles for polarization
of the scissile bond and stabilization of the oxazolidine intermedi-
ate. The mutation N217D disrupts autoproteolysis, consistent
with a mechanism utilizing this oxyanion hole (SI Appendix,
Fig. S1). Hence, application of simple constraints based on the
underlying chemistry unambiguously identifies state A, the net
minor conformer of ThnT, as the cleavage-competent state.

Factors Promoting Formation of the Cleavage-Competent State. ThnT
promotes the formation of a reactive conformation by several
distinct means. In the inactive state B, the carbonyl of T282 has
a 2.7-A steric clash with N217 and a severely strained w angle of
159° (Fig. 5). Formation of state A removes the clash and relaxes
the w angle to 177°. Concurrently T282 moves into a “forbidden”
region of the Ramachandran plot, accompanied by the expulsion
of Watl and polarization of the yOH by its hydrogen bond to
Wat4. The group undergoing the most significant change is the
scissile bond itself, which rotates 90° into the oxyanion hole, re-
placing Wat2. This peptide flip maintains a strained w angle of
172° and exchanges the hydrogen bond partner of the amide
nitrogen from the carbonyl oxygen of N217 to Wat3, which shifts
into hydrogen bond distance with the amide nitrogen of the
scissile bond. An oxyanion hole is a common feature of enzyme
active sites where polarization increases the electrophilicity of
reactive carbonyls and stabilizes tetrahedral intermediates. Polar-
ization, however, also raises the barrier to rotation of amide
bonds and we cannot speculate on the energy necessary to main-
tain the torsional strain present on the scissile bond of ThnT.
In sum, preferential hydrogen bonding, relief of torsional strain,
removal of steric clashes, and liberation of solvent may combine
to compensate for formation of a highly strained, chemically re-
active state.

Buller et al.
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Fig.5. Active and inactive states of ThnT. (A) Model of the inactive state B of ThnT. Hydrogen bonds are shown as green dashes. The 2.7-A steric clash between
T282 and N217 is shown with black dashes. A yellow arrow indicates the scissile bond. (B) Model of the cleavage-competent state of ThnT where the steric clash
and twisted amide of T282 have been removed. The direction of attack is indicated with red dashes. (C) Alignment of T282C-state B with precursor Ntn hydro-
lases (2X1C, teal; 2IWM, pink; 10QZ, slate; 1KEH, green) using the two oxyanion hole nitrogen atoms, oxygen of the scissile bond, and C atoms (blue, red, and
gray, respectively). This alignment reveals significant structural similarity between each active site and the occupation of the oxyanion hole with a crystal-
lographic water molecule, corresponding to Wat2 in (A). For these Ntn hydrolases, a hidden rearrangement that displaces the bound water and places the
scissile carbonyl in the oxyanion would activate the system for autoproteolysis.

A Mechanism for ThnT Autoproteolysis. Two proton transfers accom-
pany the N-O acyl shift: deprotonation of the nucleophile and
protonation of the amine leaving group. In all Ntn and D/O en-
zymes, maturation yields an N-terminal amine that functions as
the general base during catalysis (31). However, this group is not
available prior to (thio)ester formation. The lack of a strongly
activated nucleophile may contribute to the unexplained observa-
tion that the kg of self-cleavage is orders of magnitude slower
than the k., of substrate cleavage in mature Ntn hydrolases (21,
26, 36). Wat4 is uniquely oriented in state A to act as a proton
acceptor for T282 by its hydrogen bonds with the backbone car-
bonyls of S320 and G322. We hypothesize that this water mole-
cule acts as the base for the reaction (Fig. 6). Once activated, the
nucleophile may then follow the B-D trajectory for attack into the
scissile bond.

Protonation of the leaving group can occur on the amide prior
to nucleophilic attack or on the 2° amine of the oxazolidine inter-
mediate. As discussed above, the Mucl SEA domain promotes
autoproteolysis by applying torsional strain to the scissile bond.
This strain raises the pK, of the amide nitrogen sufficiently for
protonation at neutral pH, prior to nucleophilic attack (11, 37),
and was suggested to be a common mechanism for autoproces-
sing. We note that a grossly strained scissile bond has yet to be
observed in a structure of an uncleaved autoproteolytic protein.
More importantly, the basicity of the amide nitrogen is lowered
by the polarizing effect of the oxyanion hole provided in the Ntn
and D/O systems. Consequently, we propose that nucleophilic

attack into the scissile bond precedes protonation of the nitrogen
for ThnT and its relatives (Fig. 6).

There is a single candidate water molecule, Wat3, for proto-
nation of the oxazolidine intermediate. In state A, this water is
tightly coordinated by the side chains of T283, D321, and D323.
The conservative mutations D321N and D323N completely
eliminate self-cleavage, demonstrating the importance of these
residues (81 Appendix, Fig. S1). The close proximity of their car-
boxylate groups, 4.3 A, suggests that one of these residues may
have an elevated pK,, allowing it to act as a general acid. Although
D321 is closer to Wat3, D323 is conserved across the D/O super-
family, suggesting it is the acidic group. Water-mediated proton
transfer from D323 to the secondary amine would then allow
for collapse of the oxazolidine, generating a planar ester intermedi-
ate. The nascent amine of T282 then activates Wat3 to hydrolyze
the ester, completing autoproteolysis (Fig. 6).

Two Distinct Mechanistic Pathways for Cis-Autoproteolysis with Thr.
The autoactivation of many Thr-utilizing Ntn hydrolases has been
investigated with X-ray crystallography. We applied our criteria
for identification of a cleavage-competent state and found that
several of these structures cannot support the N-O acyl shift. The
proteasome B-subunit (PS) is the only Ntn hydrolase reported to
initiate autoproteolysis through a si-face attack. Hence, it shares
the same intrinsic geometric constraints for the N-O acyl shift as
ThnT. The structure of uncleaved PS was solved using Thr — Ala
inactivation, which may have altered its active site geometry due
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Fig. 6. Proposed autoproteolytic mechanism of ThnT. (A) The precleavage conformation shown in Fig. 5B. Dashed lines represent hydrogen bonds critical to
activation of the system. A fourth hydrogen bond exists for Wat4, enabling it to shuttle the labile proton on T282 into solvent. (B) The amine leaving group is
protonated by Wat3 and expelled, generating a planar ester. (C) The nucleophilic Wat3 is activated by the nascent amine and hydrolyzes the ester.
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to the removal of the YOH, whose interactions are better pre-
served in the Thr — Cys structure of ThnTreported here. A mod-
el of PS activation that brings the observed ¢-y angles of the
nucleophile closer to those found for ThnT would significantly
increase the probability of populating the reactive rotamer (S/
Appendix, Table S1). GA is the most intensely studied cis-autop-
roteolytic system, where the current model for self-cleavage con-
tains features from two different inactivated structures (28, 38).
The geometry captured by mutation of the nucleophile, T152C, is
almost identical to the inactive state of ThnT. As was shown for
ThnT, population of a reactive rotamer in this state causes a pre-
clusive steric clash and, therefore, cannot support the N-O acyl
shift without prior structural rearrangement. The inactive W11F
GA structure retains the Thr nucleophile and contains an active
site geometry that does allow formation of the reactive rotamer.
This conformation indicates autoproteolysis occurs through a re-
face attack from the same g— rotamer proposed for ThnTand PS.

Our analysis of uncleaved structures for y-glutamyltranspepti-
dase (20, 39), L-asparaginase EcAIII (40, 41), Taspasel (24), and
GA (28) indicates that they have crystallized in inactive states (SI
Appendix, Table S1). For gGT and Ecalll, the active site geometry
was previously hypothesized to represent an active state that is
comparable to state B of ThnT T282C and GA T152C. Because
this state is now firmly established as inactive and has been shown
to rearrange to a conformation giving rise to either re-face or
si-face attack, additional information is needed before a mechan-
istic pathway may be proposed for these proteins. However, it is
notable that each of the plausible mechanisms for autoproteolysis
with Thr proceeds from the g— rotamer of the nucleophile. This
empirical result could have been anticipated by the RRE because
this is the only rotamer that places the y-methyl in the favorable
anti position. We believe that autoproteolysis initiated from the
g— rotamer is a general feature of Thr-utilizing cis-autoproteoly-
tic systems.

Evidence for Hidden Conformational Rearrangement Preceding Ntn
Hydrolase Maturation. Fewer data exist for autoproteolysis with
a Ser or Cys nucleophile. Mechanistic analysis is more difficult
because these residues lack the added constraint of a y-methyl.
Nonetheless, the structurally characterized systems, PA and CA,
display an active site that bears several striking similarities to the
inactive state of ThnT (17, 18, 42). The protein backbone flanking
the scissile bond is comparable to the inactive conformation iden-
tified in state B of ThnT. Also, the oxyanion hole is occupied by a
water molecule corresponding to Wat2 of ThnT (Fig. 5C). The
proposed mechanism for these enzymes invokes the bound water
molecule to activate the nucleophile by acting as a proton accep-
tor. The oxyanion hole, however, polarizes this water to act as a
proton donor. To rectify the perplexing mechanistic implications
suggested by these structures, we hypothesize a peptide flip places
the reactive carbonyl into the conserved oxyanion hole, expels the
“bound” water and positions the nucleophile for si-face attack.
Our hypothesis is further supported by observations in CA, where
the inactive F177P variant compresses the active site and expels
the bound water (43). Instead of disrupting self-cleavage by re-
moving an inappropriately polarized water molecule, the ob-
served compression may prevent a peptide flip necessary for
formation of a cleavage-competent state.

Lastly, a large planar deviation in the @ angle of the nucleo-
philic residue has been observed for PA, ThnT, and GA (28, 38).
It was proposed that relief of this strain upon ester formation
would contribute up to 5 kcal/mol to drive the N-O acyl shift.
However, for ThnT, this strain is relieved upon formation of the
active state, supporting an alternative hypothesis: Conforma-
tional strain drives autoprocessing by destabilizing nonproductive
states.
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Conclusions

Autoprocessing is a unique and challenging branch of enzymology.
Because chemistry is directly encoded in the folded-state ensem-
ble, nowhere is the link between structure and function so clearly
defined. We attribute the accelerated rate of autoproteolysis with
a Thr nucleophile to the RRE, providing a basis for the evolution-
ary selection of this residue. In the crystal structure of T282C, we
observed two conformations at the active site and identified the
net minor conformer as a cleavage-competent state. By extending
our mechanism-based analysis to previously reported uncleaved
structures, we have shown why many are unlikely to promote the
requisite chemistry. This deficiency may be addressed by invoking a
hidden conformational rearrangement within the proenzyme ac-
tive site. For CA and PA, evidence suggests that this rearrangement
is comparable to that observed for ThnT. Although great strides
have been made in understanding autoprocessing, an important
lesson emerges from this investigation: X-ray crystallography of
mutationally inactivated precursors is not necessarily a reliable
technique for the identification of reactive states.

Methods

Expression Vector Construction. Construction of a codon-optimized expression
vector has been described previously (19). Mutant genes were made using
overlap extension PCR with primers T282S-F: 5- GCCACCCTCAACAGCA-
CGCTCGCCGTG -3’ and T282S-R: 5'- CACGGCGAGCGTGCTGTTGAGGGTGGC
-3’ (Sigma-Genosys), digested with Ndel and Hindlll, and ligated into
pET28b(+) (Novagen) to create N-6His-tag fusions. All mutations were se-
quence-verified and transformed into Escherichia coli Rosetta2(DE3)-compe-
tent cells (Novagen).

Protein Expression and Purification. All ThnT mutants were expressed in E. coli
Rosetta2(DE3) cells as previously reported (19). Eluent from the Ni-nitrilotria-
cetate column was desalted into either 10 mM potassium phosphate, pH 7.5
with 10% glycerol (for kinetic experiments) or 20 mM potassium phosphate,
pH 7.5 with 5% glycerol (for crystallography), passed through 700 pL Q-Se-
pharose resin (Sigma-Aldrich), and concentrated in 10 K molecular weight
cutoff Amicon filtration devices (Bio-Rad).

Autoproteolysis Assays. Purified protein was diluted to 1 pg/pL into 100 mM
citric acid/phosphate buffer, pH, 7.5, 100 mM KCl and 10% glycerol, and pre-
incubated to 37 °C for 5 min. For assays extending beyond 12 h, 100 mM Tris
pH 7.5 was used instead of 100 mM citric acid/phosphate buffer. Discrete time
points were collected by quenching an aliquot of protein in 5x SDS-PAGE
loading buffer and heated at 98 °C for 1 min. Samples were run on a 15%
SDS-PAGE gel and stained with Coomassie blue. Densitometry was performed
using ImageJ software and the fraction of uncleaved protein fit to a single
exponential (Eq. 1) in Prism (GraphPad) (S/ Appendix, Fig S5):

y = Aexp(—kt) + C. [1]

Crystallization and Data Collection. Automated crystal screening was per-
formed by the University of Maryland Crystallography Core using an OryxNa-
no (Douglas Instruments) with 7.7 pg/uL T282C and solutions from Qiagen.
Crystallization was repeated using sitting-drop vapor diffusion against a
1-mL reservoir solution of 0.45-0.65 M sodium acetate and 12-14% PEG
3350. Crystals were cryoprotected by immersion into 0.5 M sodium acetate,
17% PEG3350, and 20% glycerol prior to flash-freezing in N,. Crystals of
T282C for multiwavelength anomalous dispersion phasing experiments were
derivatized with a 20-min soak in cryoprotection buffer supplemented with
200 pM ethylmercuric phosphate. Diffraction data were collected on BL 12-2
at the Stanford Synchrotron Light Source (S/ Appendix, Table S3).

Structure Solution and Refinement. Phasing was performed using the multiple
wavelength anomalous diffraction method with ethylmercuric-derivatized
protein and then applied to nonderivatized T282C structure factors using di-
rect Fourier synthesis. Data were processed in Collaborative Computational
Project Number 4 using SHELX/C/D/E, followed by solvent flattening and his-
togram matching with DM and automated model building with wARP/ARP
(44-47). Iterative rounds of manual model building were performed in Coot
using REFMACS for refinement (48). Atomic coordinates were deposited in
the Research Collaboratory for Structural Bioinformatics Data Bank (Protein
Data bank ID 3S3U).
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