
Enzyme:Substrate Hydrogen Bond Shortening during the Acylation Phase of Serine
Protease Catalysis†

Krisztián Fodor,‡ Veronika Harmat,§ Richard Neutze,| László Szilágyi,⊥ László Gráf,* ,‡ and Gergely Katona*,#
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Chemistry and Bioscience, Chalmers UniVersity of Technology, Box 462, 40530 Gothenburg, Sweden, Department of
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ABSTRACT: Atomic resolution (e1.2 Å) serine protease intermediate structures revealed that the strength
of the hydrogen bonds between the enzyme and the substrate changed during catalysis. The well-conserved
hydrogen bonds of antiparallelâ-sheet between the enzyme and the substrate become significantly shorter
in the transition from a Michaelis complex analogue (Pontastacus leptodactylus(narrow-fingered crayfish)
trypsin (CFT) in complex withSchistocerca gregaria(desert locust) trypsin inhibitor (SGTI) at 1.2 Å
resolution) to an acyl-enzyme intermediate (N-acetyl-Asn-Pro-Ile acyl-enzyme intermediate of porcine
pancreatic elastase at 0.95 Å resolution) presumably synchronously with the nucleophilic attack on the
carbonyl carbon atom of the scissile peptide bond. This is interpreted as an active mechanism that utilizes
the energy released from the stronger hydrogen bonds to overcome the energetic barrier of the nucleophilic
attack by the hydroxyl group of the catalytic serine. In the CFT:SGTI complex this hydrogen bond
shortening may be hindered by the 27I-32I disulfide bridge and Asn-15I of SGTI. The position of the
catalytic histidine changes slightly as it adapts to the different nucleophilic attacker during the transition
from the Michaelis complex to the acyl-enzyme state, and simultaneously its interaction with Asp-102
and Ser-214 becomes stronger. The oxyanion hole hydrogen bonds provide additional stabilization for
acyl-ester bond in the acyl-enzyme than for scissile peptide bond of the Michaelis complex. Significant
deviation from planarity is not observed in the reactive bonds of either the Michaelis complex or the
acyl-enzyme. In the Michaelis complex the electron distribution of the carbonyl bond is distorted toward
the oxygen atom compared to other peptide bonds in the structure, which indicates the polarization effect
of the oxyanion hole.

Serine proteases are ubiquitous in prokaryotes and eu-
karyotes and serve important and diverse biological functions.
These include central biological processes such as fibrin-
olysis, hemostasis, complement reaction, and the digestion
of dietary proteins. Early studies of trypsin and other serine
protease systems established the structural basis of serine
protease catalysis (2-6). While serine proteases have a very
broad range of specificities, the main catalytic steps and
catalytic residues are presumed to be identical (7). The first
step is the noncovalent binding of the polypeptide substrate
to the active site cleft which leads to the formation of a
Michaelis complex. In the acylation phase, the catalytic serine
attacks the scissile amide bond and concomitantly a tetra-

hedral oxyanion intermediate is generated that breaks down
to an acyl-enzyme complex with the following release of
the C-terminal product fragment. In the deacylation phase
of catalysis, attack of a water molecule onto the ester bond
results in a second tetrahedral intermediate that collapses,
releasing the N-terminal product fragment and regenerating
the native enzyme.

Even though there is a consensus on the core steps, the
relative importance of various factors influencing the catalytic
efficiency remains unclear. Hydrogen bonds have always
been in the focus of interest. In particular the precise nature
of the interaction between the catalytic histidine and aspartate
remained controversial (8-14). Kinetic and solvent isotope
effect experiments indicated hydrogen transfer in the rate-
limiting transition state (15, 16). A large scale conformational
change of the catalytic histidine was also proposed which
would facilitate the reprotonation of the leaving amino group
(8, 17); this process is thought to be essential for making
the amide a better leaving group. More subtle, but neverthe-
less important structural changes of catalytic residues during
the reaction cycle were also emphasized based on calcula-
tional and theoretical grounds (18, 19). Earlier low-resolution
observations indicated geometrically strained acyl-enzyme
intermediates (20), and a strained scissile peptide bond was
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found in a subtilisin:elastase inhibitor complex (21). Later,
based on an atomic resolution structure, the acyl-enzyme
ester bond was found to be planar within experimental error
(22). The key tetrahedral intermediate was observed in high
quality data obtained from pH jumped flash frozen crystals
of porcine pancreatic elastase acyl-enzymes (23).

Hamdaoui et al. (24) and Malik et al. (25) independently
isolated trypsin-specific canonical inhibitors from a desert
locust (Schistocerca gregaria). SGTI1 (Schistocerca gregaria
trypsin inhibitor) was found to be only a modest inhibitor
of bovine pancreatic trypsin, while it inhibited very efficiently
trypsin isolated from narrow-fingered crayfish (CFT) (26).
The NMR structure of SGTI revealed an exposed, convex
loop which enables SGTI to act as a canonical inhibitor of
trypsin (27). The crystal structure of the CFT:SGTI complex
revealed an extended interaction between the enzyme and
the inhibitor (28). Canonical inhibitors inhibit serine proteases
by forming a tight complex and thereby preventing the
substrate molecules from gaining access to the substrate
binding pocket. Surprisingly, the enzymes remain capable
of cleaving peptide bonds of canonical inhibitors, which was
demonstrated by the isolation of the cleaved form of the
inhibitor in the presence of the enzyme (29, 30). This
observation has led to the formulation of the standard
mechanism of canonical inhibition: the prolonged association
of the enzyme and the inhibitor leads to an equilibrium
between the cleaved and uncleaved forms of the inhibitor.

Earlier lower resolution X-ray diffraction studies on serine
protease:inhibitor complexes did not reveal significant devia-
tion from the native active site geometry that would
presumably render the enzyme inactive (21). Herein we
report the refinement of the structure of the canonical
inhibitor complex formed between crayfish trypsin (CFT)
and SGTI (PDB entry: 2f91) which is assumed to be a
suitable model for studying the catalytic Michaelis (loose)
complex (28, 31), in which the substrate peptide forms an
antiparallelâ-sheet with the enzyme in order to position the
scissile peptide bond in the active site. It is important to note
however, that the scissile peptide does not hydrolyze rapidly
and the cleaved and uncleaved forms of the inhibitor reach
equilibrium over an extended period. Substrate binding via
a canonical antiparallelâ-sheet was also called into question
(32), but as yet alternative binding models fail to explain
why the acyl-peptide also binds in a canonical conformation
(22) and why theKd for canonical inhibitors correlate with
thekcat/Km of their analogous substrates (33). Nevertheless,
the very high occupancy of SGTI combined with the
accuracy of the atomic resolution data allowed the detailed
description of the scissile peptide bond geometry in the CFT:
SGTI complex relative to the acyl-ester bond (22) and the
tetrahedral intermediate (23).

MATERIAL AND METHODS

Refinement Details.The CFT:SGTI complex and the
elastase acyl-enzyme were refined with SHELX (34) as
described previously (22, 28) with the following modifica-
tions: Identical geometric andB-factor weights were used
during the two refinements. The same number of hydrogens

were modeled on the catalytic residues and enzyme:substrate
â-sheet (main chain) in the two structures, and no hydrogens
were included for the His-57 residue. In order to perform
an unbiased comparison, the geometry of the P2-P2′
residues of SGTI was not restrained in the final rounds of
the refinement. Similarly the ester linkage between the acyl-
peptide and Ser-195 in the elastase acyl-enzyme was
simulated unrestrained in the final SHELXL refinement steps.
The updated model of the CFT:SGTI complex has been
submitted to the PDB (35) (entry code: 2f91).

Analysis and Treatment of Errors.The radial positional
errors of the atoms and errors of bond and plane angles were
deduced from the inversion of the least squares minimization
matrix in SHELX without geometric andB-factor restraints
(DFIX, DANG, FLAT, DELU, SIMU, ISOR, and BUMP)
and using the BLOC 1 and DAMP 0 0 parameters. Calcula-
tion of “radial positional errors” takes into account the
variance of the coordinate along the crystallographic axes
and the covariances (i.e. the off-diagonal elements of the
inverse of the LS matrix) between them. The radial positional
errors were propagated into the errors of distances and
distance differences as described by Schneider (2000) (36).
We also ignored the fact that for estimating distance errors
the perpendicular component of the radial position errors is
not necessary, and we neglected the covariance terms
between the two atoms. As a consequence the distance errors
reported here are slightly overestimated compared to the ones
calculated with the RTAB command of SHELX. Bonding
and plane angles and their associated estimated errors were
calculated directly with the commands RTAB and MPLA,
respectively.

Analysis of the Electron Density and Crystallographic
Models.2mFo-DFc electron density maps were calculated
with Shelxpro (34). Absolute scaling of the reflections was
done by SHELXL using diffraction intensities as input. The
program MAPMAN (37) was used to calculate the electron
density values at the atomic positions with the PEek VAlue
interpolate option. The structural models of CFT:SGTI and
elastase acyl-enzyme were superpositioned with iterative
sieve fitting using the program LSQMAN (38) and compared
with the program O (39).

RESULTS AND DISCUSSION

Mechanism for ConVersion of Binding Energy into Cata-
lytic Action. SGTI forms an antiparallelâ-sheet with CFT
(Figure 1) via six hydrogen bond connections. Two of those
form the oxyanion hole at the scissile bond (not shown);
three connect the N terminal part of the inhibitor to the
enzyme, and only one holds the C terminal part which would
normally constitute the first product of the catalytic cycle.
These hydrogen bonds are structurally homologous in other
serine protease:inhibitor complexes of the chymotrypsin
family (Figure 1B,C). In the atomic resolution structure of
the elastase acetyl-NPI acyl-enzyme (PDB code: 1gvk) (22)
all threeâ-sheet forming non-oxyanion hole hydrogen bonds
are shorter than their counterparts in the CFT:SGTI structure
(P1 N to S1 O 3.56 Å vs 3.04 Å, P3 O to S2 N 3.14 Å vs
2.97 Å, and P3 N to S2 O 2.95 Å vs 2.72 Å).2 The hydroxyl

1 Abbreviations: CFT, crayfish trypsin; SGTI,Schistocerca gregaria
trypsin inhibitor; rms, root mean square.

2 The naming of the substrate binding subsites follows the Schechter-
Berger convention (1).
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FIGURE 1: (A) Stereoview of the X-ray structure and electron density near the active site of the CFT:SGTI complex at 1.2 Å resolution.
The bonds of the enzyme are colored in green while the inhibitor is yellow. The 2mFo-DFc electron density map is contoured at 2.5σ
(cyan) and 4.0σ (gold). (B) Superposition of the elastase Ac-NPI acyl-enzyme complex onto the CFT:SGTI complex. CFT is green,
SGTI is yellow, porcine pancreatic elastase is cyan, and the Ac-NPI acyl-peptide is red. The position of the attacking water molecule is
also indicated as a red sphere. (Stereoview.) (C) Hydrogen bond lengths in the CFT:SGTI complex and the acyl-enzyme intermediate. The
color code is identical to that in Figure 1B. (D) Schematic representation of the enzyme-substrateâ-sheet. This figure was produced with
the programs Povscript+ (56) and Chemsketch (http://www.adclabs.com).
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group of the catalytic serine is wedged between the peptide
and the enzyme, which probably accounts for the longer
hydrogen bonds and prevents the formation of an ideal,
cooperative interaction. It is also worth noting that the
distance difference between the donor and acceptor is the
largest in the hydrogen bond which is closest to the scissile
peptide bond. This may implicate that, once the hydroxyl
group of the serine is activated, part of the activation energy
that is required for the tetrahedral intermediate formation
could be derived from the stronger hydrogen bonds, which
forces the carbonyl carbon to interact more closely with the
hydroxyl of the catalytic serine. The cooperative strengthen-
ing of three hydrogen bonds may therefore compensate the
energetic barrier of the nucleophilic attack (Figure 1C). This
hypothesis complements the recent idea that, during the
deacylation reaction, the transition from the planar to the
tetrahedral geometry shifts the position of the carbonyl
carbon atom which leads to the “unzipping” of the acyl-
peptide and eventually the departure of the product (23). It
may also provide an explanation to why only the breakdown
of cognate substrates is catalyzed at an elevated rate (40).

If we assume that the enzyme:substrate interaction is finely
tuned then any substrate which cannot make stronger
hydrogen bonds with the enzyme due to steric or electrostatic
hindrances will not be able to utilize the rate acceleration
provided by the enzyme:substrateâ-sheet. Negative coop-
erativity could play an important role, since even a single
noncognate residue in the substrate may have the potential
to prevent the shortening of multiple hydrogen bonds, in
which case the strain imposed by the hydrogen bonds on
the Ser-195 hydroxyl-carbonyl carbon interaction may not
be sufficient for carrying out the nucleophilic attack and it
may promote substrate dissociation instead (see similar
arguments in ref41). It is well-known that longer synthetic
peptides are better substrates than shorter ones, which also
points to the importance ofâ-sheet hydrogen bond formation
in catalytic action (7). Further away from the P1 residue
hydrogen bond shortening is less pronounced and also
noncognate residue at distant positions cannot disturb
proximal hydrogen bonds as much, which may limit their
effect on specificity. On the other hand, since the largest
energy gain can be expected at the P1 residue, the noncognate
binding at this position has the most severe effect (42). Early
structural studies on boronate and phosphonate esters of
serine proteases (43) also revealed a closer interaction
between P1 and the main chain of Ser-214 compared to
canonic inhibitor complexes, albeit the binding of an artificial
intermediate and the limited crystallographic precision of
these studies may have masked the shortening at more distant
hydrogen bonds. Our studies on natural intermediates further
emphasize the potential role of the “catalyticâ-sheet”, which
can be extended to the acylation phase of the catalytic cycle.

SubstrateVs Inhibitor. Although strong and specific
binding seems to be paramount in efficient catalytic action,
canonic inhibitors do not adhere to this rule. Canonic
inhibitors typically bind to serine proteases with aKd well
below the nanomolar range, yet their scissile peptide bond
hydrolyzes very slowly. According to the standard mecha-
nism, the inhibitor complex can dissociate into both the
uncleaved and the cleaved form of the inhibitor (44). The
inhibitory loop is remarkably similar in unrelated families
of polypeptide inhibitors, and it is assumed that it takes up

a similar conformation as a substrate for the target protease
(45). Beyond similarity, we also investigated the potential
structural differences between the inhibitory loop and real
substrates. The transition from the planar peptide bond to
the tetrahedral intermediate necessarily amounts to confor-
mational changes in the polypeptide backbone of the inhibi-
tor. An analogous conformational change is expected during
the change from the planar ester bond to the tetrahedral
intermediate in the deacylation phase (23). The CFT:SGTI
complex contains numerous intermolecular hydrogen bonds,
yet the homologous hydrogen bonds in the elastase acyl-
enzyme are shorter and stronger. Are there structural features
in the CFT:SGTI complex that prevent the hydrogen bond
shortening and the necessary conformational change in the
reactive bond? One likely candidate is the 27I-32I disulfide
bridge, which connects the N- and C-terminal ends of the
reactive loop, one of the three disulfide bridges in SGTI,
which is conserved in the grasshopper family (33). The fully
conserved Asn-15I residue in this inhibitor family provides
an additional anchor to the C-terminal leaving group by
coordinating it with a further two hydrogen bonds (Asn-15I
Oδ1 to Lys-30I N and Asn-15I Nδ2 to Lys-30I O). These
hydrogen bonds are on the diagonally opposite side of the
catalytic serine, hence as the carbonyl carbon of the scissile
peptide bond approaches the catalytic serine, they have to
break (leading to negative cooperativity (41)) or the aspar-
agine residue has to move in concert, which may cause strain
elsewhere in the inhibitor structure. Additional interactions
outside the primary binding region may also stabilize and
tether the enzyme:inhibitor complex in an unproductive state
(28).

The retention of the C-terminal half of the reactive loop
in canonical inhibitors may have an additional role. The
active site in the inhibitor complex is completely shielded
from the solvent; the closest water molecule is 6.6 Å from
the carbonyl carbon of the scissile peptide bond. The
attacking water in the elastase Ac-NPI acyl-enzyme and
the P1′ residue in the CFT:SGTI complex are in overlapping
positions (Figure 1B), which means that, if the C-terminal
product cannot depart, that also prevents the binding of
second substrate, the water molecule. Therefore even if the
acylation reaction is successful in the inhibitor complex, as
it was demonstrated by Radisky et al. (46) for example, the
catalytic cycle cannot proceed with the deacylation. Binding
sites of the P1′ residue and the nucleophilic water most likely
also overlap one another in real substrates; otherwise the
departure of the first product would not be strictly required
for the deacylation phase to proceed (ping-pong mechanism).

ActiVe Site Residues.Important interatomic distances at
the active site are compared in Table 1. The hydrogen bond
between His-57 and Asp-102 has been the subject of intense
debate. In the CFT:SGTI complex at pH 4.3 (when the
histidine is protonated) the length of the His-57 Nδ1 to Asp-
102 Oδ2 hydrogen bond is 2.74 Å, which is 0.12 Å longer
than structure of subtilisin (pH 6) (47), 0.07 Å longer than
the elastase Ac-NPI acyl-enzyme (pH 5) (22). Identical
hydrogen bond distances (2.74-2.77 Å) were measured in
Fusarium oxysporumtrypsin structures at pH 4 and 5 (48)
and in the crystal structure ofR-lytic protease at pH 8 (2.77
Å) (49). At first glance the protonation state of the catalytic
histidine does not seem to affect its hydrogen bond to the
catalytic aspartate. However, if we compare the distances in
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the individual enzymes (trypsin and elastase) at higher pH,
we find that the length of the His-Asp hydrogen bond also
increases. Unfortunately the lack of sufficient data and the
different refinement strategies used by different investigators
make any reliable statistical analysis of these subtle differ-
ences impossible. The short donor-acceptor distance is
important, but not the only characteristic of low barrier
hydrogen bonds. The position of the hydrogen is also
expected to shift toward the acceptor, so that the donor
hydrogen and acceptor hydrogen distances become more
equal. Such a position was reported in subtilisin (47), elastase
acyl-enzyme (22), and proteinase K (50). While it was
possible to detect hydrogens on many aromatic residues in
the CFT:SGTI complex, on the imidazole ring of His-57
difference Fourier peaks corresponding to hydrogen atoms
were absent.

Another type of unusual hydrogen bond has been proposed
in serine proteases, namely, a CH-O hydrogen bond between
the Cε1 of His-57 and the backbone carbonyl oxygen of Ser-
214 (17, 51). In the CFT:SGTI complex the C-O distance
is 3.21 ( 0.05 Å, while the H-O distance is 2.66 Å
(assuming ideal hydrogen atom position). These distances
are among the longest observed in serine proteases (51),
which suggests that this particular hydrogen bond is probably
very weak in the Michaelis complex. Figure 1B illustrates
that there is a shift of the imidazole ring of His-57 within
its plane between the two structures. The conformational
difference can be best described with a change in theø1

torsion angle (CFT:SGTI 70.2( 2.3° vs elastase acyl-
enzyme 82.9( 1.1°). This subtle movement is remarkably
economic given the fact that during the catalytic cycle the
histidine has to adapt to two nucleophilic attackers which
are more than 2 Å apart. Bachovchin proposed the moving
histidine hypothesis to explain the favorable protonation of
the amino leaving group (8). Here we show an example of
a conformational change that does not violate the principle
of least motion and still prepares the histidine for its new
role in activating the second nucleophilic attacker. It is also
tempting to assume that the conformational change plays a
role in shifting the pKa of the histidine (52). For example it
may change the character of the CH-O bond between His-
57 and Ser-214, or the strength of the His-57 Nδ1 to Asp-
102 Oδ2 hydrogen bond, which in turn alter the distribution
the tautomeric forms of the histidine.

The Influence of the Oxyanion Hole on the Scissile Peptide
Bond.The two best characterized enzyme:substrate hydrogen

bonds are formed between the main chain amide nitrogens
of Ser-195 and Gly-193 (the so-called oxyanion hole) and
the carbonyl oxygen of the scissile peptide bond. In the CFT:
SGTI complex the scissile peptide bond is present in the
uncleaved form, and there is no detectable residual electron
density corresponding to a free carboxyl group or an acyl-
ester bond.

Figure 2 illustrates the distinct environment of the scissile
peptide bond and the acyl-ester bond during the catalytic
cycle. For this purpose the equivalent atoms of the two bonds
were superpositioned in the two intermediate complexes. It
is immediately obvious that the two nucleophilic attacks
(green arrow, acylation; gray arrow, deacylation) occur from
exactly opposite directions, perpendicular to the plane of the
corresponding bonds. The hydrogen bonds of the oxyanion
hole in the Michaelis complex (green plane) are almost
perpendicular to the plane of the scissile peptide bond (74.3
( 0.7°), which is not ideal for the interaction with the sp2

orbitals of the carbonyl oxygen. On the other hand the
oxyanion hydrogen bonds in the acyl-enzyme (gray plane)
are closer (34.0( 0.9°), but still not perfectly parallel with
the plane of the acyl ester bond which offers better, but not
too strong stabilization for the sp2 orbitals. Therefore, the
transition from the Michaelis complex to the acyl-enzyme
intermediate eventually leads to a rotation of the carbonyl
bond within the oxyanion hole. This twisting effect on the
carbonyl bond and the relative stabilization of the acyl-
ester carbonyl bond may help to push the equilibrium toward
the acyl-enzyme.

The polarizing effect of the oxyanion hole on the carbonyl
bond in the acyl-enzyme has been known for some time
based on Raman and absorption spectroscopy (53, 54). The
strength of the hydrogen bonds and hence the polarizing
effect was also found to correlate with the rate of deacylation.
In the CFT:SGTI structure the Gly-193 amide hydrogen bond
is the shorter or stronger (Table 1) while in the elastase Ac-
NPI acyl-enzyme the Ser-195 amide hydrogen bond is
stronger, and in both cases the orientation of the stronger
hydrogen bond approximately coincides with the direction
of the nucleophilic attack (Figure 2). Our results suggest that
the directionality of the polarization could also be a factor
for the efficient nucleophilic attack.

There are indications of polarization of the CdO bond in
the X-ray structure. Figure 3 shows the normalizedB-factor
difference (2(BC - BO)/(BC + BO)) between the carbonyl
carbon and the oxygen in the P3-P2′ region of the inhibitor.
This value also deviates significantly from the observed mean
value of other peptide bonds in the structure (Figure 3A).
The higher than averageB-factor difference shows that the
carbonyl oxygen has a lowerB-factor relative to the carbonyl
carbon compared to other peptide carbonyl bonds, which
could mean that the bonding electrons are shifted to the
carbonyl oxygen. Therefore the 2mFo-DFc electron density
difference between the carbonyl oxygen and carbon was also
investigated.

This value is 1.3 e-/Å3 in contrast to an average of 0.9
e-/Å3 with a standard deviation of 0.4 e-/Å3 in all other
peptide bonds of the structure (the rms electron density (σ)
of the map is 0.52 e-/Å3). Therefore the carbonyl oxygen
atom at the scissile peptide bond has on average 0.4 e-/Å3

higher electron density than a peptide bond in other regions
of the structure. To validate this method further, we statisti-

Table 1: List of Important Interatomic Distances and Their
Estimated Errors for Each Pair of Atoms in the Active Site of the
CFT:SGTI and Elastase Acyl-Enzyme (Å)

CFT:SGTI
elastase

acyl-enzyme
distance

difference

P1 N to Ser-214 O 3.56( 0.04 3.04( 0.02 -0.52( 0.05
P3 O to residue-216 N 3.14( 0.04 2.97( 0.02 -0.17( 0.04
P3 N to residue-216 O 2.95( 0.05 2.71( 0.02 -0.24( 0.05
His-57 Nε2 to nucleophile

attacker
2.72( 0.04 2.65( 0.04 -0.07( 0.06

nucleophile attacker to
carbonyl C

2.65( 0.05 2.78( 0.05 0.13( 0.07

Gly-193 N to P1 O 2.75( 0.04 2.85( 0.02 0.10( 0.05
Ser-195 N to P1 O 2.96( 0.03 2.72( 0.02 -0.24( 0.04
His-57 Nδ1 to Asp-102 Oδ2 2.74( 0.04 2.67( 0.02 -0.07( 0.04
His-57 Nδ1 to Asp-102 Oδ1 3.38( 0.04 3.47( 0.02 0.09( 0.04
Ser-214 Oγ to Asp-102 Oδ2 2.65( 0.03 2.68( 0.01 0.03( 0.03
Ser-214 O to His-57 Cε1 3.21( 0.05 3.10( 0.02 -0.11( 0.05

2118 Biochemistry, Vol. 45, No. 7, 2006 Fodor et al.



cally analyzed the visually obvious electron density differ-
ence of carbon and nitrogen atoms of the imidazole ring of
histidine residues (Figure 3B). The comparison of all Nδ1-
Cε2 and Nε2-Cδ1 electron density differences yielded an
average of 0.5 e-/Å3 with a standard deviation of 0.3 e-/Å3,
which is due to the approximately one electron difference
between the carbon and nitrogen atoms. While the polariza-
tion effect is detected by the electron density analysis, the
extent of the polarization is not unique in the structure.
Presumably structural hydrogen bonds may be also capable
of polarizing other ordinary peptide bonds. From an evolu-
tionary perspective this could mean that it is relatively easy
to “convert” ordinary hydrogen bonds to a primordial
oxyanion hole. While resonance Raman spectroscopy also
indicated an increase of the carbonyl bond length (0.015-
0.025 Å) (53), the change of this magnitude unfortunately
falls outside the range of confidence of our crystallographic
analysis.

It is interesting to note that the comparison of bond lengths
and angles with ideal values shows that the acyl-ester bond
is considerably more strained than the scissile peptide bond
in the CFT:SGTI structure. For example in the acyl-enzyme
the distance from the carbonyl carbon to the hydroxyl oxygen
of the catalytic serine is 1.25( 0.03 Å vs 1.34 Å observed
in small molecule esters (22). Both the acyl-ester and scissile
peptide bonds are planar within coordinate error. In the CFT:
SGTI complex the carbonyl carbon is only 0.01( 0.02 Å

away from the plane defined by the carbonyl oxygen, the
CR of Arg-29, and N of Lys-30 (Table 2). The CR-N-C
angle of the scissile peptide bond is sharper by about 5° than
the ideal value probably due to the orbital reorganization
caused by the oxyanion hole and vicinity of the serine
hydroxyl group. The distance of the carbonyl carbon to the
hydroxyl group is 2.65 Å, which is 0.13 Å shorter than to
the attacking water in the elastase Ac-NPI acyl-enzyme,
signifying a stronger interaction.

CONCLUSION

Due to decades of intense research, serine protease
catalysis became one of the best characterized enzymatic
reactions. Recently a number of new serine protease struc-
tures have been solved at atomic resolution and have
provided fresh mechanistic insight for studying serine

FIGURE 2: Superposition of the scissile peptide bond and the acyl-ester bond (stereoview). The green arrow shows the direction of the
nucleophilic attack in the acylation phase, while the gray arrow indicates the direction of approach of the attacking water molecule in the
deacylation phase. The CFT:SGTI model is colored according to atom types, and the elastase Ac-NPI acyl-enzyme is dark gray. Planes
highlight the planarity of the peptide bond and the oxyanion hydrogen bonds (green acylation, gray deacylation). The curved blue arrow
illustrates the torsional difference of the CR-C-O-Ser-195 N angle between the Michaelis complex and the acyl-enzyme. The figure was
produced with Deep Viewer (57) and Povray (http://www.povray.org).

FIGURE 3: (A) NormalizedB-factor difference between the carbonyl carbon and carbonyl oxygen of the P3-P2′ residues of SGTI. The
thick line denotes the average normalizedB-factor difference based on the whole structure, and the dashed lines are the standard deviations
from the mean value. (B) 2mFo-DFc electron density map of His-57 contoured at 3.5σ. The positions of the nitrogen and carbon atoms can
be directly identified by the size of the electron density peak. The figure was created with Bobscript (58).

Table 2: Comparison of Bond Lengths and Angles of the Scissile
Peptide Bond in the CFT:SGTI Complex with the Ideal Values

Bond Lengths (Å)
inhibitor ideal inhibitor ideal

N-C 1.35( 0.05 1.33 CR-C 1.52( 0.05 1.52
C-O 1.26( 0.05 1.23 N-CR′ 1.50( 0.05 1.45

Bond Angles (deg)
inhibitor ideal inhibitor ideal

O-C-N 120.3( 2.2 123 CR-C-N 116.8( 2.1 116
CR-C-O 123.0( 1.9 121 C-N-CR′ 118.1( 1.9 122
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protease catalysis. The atomic resolution structure of the
CFT:SGTI complex falls within this category, and detailed
comparison to an elastase acyl-enzyme (22) revealed that
the hydrogen bonds of the enzyme:substrateâ-sheet become
significantly shorter (stronger) in the acyl-enzyme. This
observation leads to the hypothesis that the simultaneous
strengthening of these hydrogen bonds helps to overcome
the activation energy barrier in the acylation phase. Serine
proteases may continuously scan polypeptides for potential
cleavage sites and form transientâ-sheets with them, but
only those peptides, which can make tighter, stronger
interactions with the enzyme, including theirâ-sheet, are
actually hydrolyzed. On the other hand, SGTI, a canonic
inhibitor, is able to form many good interactions with its
target enzyme, except where it is crucial: in the proximity
of the scissile bond. Theâ-sheet appears to be locked in a
persistent loose position, which may be analogous to the
catalytic Michaelis complex. The comparison of the two
structures also revealed that in the acyl-enzyme the oxy-
anion hole stabilizes better the sp2 orbitals at the carbonyl
oxygen than in the scissile peptide bond. Together these
interactions make the acyl-enzyme more stable, which
favors the population of the acyl-enzyme state. The
geometry of the scissile peptide bond does not deviate
significantly from the consensus peptide bond geometry in
the model of the Michaelis complex, and except for the
shorter than van der Waals distance between the nucleophilic
attacker and the reactive bond, there is no sign of geometric
strain. By contrast, we found indications for the electrostatic
polarization of the carbonyl moiety of the scissile peptide
bond. This observation lends support to Warshel’s original
suggestion (55) that enzymes function by providing a
preorganized electrostatic environment.

The hydrogen bond between the catalytic histidine and
aspartate did not show any special character, although the
position of the hydrogen atom could not be directly observed
in the CFT:SGTI structure. The side chain of His-57 appears
to be shifted in the acyl-enzyme intermediate compared to
the native enzyme and enzyme:inhibitor complex as it adapts
its conformation to the different nucleophilic attackers. While
the present atomic resolution structures do not tell anything
about the position of the histidine in the tetrahedral inter-
mediate of the acylation phase, they reveal that the active
site histidine enjoys a certain degree of freedom and responds
to the binding of the second substrate, the water molecule.

The activity of serine proteases must be tightly controlled
in the cell or the extracellular matrix. Nonspecific cleavage
in proteins may lead to disruption of signaling processes or
precipitation, or they may threaten the integrity of cellular
or extracellular matrix. Therefore understanding the full range
of molecular mechanisms that govern substrate recognition
and hydrolysis is essential. Since all serine proteases share
highly homologous enzyme:substrate interactions, their
potential impact on catalysis and specificity can be easily
generalized and may lead to the design of more efficient
inhibitors or substrates for therapeutic purposes.
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