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ARTICLE INFO ABSTRACT

Serine proteases catalyze peptide-bond hydrolysis through a conserved catalytic triad and an extensive network
of hydrogen bonds that facilitate proton transfer and stabilization of reaction intermediates. Despite decades of
study, the nature of the hydrogen-bonding interactions within the catalytic machinery remains incompletely
understood. Here, we report ultra-high-resolution crystal structures of alcalase, a subtilisin-family serine pro-
tease, in complex with native chymotrypsin inhibitor 2A (CI-2 A) and with a low-affinity M59P inhibitor variant.
The cryogenic structures were determined at 0.74 A resolution, while an additional 4 °C (277 K) structure of the
native complex was determined at 1.05 A resolution.

The data allowed visualization and refinement of numerous hydrogen atoms within the active site and at the
enzyme-inhibitor interface. Comparison of the 4 °C and cryogenic structures revealed a systematic shortening of
hydrogen-bond donor-acceptor distances upon cooling, consistent with the global lattice contraction. A notable
exception was the hydrogen bond between the catalytic residues Ser221 and His64, which remained unusually
short at both temperatures. In the 4 °C structure, the corresponding hydrogen atom is associated with weak and
diffuse electron density, suggesting increased proton mobility within this interaction.

The structures further reveal temperature-dependent differences in interactions involving the scissile peptide
bond of the inhibitor and the conserved backbone carbonyl oxygen of Ser125. These observations support a
model in which Ser125 participates in a concerted hydrogen-bond network coupled to proton transfer within the
catalytic triad. Together, the results provide atomic-level insights into hydrogen bonding, protonation equilibria,
and catalytic mechanism in subtilisin-like serine proteases.

Dataset link: PDB ID: 31VH, 31VI and 31VJ.
(Original data)
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1. Introduction donates hydrogen bonds to the negatively charged reaction in-

termediates (Hedstrom, 2002).

Serine proteases constitute one of the largest and most extensively
studied classes of proteolytic enzymes (Di Cera, 2009). They catalyze
peptide-bond hydrolysis through a conserved catalytic mechanism
involving a Ser-His-Asp catalytic triad, in which the serine residue acts
as the nucleophile, histidine functions as a general acid-base catalyst,
and aspartate modulates the protonation state of histidine. The reaction
proceeds through tetrahedral and acyl-enzyme intermediates whose
stabilization is facilitated by the oxyanion hole, a structural feature that

Despite decades of biochemical, structural, and computational in-
vestigations, several aspects of serine protease catalysis remain debated.
In particular, the roles of short hydrogen bonds, proton-transfer equi-
libria within the catalytic triad, and the coupling between hydrogen-
bond networks and catalytic function continue to be actively investi-
gated. High-resolution crystallography provides a powerful approach for
addressing these questions by enabling detailed characterization of
active-site geometry and, in favorable cases, visualization of hydrogen
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atoms involved in catalysis.

The nature of the catalytic His-Asp interaction remains a subject of
debate. Frey (Frey et al., 1994; Frey, 2004) proposed that upon pro-
tonation of histidine, a low-barrier hydrogen bond (LBHB) is formed.
LBHBs are characterized by a short donor-acceptor distance and a
proton positioned approximately midway between the donor and
acceptor atoms, resulting in a highly stabilized hydrogen bond with
substantial proton sharing (Cleland et al., 1998). A significant shift of
the histidine-bound hydrogen atom toward the aspartate acceptor was
observed in the 0.78 A resolution structure of subtilisin (Kuhn et al.,
1998). An alternative interpretation is that the interaction corresponds
to a strong hydrogen bond (Fuhrmann et al., 2006; Ishida, 2006). Ac-
cording to Schutz and Warshel (Schutz and Warshel, 2004), LBHBs
cannot be unambiguously identified by X-ray diffraction, because their
defining structural features are also characteristic of strong ionic
hydrogen bonds. LBHB have been reviewed recently by Kemp et al.
(Kemp et al., 2021).

An extensive comparison of the active sites of serine hydrolases
(Derewenda et al., 1994) revealed the presence of a hydrogen bond
between the Cel atom of the catalytic histidine and a backbone carbonyl
oxygen atom. This interaction is conserved not only in the chymotrypsin
and subtilisin families of serine proteases, but also in acetylcholines-
terases and other lipases. The authors proposed that this hydrogen bond
facilitates acid-base catalysis. Despite its remarkable conservation, the
structural and mechanistic significance of this interaction remains
poorly understood.

Subsequently, a reaction-driven histidine ring-flip mechanism was
proposed by Ash et al. (Ash et al., 2000) to account for this interaction;
however, this hypothesis has not gained widespread acceptance (Ishida
and Kato, 2003; Topf et al., 2002; Topf and Richards, 2004). Later,
quantum mechanical calculations on trypsin further supported the
importance of this interaction for efficient catalysis (Fuhrmann et al.,
2006), although its precise mechanistic role remains unclear.

Because hydrogen atoms scatter X-rays only weakly, information
about their positions can only be obtained from crystallographic data
collected at sufficiently high resolution. Ultra-high-resolution structures
therefore provide a unique opportunity to investigate hydrogen-bonding
interactions and protonation states in enzyme active sites.

Alcalase is a subtilisin-type serine endopeptidase (EC 3.4.21.14)
derived from Bacillus licheniformis (Smith et al., 1968), featuring a classic
catalytic triad (Asp32, His64, and Ser221) that cleaves peptide bonds at
the C-terminal side of hydrophobic and aromatic residues. CI-2A is a
small, naturally occurring plant protein found in barley (Hordeum vul-
gare) (McPhalen and James, 1987). It belongs to the potato inhibitor I
family and inhibits subtilisin-like and chymotrypsin-like proteases.
Although the reactive-site loop of CI-2A binds to the protease active site
in a canonical, substrate-like manner, the inhibitor resists proteolytic
degradation through structural and dynamic features that hinder pro-
ductive progression of the bound complex toward peptide-bond cleav-
age (Wei et al., 2019).

Here, we report ultra-high-resolution (0.74 }o\) structures of alcalase
in complex with native chymotrypsin inhibitor 2A (CI-2A) at 100 K
(nat100K), together with a corresponding structure of the M59P inhib-
itor variant (mut100K), whose affinity for alcalase is approximately five
orders of magnitude lower than the wild-type inhibitor. In addition, we
present an atomic-resolution (1.05 1°\) 4 °C structure of the native
complex (nat277K).

These structures enable a detailed comparison of active-site geome-
try, hydrogen-bonding interactions, and hydrogen-atom positions as a
function of temperature and inhibitor binding mode, providing new
insights into proton transfer, short hydrogen bonds, and the catalytic
hydrogen-bond networks in serine protease catalysis.
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2. Results
2.1. Overall structure

Alcalase adopts the characteristic o/ fold of the subtilase super-
family, comprising a twisted central seven-stranded parallel p-sheet
surrounded by o-helices and connecting loops. The catalytic triad
(Asp32, His64, and Ser221) is situated in a surface-accessible cleft
formed by residues contributed by different regions of the polypeptide
chain (Fig. 1). CI-2A also adopts a compact o/f fold, consisting of a four-
stranded mixed f-sheet (strands 1, 2, 4, and 5) packed against a single
a-helix. On the opposite face of the f-sheet lies the exposed reactive-site
loop, which contains the P1-P1’ scissile peptide bond and includes
B-strand 3, and mediates binding to the protease active site.

The high resolution of the X-ray data enabled unrestrained refine-
ment of many active-site bond lengths and angles, thereby yielding
unbiased and highly accurate structural parameters. A summary of the
data collection and refinement statistics is provided in Table 1.

Most hydrogen atoms relevant to catalysis were identified in the
sharpened 2mF,-DF. electron density map (see Methods) and subse-
quently refined freely with isotropic temperature factors, converging to
stable  positions  consistent = with  chemically  reasonable
donor-hydrogen—acceptor geometries. A blocked-matrix least-squares
refinement (performed in SHELXL) provided estimated standard un-
certainties for interatomic distances, as well as for bond and torsion
angles, including those involving hydrogen atoms.

A detailed comparison of the three structures revealed differences in
hydrogen-bonding geometry, hydrogen-atom positions, and side-chain
conformations within the active site.

2.2. Temperature-related effects

Cryocooling was accompanied by a reduction in unit-cell volume
from 73,394 A? in nat277K to 70,838 A® and 70,856 A® in nat100K and
mutl00K, respectively, corresponding to a decrease of approximately
3.5%. A comparison of hydrogen-bond donor-acceptor distances reveals
a similar temperature-dependent effect. Consistent with this contrac-
tion, the mean hydrogen-bond donor-acceptor distance decreased from
2.94 A in nat277K to 2.89 A in the two 100 K structures, corresponding
to an average shortening of approximately 0.05 A (1.7%). Thus,
hydrogen bonds are systematically shorter in the cryogenic structures.

2.3. Catalytic-site residues and hydrogen-bond geometry

A particularly short hydrogen bond was observed between the Oy
atom of Ser221 and Ne2 of His64 (Table 2). In both 100 K structures, a
weak (approximately 2.7c) difference electron density peak was
observed in the vicinity of the Oy atom of Ser221 (Fig. 2a). Conse-
quently, the Hy atom was incorporated into the model and refined,
yielding O—H lengths in the range 0.80-0.88 A. These values are
somewhat shorter than the standard dictionary value of 0.95 A for a
hydroxyl group.

In the 4 °C (277 K) structure, a small and diffuse electron density
peak was observed, displaced from the canonical position at Oy toward
His64 (Fig. 2b). When Hy was modeled at the canonical position on
Ser221 and refined without restraints, it shifted to a position charac-
terized by an implausible C-O-H angle of 91(4)° and an O—H distance
of 1.10(8) A.In contrast, when the initial position was defined at the Ne2
atom of His64, the hydrogen atom refined to a more chemically
reasonable position, with a Ne2-He2 bond length of 1.03(12) A.

To evaluate whether the 4 °C structure provides evidence for pro-
tonation of His64, the geometry of the imidazole ring was examined.
However, no definite conclusions could be drawn, possibly due to the
limited resolution of the 4 °C data. Although individual atoms are clearly
resolved as distinct electron-density peaks in all three structures, rela-
tively high electron density was also observed between atoms Cel and
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Fig. 1. (a) Topology diagrams of alcalase (green) and CI-2A (cyan). (b) Cartoon representation of the alcalase-CI-2A complex. The black rectangle indicates the
region shown in detail in (c). (¢) Stereoview of the active site of the nat100K structure, highlighting the key catalytic residues and their interactions with the P1-P1’
scissile peptide bond of CI-2A. Hydrogen bonds are depicted as yellow dashed lines, and the putative nucleophilic attack trajectory between the Oy atom of Ser221
and the carbonyl carbon atom of the scissile bond is shown in red. Distances are given in &ngstroms (A). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

Ne2, consistent with a Ce1=Ne2 double bond in the catalytic His64
residue. In contrast, electron density between other atoms of the imid-
azole ring was observed at levels 20-30% lower (Fig. S1).

The refined geometry of the His64 imidazole ring was examined and
compared among the nat277K, natl00K and mutlOOK structures
(Table S1). In all three structures, the Ce1-Ne2 bond is the shortest C—N
bond in the ring, with lengths of 1.28(7), 1.31(7), and 1.31(7) A for
nat277K, natl00K, and mutlOOK, respectively. These values are
consistent with substantial Ce1-Ne2 double-bond character. However,

the differences relative to the other C—N bonds are not statistically
significant within the estimated uncertainties.

Atomic displacement parameters (B factors) of the N&1 and Ne2
atoms of the catalytic His64 residue were examined for evidence of an
unusual charge distribution within the imidazole ring. In the nat277K
structure, the B factors of N1 and Ne2 are 5.09(16) A% and 6.77(20) AZ,
respectively, compared with an average value of 5.67(4) A2 for the
imidazole ring. In the nat100K structure, the corresponding values are
3.61(3) A2 for N&1 and 4.39(4) A2 for Ne2, with an average B factor of
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Table 1
Summary of X-ray data and refinement statistics.
Structure nat277K nat100K mut100K
PDB code 31VH 31VI 31vJ
Space group P1 P1 P1
Unit cell parameters
(A, °1:
a 38.27 37.74 37.78
b 45.09 44.53 44.52
c 46.73 46.21 46.18
a 104.0 103.9 103.7
B 101.4 101.2 101.3
y 103.2 103.1 103.2
Wavelength [10\] 0.9280 0.8020 0.8020
Temperature [K] 277 100 100
Resolution [A] 10.0-1.05 25.0-0.74 25.9-0.74
(1.07-1.05)" (0.75-0.74) (0.75-0.74)
Rmcrgch 0.063 (0.501) 0.041 (0.133) 0.047 (0.154)
No. observations 621,938 2,635,477 2,665,548
No. unique data 126,230 358,350 358,975
<I/o(D)> 15.5 (1.6) 26.8 (9.1) 27.5.(7.0)
% completeness 95.0 (88.7) 98.2 (95.1) 98.4 (95.6)
Refinement program SHELXL
RIC 0.1101 0.0892 0.0952
wR2 ¢ 0.2412 0.2440 0.2584
r.m.s. d. from ideal
bond lengths [A] 0.015 0.011 0.012
angles [°] 1.95 1.92 1.85
Average B-value, all 15.0 8.0 9.0

atoms [A?%]

@ Numbers in brackets refer to the highest resolution shell.

b Rmerge = zhkl Ei |Ii (hkl) - < I(hkD) > | / thl Zi I; (hkl), where I; (hkD) and
< I(hkl) > are the observed individual and mean intensities of a reflection with
the indices hkl, respectively, > ; is the sum over i measurements of a reflection
with the indices hkl, and ) is the sum over all reflections.

€ R1 = Zhia||Fobs| — |Feate||/Zhki |Fobs|, where Fops and Feqc are the observed
and calculated structure factors, respectively.

4 WR2 = {Zpia [WEZ-F2?] / = [w(F2)?1}'/2, where w is the weighting scheme
based on the standard uncertainty G(Pﬁ).

3.94(0) A2 for the ring. Although the temperature factors of the nitrogen
atoms differ significantly both from the ring average and from those of

Journal of Structural Biology 218 (2026) 108377

the neighboring atoms (data not shown), these deviations cannot be
unambiguously attributed to differences in electron density arising from
an unusual charge distribution. Rather, they may reflect variations in the
vibrational motion of individual atoms within the imidazole ring.

In addition to the strong hydrogen bond between Oy_Ser221 and
Ne2_His64, another equally strong (short) hydrogen bond is the cata-
lytically important interaction involving N81 _His64 and O81_Asp32.
The donor-acceptor distance is approximately 2.7 A in all structures.
The H31 atom was identified in the electron density map, and its refined
position differs between the low- and 4 °C structures. In nat277K, the
N—H length is 0.95(9) 10\, whereas in the two 100 K structures it is
0.81-0.82(5) A (Table 2). However, the difference only corresponds to
~1.3 estimated standard uncertainties (e.s.u., (0.092 + 0.05%)'/2) and is
therefore unlikely to be significant.

Another notable interaction is the Cel-Hel---O hydrogen bond be-
tween His64 and the backbone carbonyl oxygen atom of Ser125. The
distance between the carbon and oxygen atoms is similar in all three
structures and does not exceed 3.18 1°\, consistent with a weak C-H---O
hydrogen bond (Table 2). The refined Cel-Hel bond lengths are longer
in the low-temperature structures; however, the corresponding differ-
ence amounts only to approximately 1.5 e.s.u. and is therefore likewise
unlikely to be significant.

The oxyanion hole in alcalase is formed by the backbone amide
group of Ser221 and the side chain amide of Asn155. In all structures,
the carbonyl oxygen atom of the P1 residue (Met59i in the native in-
hibitor and Pro59i in the mutant) remains engaged in short hydrogen
bonds with both donors, with donor—acceptor distances below 3 A.

All H-bond parameters are summarized in Table 2.

2.4. Geometry of the reactive site

The distance (dattack) between the nucleophilic Oy atom of Ser221
and the carbonyl carbon atom (C_59i) of the scissile peptide bond is
shorter than the sum of the corresponding van der Waals radii (3.2 A) in
all three structures (Table 3). In the native complexes, this distance is
substantially shorter than in the mutant complex.

The nucleophilic attack parameters, dattack, ®attack a0d Qattack (Fig. 3),
for the two wild-type structures (nat277K and nat100K), are close to the

Table 2
Hydrogen bond parameters [A,°].
interaction nat277K nat100K mutl100K
d(D---A) d(0>—H) d(H-A) D-H-A dMD-A) dO—H) dH-A) D-H-A dD-A) dD—H) dH-A) D-H-A

catalytic residues

Oy_Ser221 2.664(10) 1.03(12) 1.67(13) 158(9) 2.659(3) 0.80(5) 1.88(5) 164(5) 2.740(3) 0.88(6) 1.86(6) 171(6)
Ne2_His64

N&1_His64 2.730(9) 0.95(9) 1.7909) 168(8) 2.677(3) 0.82(5) 1.87(5) 170(4) 2.712(3) 0.81(5) 1.91(5) 168(5)
061_Asp32

Cel_His64 3.183(11) 0.81(10) 2.54(10) 138(9) 3.138(4) 0.91(5) 2.41(5) 137(4) 3.147(4) 0.98(5) 2.26(5) 150(4)
0_Ser125

P1 amide

N_Met59i 2.931(9) 0.81(10) 2.39(10) 125(8) 2.885(4) 0.83(5) 2.49(5) 110(4) - - - -
Oy_Ser221

N_Met59i 3.375(9) 0.81(10) 2.64(10) 152(9) 3.145(3) 0.83(5) 2.34(5) 163(5) - - - -
0_Ser125

oxyanion hole

N_Ser221 2.974(8) 0.93(8) 2.06(9) 171(7) 2.948(4) 0.85(5) 2.13(4) 160(4) 2.910(3) 0.98(4) 1.96(4) 163(4)
O_Met/Pro59i

N62_Asnl55 2.870(11) 0.93(12) 2.03(13) 148(10) 2.847(4) 0.83(6) 2.10(6) 150(5) 2.896(4) 0.98(6) 2.06(6) 142(5)
0O_Met/Pro59i

P1’ amide

N_Glu60i 2.688(14) 1.10(11) 1.85(11) 130(7) 2.619(8) 0.88(6) 2.02(6) 124(5) - - - -
0¢el_Glu60i

d(D---A) - donor-acceptor distance; d(D—H) - donor-hydrogen distance; d(H---A) — hydrogen-acceptor distance; D-H---A — hydrogen bond angle.
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__ Ser221

Fig. 2. The catalytic residues in (a) nat100K and (b) nat277K, shown with the
corresponding electron-density. The 2mFo-DFc map is depicted in black and
contoured at 26, whereas the sharpened (see Methods) mFo-DFc map is shown
in green and contoured at 2.7 ¢ in panel (a) and 2.5 ¢ in panel (b). The maps
were calculated with hydrogen atoms in the active site omitted. Peaks in the
green map approximately coincide with the final refined positions of the
hydrogen atoms, shown as white sticks. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

values of 2.68 A, 93° and 84°, respectively, derived from a large
ensemble of serine-protease structures (Du et al., 2025). In contrast, the
corresponding parameters for the mutl00K structure deviate signifi-
cantly from these consensus values. Furthermore, the
Ne2_His64-Oy_Ser221-C_Met59i angles are 107.0°, 107.9°, and 110.5°
in nat277K, nat100K, and mut100K, respectively, all close to the ideal
tetrahedral angle of 109.5° expected for an sp>-hybridized oxygen atom.
The carbonyl carbon atom (C_59i) exhibits measurable pyramidalization
in all three structures. The displacement is directed toward the nucleo-
phile, as expected for incipient tetrahedral character, and reaches sig-
nificant values in each case (Table 3). The Ser221 side chain rotates by
approximately 4° about the y1 torsion angle between the native and
mutant complexes. This movement partially compensates for the altered
position of the inhibitor in mut100K by shifting the Oy atom toward the
displaced carbonyl carbon atom.

To assess the extent of perturbation of the scissile peptide bond, its
internal geometry was examined. No significant differences were
observed in the carbonyl C=0 bond lengths. In contrast, the peptide
C—N bond is longest in nat277K (1.354(13) 10\), whereas the corre-
sponding distances in nat100K and mut100K are 1.320(4) A and 1.332
(4) A, respectively, closer to the ideal value of 1.329 A. Analysis of the
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Table 3
The nucleophilic attack geometry.
nat277K nat100K mutl100K
dattack [A] 2.682(9) 2.605(3) 2.916(4)
Oartack [ 93.5(5) 93.75 82.79
15) (18)
Pattack [°] 81.80 82.59 88.65
(41) (13) (13)
Pyramidalization [A] L 0.042(9) 0.053(3) 0.041(3)
Xerzzn [°1° 81.50 82.09 77.55
(75) (22) (24)
Deviation of H_60i atom from the scissile —-0.23 0.06(6) 0.15(6)
peptide plane [A]° (10)

" Distance between the nucleophilic and the electrophilic atoms
(Oy_Ser221-C_59i).

 Angle formed by the nucleophilic atom, the electrophilic atom and the
carbonyl oxygen atom (Oy_Ser221-C_59i—0_591i).

i Dihedral angle between two planes: (i) the plane defined by the nucleophilic
atom (Oy_Ser221), the electrophilic atom (C_59i) and the carbonyl oxygen atom
(0_59i), and (ii) the plane of the reactive amide carbonyl. See Fig. 3 for a
graphical definition of dastack, ®attack and Qattack-

Y Distance between C_59i and the peptide plane defined by N_60i, Ca_59i and
0_59i.

£ XéerZZl is the torsion angle (N-Ca—Cp-Oy) of the catalytic Ser221.

5 The scissile peptide plane is defined by C_59i, O_59i, N_60i, Ca_60i [10\].

peptide-bond angles revealed that only the C_59-N_60-Co_60 angle in
nat277K, at 118.2(9)°, deviates significantly from the typical value of
121.7°.

An electron density peak corresponding to H_Glu60i was observed,
and the refined N—H bond lengths are 1.10(11), 0.88(6) and 0.90(6) A
for nat277K, nat100K, and mut100K, respectively.

In nat277K, the hydrogen atom is displaced by 0.23(10) A from the
peptide-bond plane toward His64. In contrast, in the two 100 K struc-
tures it lies close to the plane and is displaced in the opposite direction,
by 0.06(6) A in nat100K and 0.15(6) A in mut100K.

The amide group of the P1 residue (Met59i) participates in
hydrogen-bonding interactions with both the Oy atom of catalytic
Ser221 and the backbone carbonyl oxygen atom of Ser125 (Fig. 4). The
donor-acceptor distance between N_Met59i and Oy_Ser221 is 2.931(9)
A in nat277K and to 2.885(4) A in nat100K. The N—H bond length of the
P1 amide refined to comparable values in the two structures, namely
0.81(10) A for nat277K and 0.83(5) A for nat100K.

In contrast, the N_Met59i---O_Ser125 distance increases from 3.145
3 A in nat100K to 3.375(9) A in nat277K. The latter value lies at the
upper limit generally considered compatible with hydrogen-bond for-
mation. The difference exceeds 20 estimated standard uncertainties (e.s.
u.) and is therefore unequivocally significant. In contrast, analysis of the
adjacent Thr58i-Met59i peptide group revealed no significant de-
viations in bond lengths or bond angles (Table S2), indicating that the
structural changes are localized to the hydrogen-bonding environment
of the P1 amide.

2.5. Conformational differences in CI-2A

Glu60i occupies the P1' position immediately adjacent to the scissile
bond (Met59i-Glu60i). In the nat277K structure, its side chain adopts a
curled conformation stabilized by hydrogen bonds involving Oel of
Glu60i and both its own backbone amide group and the hydroxyl group
of Thr58i (Fig. 4). In the nat100K structure, the side chain is statically
disordered and adopts two alternative conformations. The curled
conformation is present with an occupancy of 0.3, whereas the pre-
dominant conformation is extended. In the mut100K structure, only the
extended conformation is observed. Thus, the intramolecularly
hydrogen-bonded curled conformation is most prominent in the
nat277K structure, less populated in nat100K, and absent in mut100K.

Substitution of Met59i by Pro results in increased backbone rigidity,



J.E. Raczynska et al.

Jattack (attack
N N
0 il 0 C<
.. C

Journal of Structural Biology 218 (2026) 108377

c) d
\—o/H ) C
o/Q\N\Ca

pyramidalization

\cu

Fig. 3. Definition of the nucleophilic attack parameters. (a) dagack is the distance between the nucleophilic and the electrophilic atoms. (b) ®a¢tack is the angle formed
by the nucleophilic atom, the electrophilic atom and the carbonyl oxygen atom. (€) @aack is the angle between two planes: (i) the plane defined by the nucleophilic
atom, the electrophilic atom and the carbonyl oxygen atom, and (ii) the plane of the reactive amide carbonyl group. (d) Pyramidalization is the perpendicular
distance between the electrophilic carbon and the peptide plane defined by N-C,—O. The diagrams were prepared following the definitions of (Du et al., 2025).

Ser221

Serl25

Thr58i

Fig. 4. Environment of the P1-P1’ peptide bond in the nat277K structure.
Carbon atoms of the CI-2A inhibitor and catalytic Ser221 are shown in cyan and
green, respectively. The side chain of Glu60i (P1") forms hydrogen bonds (yellow
dashed lines) with its backbone amide group and the side chain of Thr58i. The
amide group of Met59i (P1) participates in hydrogen bonding with the Oy atom
of Ser221 and forms a weaker hydrogen bond with the backbone carbonyl
oxygen atoms of Ser125. The putative nucleophilic interaction between Ser221
Oy and the carbonyl carbon atom of the scissile peptide bond is shown as a red
dashed line. Distances are given in angstroms (10\). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

altered local conformation, and loss of the amide hydrogen atom at the
P1 position. In the mut100K structure, the reactive-site loop adopts a
tighter turn than in the nat277K and nat100K structures. In the mutant
structure, this turn is stabilized by a hydrogen bond between O_Thr58i
and N_Glu60i, an interaction absent in the native inhibitor. In addition,
the proline residue at the P1 position forms fewer van der Waals contacts
with the enzyme than the methionine residue in the native complex.

Superposition of Ca atoms with the nat100K structure shows that the
largest positional deviations within the inhibitor occur on both sides of
the scissile bond (Fig. 5). An exception is the O_Pro59i atom, whose
position differs by only 0.30 A, likely reflecting tight binding within the
oxyanion hole. A compensatory shift is observed for N62 of Asnl55, a
component of the oxyanion hole, such that its interaction with O_Pro59i,
which occupies the oxyanion hole, remains nearly unchanged relative to
the wild-type structure (Table 2).

In contrast, the position of the carbonyl carbon atom of Pro59i, the
target of nucleophilic attack, differs by as much as 0.6 A between the
natl100K and mut100K structures. Although the Ser221 side chain un-
dergoes a compensatory rotation (Fig. 5), the Oy_Ser221-C_Pro59i dis-
tance remains significantly longer in the mutant complex (Table 3).
Notably, the adjustment of the nucleophilic oxygen is achieved through
side-chain rotation rather than translational displacement of the

Asnl155

His64 %N

Met/Pro59i
\

Fig. 5. Superposition of the nat100K (enzyme, dark blue; inhibitor, light blue)
and mut100K (enzyme, orange; inhibitor, yellow) structures. The altered binding
mode induced by the M59P substitution at the P1 position is accompanied by
rotation of the Ser221 side chain and a compensatory shift of the His64 imid-
azole ring. The geometry of the oxyanion hole remains largely preserved
through a corresponding displacement of the Asn155 side chain, which main-
tains interactions with the carbonyl oxygen atom of the P1 residue. Hydrogen
bonds are depicted as light-blue and yellow dashed lines in the nat100K and
mutl00K structures, respectively. The putative nucleophilic interaction be-
tween Ser221 Oy and the carbonyl carbon atom of the P1 residue is shown in
dark blue and orange, respectively. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

catalytic serine. This behavior is consistent with the mechanism pro-
posed for trypsin by Du et al., in which rotation of the catalytic serine
side chain shortens the reaction coordinate while avoiding larger
structural rearrangements (Du et al., 2025).

Finally, a modest reorientation of the His64 imidazole ring is
observed. The angle between the ring planes in nat100K and mut100K is
approximately 7°, with the largest positional shifts occurring at atoms
C32 and Ne2.

3. Discussion

3.1. Temperature-dependent structural changes and interactions among
the catalytic residues

Cryocooling greatly facilitates crystallographic data collection by
reducing radiation damage and extending crystal lifetime. However, it
can also introduce structural artifacts that may bias the biological
interpretation of crystallographic models (Stachowski and Fischer,
2026). Among the principal consequences of cryocooling are contrac-
tion of the crystal lattice and reduced atomic motion, both of which can
affect intermolecular distances and conformational equilibria (Juers and
Matthews, 2004, 2001).

These effects are evident in the present structures. The average
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hydrogen-bond donor-acceptor distance decreases by approximately
0.05 A (1.7%) upon cooling from 277 K to 100 K. This magnitude is
consistent with the well-documented contraction of protein crystals
during cryocooling (Juers and Matthews, 2001). The systematically
shorter hydrogen bonds observed in the cryogenic structures are
therefore most likely a global consequence of cryocooling rather than
evidence that individual interactions have become substantially stron-
ger. Accordingly, mechanistic interpretations should rely primarily on
relative differences within a given structure and on structural features
that are preserved across both temperature regimes.

A notable exception is the hydrogen bond between the catalytic
residues His64 and Ser221. Unlike the other hydrogen bonds analyzed,
the donor-acceptor interaction of this hydrogen bond remains equally
short in both the 277 K and cryogenic structures. Its apparent insensi-
tivity to the global contraction induced by cryocooling suggests that its
geometry is maintained by local structural constraints and is consistent
with an interaction of particular functional importance within the cat-
alytic machinery. This unusual temperature (in)dependence distin-
guishes the Ser221-His64 interaction from the remaining hydrogen
bonds in the active site and motivates its detailed consideration in the
following section.

At the present resolution, most catalytically relevant hydrogen atoms
could be refined without geometric restraints. Their refined X-H dis-
tances should nevertheless be interpreted with caution because X-ray
scattering and atomic motion result in apparent bond lengths shorter
than the corresponding internuclear distances. The freely refined X-H
bond lengths obtained in the present study are generally consistent,
within their estimated standard uncertainties, with the temperature-
dependent target values used by SHELXL for riding hydrogen atoms.
The only notable exception is the hydrogen atom shared between Ser221
and His64 in the 277 K structure.

Analysis of the nucleophilic attack parameters indicates that Ser221
is optimally positioned to attack the P1 carbonyl carbon atom. Together
with the experimental observation that CI-2A undergoes rapid acylation
by subtilisin (Radisky and Koshland, 2002), this suggests that inhibitor
binding elicits an initial enzymatic response similar to that observed for
a true substrate. In the present structures, this initial step appears to
involve partial proton transfer from the Ser221 hydroxyl group to the
Ne2 atom of His64.

In both 100 K structures, the Hy atom is clearly associated with
Ser221, as evidenced by the electron density (Fig. 1). In the nat277K
structure, however, the electron density between Ne2 His64 and
Oy_Ser221 is less well defined. The hydrogen atom refined more satis-
factorily when assigned to His64, although the corresponding electron
density is weaker than that observed for other hydrogen atoms,
rendering its placement uncertain. This ambiguity may be related to the
short donor-acceptor distance between Oy of Ser221 and Ne2 of His64.
Among the analyzed hydrogen bonds, this is the only one that remains
equally short in both nat277K and nat100K (Table 2), despite the fact
that hydrogen bonds are, on average, shorter in the 100 K structures.

Several mechanisms may account for the apparent disorder of a
hydrogen atom even within a short hydrogen bond. The proton may
occupy two alternative positions corresponding to a double-well po-
tential, undergo rapid transfer between donor and acceptor, or become
increasingly delocalized as the donor-acceptor distance decreases.
Alternatively, at 4 °C, proton motion along the hydrogen-bond axis may
be sufficiently pronounced to produce diffuse electron density. Thus, the
weak and diffuse electron density observed for this hydrogen atom may
reflect genuine proton mobility within a short His-Ser hydrogen bond, a
phenomenon previously discussed for catalytic hydrogen bonds in serine
proteases (Agback and Agback, 2018; Fuhrmann et al., 2006).

The geometry of the imidazole ring provides no independent evi-
dence for proton transfer to Ne2. The refined Ce1-Ne2 distance is shorter
than those of the other C—N bonds in the His64 imidazole ring.
Although this difference is not statistically significant given the rela-
tively large e.s.u. (Table S1), the short Ce1-Ne2 distance, together with
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the pronounced electron density between Cel and Ne2 (Fig. S1), is
consistent with substantial Cel-Ne2 double-bond character. This
observation suggests that, if His64 is partially protonated, the excess
positive charge would be localized primarily at Ne2.

Taken together, the Ser221-His64 hydrogen-bond geometry and the
refined His64 imidazole-ring geometry are compatible with, but do not
demonstrate, partial proton transfer from Ser221 to His64.

It has been proposed that the interaction between the catalytic his-
tidine and aspartate residues in serine proteases forms a low-barrier
hydrogen bond (LBHB), characterized by a short donor-acceptor dis-
tance and a proton positioned approximately midway between the two
atoms (Cleland et al., 1998; Frey et al., 1994; Schigtt et al., 1998). In the
two 100 K structures, the hydrogen atom remains closely associated
with the donor atom, whereas in nat277K it appears to be shifted toward
081 of Asp32, although the difference is not statistically significant
(Table 2). Such a displacement would be consistent with partial proton
transfer from His64 to Asp32 and could be expected if this hydrogen
bond were to acquire partial LBHB character.

However, in none of the three structures is the donor-acceptor dis-
tance sufficiently short to satisfy the criteria generally associated with
an LBHB, which typically requires donor-acceptor distances of
approximately 2.5-2.6 A. The observed donor—acceptor distance of
~2.7 A is therefore consistent with a strong hydrogen bond and does not
support an LBHB interpretation.

3.2. Structural coupling of the P1 amide and catalytic site

If partial proton transfer from Ser221 to His64 occurs in the nat277K
structure, a greater negative charge density would be expected on the Oy
atom of Ser221 relative to nat100K. This increase should enhance its
ability to accept a hydrogen bond from the P1 amide, consistent with the
short N_Met59i---Oy_Ser221 distance observed in both temperature re-
gimes (Fig. 6).

Within the catalytic mechanism, the hydrogen bond between Ser221
Oy and the P1 amide nitrogen is likely to contribute to stabilization of
the first tetrahedral transition state. Quantum-mechanical calculations
by Ishida and Kato (Ishida and Kato, 2003) indicate that formation of
this transition state is accompanied by increasing negative charge on the
catalytic serine oxygen, consistent with enhanced hydrogen-bond
acceptance by Oy and supporting the proposed functional role of this
interaction.

Because the P1 amide simultaneously donates a second hydrogen

Met59i (P1)

- = o~

Ser221

Fig. 6. Interactions of the catalytic Ser221 in the nat100K structure. The Oy
atom of Ser221 approaches the carbonyl carbon atom of the scissile peptide
bond (red dashed line) while simultaneously forming hydrogen bonds (yellow
dashed lines) with the catalytic His64 residue and the P1 amide group. Dis-
tances are given in &ngstroms (A). Some atoms have been omitted for clarity.
See Fig. 7 for an illustration of the complete network of interactions. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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bond to the backbone carbonyl oxygen of Ser125, changes in the po-
larization of this amide group are expected to influence both
interactions.

The interactions involving the P1 amide, the catalytic triad residues
and Ser125 can be integrated into a model of a concerted hydrogen-bond
network (Fig. 7), in which changes in hydrogen-bond strengths are
coupled to redistribution of charge within the catalytic machinery. This
model is consistent with both (i) the substantially longer hydrogen bond
between O_Ser125 and the amide nitrogen (N_Met59i) of the scissile
peptide bond in nat277K compared with natl00K (3.38 A vs 3.15 A;
Table 2) and (ii) the proposed partial proton transfer from Ser221 to
His64 in the 4 °C structure.

It has been suggested that the interaction between the Cel atom of
the catalytic histidine and the backbone carbonyl oxygen atom of Ser125
increases the electronegative character of Ne2, thereby facilitating
protonation of the histidine residue (Derewenda et al., 1994). While
such an effect may stabilize the protonation state of His64, it would also
be expected to oppose proton donation by histidine during general acid
catalysis. We therefore suggest that the His64-Ser125 interaction may be
dynamically modulated during the catalytic cycle, stabilizing proton-
ated His64 during the general base catalysis and weakening during the
subsequent general acid step, thereby facilitating proton transfer to the
leaving group. Fig. 7 illustrates a possible role of this interaction during
the acylation phase of the hydrolysis reaction. This model provides a
possible mechanistic explanation for the remarkable conservation of the
His64-Ser125 interaction among serine hydrolases.

3.3. Consequences of perturbing the reactive-site loop
Previous mutational studies of CI-2 have shown that the P1 (Met59i)
residue is the principal determinant of binding affinity, whereas residues

at the P1’ position and adjacent sites generally make smaller contribu-
tions (Radisky et al., 2004, 2005). Nevertheless, residues at the P1’

pary,
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Fig. 7. Concerted network of hydrogen bonds. In the enzyme-substrate (ES)
complex, a dynamic equilibrium exists between interactions IV and V.
Strengthening of interaction V enhances interaction I through cooperative
hydrogen-bonding effects, ultimately promoting proton transfer from Ser221 to
His64. In the first transition state (TS1), His64 becomes protonated. The
resulting imidazolium ion is stabilized by interactions II and III, both of which
are stronger than in the neutral histidine. Strengthening of interaction III
weakens interaction IV through competition for hydrogen-bond acceptance. At
the same time, interaction V is reinforced by the increased attraction of the
Ser221 alkoxide ion, further weakening interaction IV. Upon formation of the
acyl-enzyme intermediate, interaction V weakens because resonance stabili-
zation of the ester reduces the basicity of the tetrahedral oxygen atom.
Consequently, interaction IV strengthens, whereas interaction III weakens,
reducing the stabilization of the imidazolium ion and facilitating its deproto-
nation. Proton transfer to the amine leaving group further weakens interactions
II and III, thereby strengthening interaction IV. In this model, the backbone
carbonyl oxygen atom of Ser125 functions as a molecular switch that modulares
the protonation state of His64.
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position can influence the conformation of the reactive-site loop, the
kinetics of association and dissociation, and susceptibility to proteolysis.

Glu60i occupies the P1’ position of the reactive-site loop and con-
tributes to its stabilization through intramolecular hydrogen bonding. In
the present structures, the Glu60i side chain adopts alternative confor-
mations and, in one of them, forms a hydrogen bond between its
carboxylate group and its own backbone amide nitrogen (Fig. 4). This
interaction may contribute to the conformational coupling between the
inhibitor reactive site and the catalytic triad and, more generally, to the
concerted hydrogen-bond network proposed above (Fig. 7).

In nat277K, the hydrogen-bonded curled conformation of Glu60i is
fully occupied, whereas in nat100K it has an occupancy of only ~30%.
Correspondingly, the distance between Oy of Ser221 and the target of its
nucleophilic attack, the carbonyl carbon atom of Met59i, is significantly
longer in nat277K than in nat100K (Table 3). This correlation raises the
possibility that the intra-residue hydrogen bond between N_Glu60i and
Oel_Glu60i (Fig. 4) influences the electronic environment of the scissile
peptide bond in a manner that makes nucleophilic approach less
favorable.

The M59P substitution restricts the conformational freedom of the
reactive-site loop, resulting in a tighter turn around the P1 residue. It
also increases the distance between Oy of Ser221 and the P1 carbonyl
carbon, indicating a less favorable geometry for nucleophilic attack.
This change is partly compensated by rotation of the Ser221 side chain,
reflected in an adjustment of its y1 torsion that shifts Oy toward the
displaced P1 carbonyl carbon.

Despite the altered binding of the inhibitor, the geometry of the
oxyanion hole remains essentially unchanged, as judged by both
donor-acceptor and hydrogen-acceptor distances. This preservation is
achieved through a compensatory displacement of Asn155 N&2, which
accommodates the altered position of the inhibitor while maintaining a
strong interaction with the oxyanion oxygen atom (Fig. 5). Thus, the
M59P substitution perturbs the geometry of nucleophilic attack while
leaving the oxyanion-hole interactions largely intact, illustrating the
ability of the reactive-site loop and catalytic residues to accommodate
local structural changes through compensatory adjustments.

3.4. Conclusions

Taken together, the present ultra-high-resolution structures provide
a detailed view of the hydrogen-bonding interactions within the active
site of a subtilisin-family serine protease under both cryogenic and 4 °C
conditions. The comparison demonstrates that cryocooling produces
systematic shortening of hydrogen bonds and highlights the importance
of distinguishing global temperature effects from catalytically mean-
ingful structural features.

Beyond these temperature-dependent effects, the structures reveal
several observations that appear to be functionally significant, including
the unusual behavior of the Ser221-His64 hydrogen bond, the pro-
nounced temperature dependence of the Ser125-P1 amide interaction,
and conformational variability of the P1’ Glu60i side chain. Together,
these findings are consistent with a model in which hydrogen-bonding
interactions within the catalytic machinery are cooperatively coupled,
allowing redistribution of electron density to accompany proton transfer
and substrate activation during catalysis.

Although the proposed concerted hydrogen-bond network remains a
mechanistic hypothesis, it provides a coherent structural framework that
accounts for the observed geometrical changes and offers a possible
explanation for the remarkable conservation of the His64-Ser125
interaction among serine hydrolases. We anticipate that future
neutron diffraction, time-resolved crystallography, and quantum-
mechanical studies will further test and refine this model.
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4. Materials and methods
4.1. Formation and purification of the Alcalase—CI-2A complex

Alcalase was purified from a commercial Alcalase® preparation
obtained from Novozymes (currently Novonesis). Native CI-2A and the
MS59P inhibitor variant were produced by recombinant expression of the
corresponding genes in Saccharomyces cerevisiae and purified according
to the procedure described in Patent DE69108736T2 (Examples 1 and
3).

Equal amounts of alcalase and CI-2A (either native or M59P mutant)
inhibitor were combined in a solution containing 50 mM boric acid, 5
mM succinic acid and 1 mM CaCly, at pH 6.0 (Buffer A), yielding an
approximate inhibitor-to-protease molar ratio of 3:1. The mixture was
applied to an S-sepharose HP cation-exchange column pre-equilibrated
with Buffer A to separate the alcalase-inhibitor complex from excess
unbound inhibitor. The column was extensively washed with Buffer A,
and the bound complex was subsequently eluted using a linear NaCl
gradient (0 to 500 mM) in Buffer A over five column volumes.

Fractions collected during elution were analyzed by SDS-PAGE, and
those exhibiting an approximately 1:1 M ratio of alcalase to inhibitor
were pooled to yield the alcalase-CI-2A complexes.

Alcalase displays a broad pH activity profile, with optimal activity at
pH 8-9. The experiments described here, including crystallization, were
conducted at pH 6, a condition under which the enzyme remains stable
for extended periods. Under these conditions, alcalase retains approxi-
mately 70% of its maximum activity toward denatured hemoglobin,
55% toward casein, and 16-55% against p-nitroaniline (pNA) substrate
analogues.

4.2. Crystallization

Crystals were obtained using hanging-drop vapor-diffusion. For the
nat277K structure, the initial drop conditions consisted of 12.5 mg/ml
protein, 5% w/v PEG 4000, 330 mM NacCl, 330 mM citrate buffer at pH
6.0, and 1.5 mM CaCls,. The reservoir solution contained 15% (w/v) PEG
4000, 1 M NaCl, 100 mM citrate buffer at pH 6.0, and 5 mM CaCls. After
approximately two months, small crystals emerged among amorphous
precipitate and microcrystalline spherulites. Macroseeding was subse-
quently employed to cultivate larger crystals (approximately 0.3 mm)
suitable for atomic-resolution data collection.

For the nat100K and mut100K structures, the protein was prepared
in a solution containing 10 mM Hepes at pH 7, 1 mM CaCly, 100 mM
NaCl, at a protein concentration of 10-20 mg/ml. The reservoir solution
consisted of 1 M NaCl, 5% w/v PEG 6000, 10 mM CaCly, 100 mM Hepes
at pH 6. Crystallization drops were prepared by mixing 3-5 pl of the
protein solution with an equal volume of the well solution. Crystals were
grown at room temperature.

4.3. Data collection and processing

Diffraction data were collected using synchrotron radiation at the
EMBL beamlines at the DORIS storage ring (DESY, Hamburg), employ-
ing a MAR Research imaging-plate detector. Data for the nat277K
structure were obtained from two crystals, whereas the nat100K and
mutl100K data were each collected from a single crystal. Data reduction
and scaling were carried out using the programs DENZO and SCALE-
PACK (Otwinowski and Minor, 1997). Structure-factor amplitudes were
derived from the measured intensities; however, the original intensity
data were retained for refinement with SHELXL (Sheldrick, 2015). A
summary of data-collection parameters and the final refinement statis-
tics is provided in Table 1.

4.4. Structure determination

The structure was solved by molecular replacement using the
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program AMORE (Navaza, 2001) from the CCP4 program suite (Winn
et al., 2011). Solutions were obtained independently for the enzyme
and the inhibitor. For the enzyme, the structure of subtilisin Carlsberg
(PDB ID: 2SEC) was used as the search model, while for the inhibitor, the
deposited structure of CI-2 (PDB ID: 2CI2) served as the starting model.

4.5. Refinement

Initial refinement was carried out using REFMAC5 (Murshudov et al.,
2011), and solvent molecules were added using ARP/wWARP (Langer
et al., 2008). Subsequent refinement cycles were performed in SHELXL
(Sheldrick, 2015) using a conjugate-gradient least-squares algorithm.
Refined parameters included anisotropic atomic displacement parame-
ters and occupancy factors for residues exhibiting multiple conforma-
tions, with occupancies constrained to sum to unity. Manual model-
building and validation were performed in Coot (Emsley et al., 2010).

Hydrogen atoms were added in riding position, except for those in
active-site residues. For hydroxyl and methyl groups, torsion angles was
refined to position hydrogen atoms at maxima of electron density, using
AFIX 147 and AFIX 137 protocols. After completion of the main
refinement stages, active-site hydrogen atoms identified in the mF,-Df,.
sharpened electron density map (calculated in SHELXPRO by scaling
map coefficients by <F? > /4 where <F2 > denotes the mean intensity
in a given resolution shell), were incorporated into the model and
refined without restraints. At this stage, all restraints on the side chains
of active-site residues, as well as on the relevant main-chain atoms of the
P1 and P2 residues of CI2A, were also removed.

Finally, to obtain estimated standard uncertainties of refined pa-
rameters, blocked full-matrix least-squares refinement was performed,
using blocks of 20 residues.

Refinement tests using a 5% cross-validation set showed that
restraining the selected hydrogen atoms to riding positions produced
essentially identical R and Rgee values and did not alter the geometrical
conclusions presented below (data not shown).

4.6. Figure preparation

Fig. 1a was prepared using the TopDraw sketching tool (Bond, 2003)
included in the CCP4 software suite (Agirre et al., 2023). Fig. 1b and ¢
and Figs. 2, 4-6were prepared using PyMOL (The PyMOL Molecular
Graphics System, Version 3.0 Schrodinger, LLC).

Abbreviations
CI-2A chymotrypsin inhibitor 2 A
nat100K structure of the alcalase—CI-2A complex determined at 100 K
nat277K structure of the alcalase-CI-2A complex determined at 277 K
mut100K structure of the alcalase-CI-2A(M59P) complex determined at 100 K
P1-PI’ scissile peptide bond
LBHB low-barrier hydrogen bond
r.m.s. root-mean square
es.u. estimated standard uncertainty
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