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ABSTRACT: Ultrahigh-resolution X-ray diffraction data from cryo-cooldgl, lentussubtilisin crystals has

been collected to a resolution of 0.78 A. The refined model coordinates have a rms deviation of 0.22 A
relative to the same structure determined at room temperature and 2.0 A resolution. Several regions of
main-chain and side-chain disorder have been identified for 21 out of 269 residues in one polypeptide
chain. Hydrogen atoms appear as significant peaks ifrghe F difference electron density map, and
carbon, nitrogen, and oxygen atoms can be differentiated. The estimated standard deviation (ESD) for
all main-chain non-hydrogen bond lengths is 0.009 A and faBbond angles based on an unrestrained
full-matrix least-squares refinement. Hydrogen bonds are resolved in the serine protease catalytic triad
(Ser-His-Asp). Electron density is observed for an unusual, short hydrogen bond between aspartic acid
and histidine in the catalytic triad. The hydrogen atom, identified by NMR in numerous serine proteases,
appears to be shared by the heteroatoms in the bond. This represents the first reported correlation between
detailed chemical features identified by NMR and those in a cryo-cooled crystallographic structure
determination at ultrahigh resolution. The short hydrogen bond, designated “catalytic hydrogen bond”,
occurs as part of an elaborate hydrogen bond network, involving Asp of the catalytic triad. While unusual,
these features appear to have conserved analogues in other serine protease families although specific
details differ from family to family.

Serine proteases are found in all organisms, functioning acceptor and donor at different steps in the reaction. The
in digestion, posttranslational processing of secreted proteinsrole of Asp is thought to bring the His residue in the correct
neurotransmitters and hormones, blood coagulation, andorientation to facilitate nucleophilic attack by Ser.
complement fixationX). The serine proteases occurinthree  The functional importance of the catalytic triad and
distinct structural families, represented by chymotryp)n (- oxyanion hole in catalysis has been confirmed by site-
subtilisin BPN (3), and wheat germ serine carboxypeptidase directed mutagenesis; removing an element of the oxyanion
Il (4). All three serine protease families share a common pgle 8) or Asp to Ala replacemen®f reducesk.y by 10,
reactive center composed of an oxyanion hdg dnd a  while replacing His or Serd) with Ala reduces activity by
catalytic triad ), although the sequence of serine, histidine, 10f. The protonation states of the catalytic histidine and
and aspartic acid differ. Apart from this similarity, they share aspartic acid residues in serine proteases have been studied
no other structural homology. Chymotrypsin and subtilisin by NMR (10) and neutron diffraction1(l). NMR studies
class enzymes bind substrate in an analogous mannerof both the trypsin and subtilisin classes of enzymes show a
forming an antiparalleB-structure between the polypeptide strongly downfield shifted proton assigned to histidine in
backbone of the substrate and a structurally conservedthe catalytic triad 12—14). It has been proposed that the
segment of the enzym@)( Because of this, all three classes downfield shifted proton is associated with a low-barrier
of serine protease are presumed to share a common mechhydrogen bond (LBHB)that forms during the formation of
anism of action. In this mechanism, Ser functions as the the transition-state intermediaté2j. However, the exact
primary nucleophile and His plays a dual role as proton nature of the downfield-shifted proton, whether it represents
a LBHB and its role in enzyme catalysis, has been debated.
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Table 1: Summary of Crystallization, Data Collection, and Data Processing of the 0.78 A Resolution Diffraction BatarafisSubtilisin

highl high2 medium low merge
resolution (A) 1.5-0.78 1.5-0.78 4.0-1.3 35.6-2.7 35.6-0.78
observations 1101776 684 375 180 705 28790 1995 646
reflections 536 641 143 985 97 091 17 964 795 681
unique reflections 210870 140 309 36 681 6349 257 583
completeness (%) 79.9 (7929) 82.2 (85.13 99.1 (93.5) 93.1(90.23 97.3(92.73
multiplicity 25 1.8 2.6 2.8 3.8
Rierg? 6.4 (25.3% 6.0 (15.9% 3.3 (6.4% 3.1 (2.6% 4.1 (29}
()0 8.4 (2.9} 8.8 (4.6} 16.8 (11.23 18.3 (18.4 5.6 (2.6}

2 Numbers in parentheses correspond to the data in the last resolutior? 8aglle= 5 ,>.| 1(h) — I(h)i[/3 73 ]1(h)i with I(h) = mean intensity.

for the Nd1 proton of His 64 in BLS13). Like BPN, BLS
crystallizes in a tightly packed crystal complex with a
Matthews coefficienti6) of Vi, = 2.2, corresponding to 45%
solvent content. Very intense X-rays from synchrotron
sources vyield diffraction to a resolution of 0.75 A when

indicating turnover of substrate. Prior to data collection,
crystals were submerged for 460 s in a cryo-protectant
solution containing 25% glycerol and 75% crystallization
reservoir buffer. Crystals belong to the orthorhombic space
groupP2;2;2; with unit cell dimensions of 52.65 A 61.25

crystals have been flash-cooled and maintained at 100 K.A x 74.75 A. General methods and strategy for ultrahigh-

Atomic resolution (1.2-0.95 A) macromolecular structures

resolution data collection and processing, recently developed

have been reported to have much higher accuracy, relativeat SSRL, were employedl®). All diffraction data were
to earlier studies of the same enzyme, as measured frommeasured at a wavelength of 0.77 A (16.1 keV) at SSRL

inverted least-squares refinement matrixed.( Refinement

beam line 9-1 with a 300 mm diameter MAR-Research

of such structures routinely incorporates the refinement of imaging plate detector. Complete data were measured to a
anisotropic temperature factors which aid in the delineation resolution of 0.78 A in three resolution passes; high, medium,

of loop motion and far-ranging disorder, the recognition of

and low, respectively (Table 1). The mosaicity of the crystal

hydrogen atoms, and the identification of protonation states. refined to a value of 0.35 To achieve maximum complete-

At ultrahigh resolution €0.9 A), it has been reported that

ness in the highest resolution shells, the crystal was reoriented

charge distributions can be recognized in the electron densityin situ during data collection by bending the cryo-loop

map of the polypeptide Crambin at 0.86 A resolutids)(
Ultrahigh resolution provides increased definition to
visualize hydrogen atoms. Hydrogen atoms compris&®/b

mounting wire. The oscillation angles, ranges, and crystal
reorientation were optimized with MOSFLN2Q). All data
were indexed and integrated with MOSFLM version 5.40

of a protein’s mass and exceed the total number of heavyand scaled with the CCP4 program SCALA version 2.2.3
atoms (C, N, O, and S) in a typical enzyme. The disposition (21). The diffraction quality was continuously monitored

of hydrogen is critical to further our understanding of
structure and function in enzymes.

in real-time, however, no significant decay was detected, as

Here, we report the judged byl/o, over the course of data collection. At the

results of the refinement using a complete, high quality end of data collection, the crystal was exposed to the X-ray
crystallographic data set to a resolution of 0.78 A and presentbeam for a long exposure of 5 min and diffraction was

the detailed structure of the BLS active site. We find that

recorded to a resolution of 0.75 A. Nearly 2 million

the catalytic triad Asp participates in an elaborate hydrogen observations were measured and the merged data of 257 583
bond network that includes an unusual short hydrogen bondunigue reflections were 97% complete, yielding an overall

to His in the catalytic triad. This level of detail should now

Rmerge Of 4.1% (29% in the last resolution shell).

be possible to achieve for numerous enzymes due 0 Refinement.For a starting model, phases were calculated
advanced beam line design that exploits short wavelength,s,om the 2.0 A room-temperature structure (PDB filename

high-intensity X-rays.
MATERIAL AND METHODS

Crystallization, Data Collection, and Data Processing.
lentussubtilisin has been purified from commercial samples

1JEA). Initial least-squares refinement was carried out in
PROLSQ 22) in the 10-0.85 A resolution range. All
temperature factors were isotropic and the refinement
converged with anR-factor of 15.7% (Table 2). After
rebuilding the model using FRODO and XtalVieR3dj,

of this enzyme (Purafect, Genencor International). Crystals standard conjugate gradient refinement (CGLS) was carried

were grown using hanging drop vapor diffusion in two stages.

(1) Seed crystals were grown at 3T from a solution
composed of 7.l of 25 mg/mL protein in buffer, 50 mM
sodium acetate (pH 5.9), 10 mM CaGlaturated with the
inhibitor, phenylmethanesulfonyl fluoride, and 7b of the
reservoir composed of 3(B3% saturated (NP,SO, and

out using SHELX-97 24), which converged aR = 15.4%.

At this stage, 21 amino acids were modeled as disordered
residues to interpret features of positive density greater than
3o in anF, — F. difference electron density map, occurring
within 1 A of existing model coordinates. In eight cases,
the disorder involved both main-chain and side-chain atoms.

buffer. (2) Seed crystals were transferred at room temper- The model (model A) was then refined using anisotropic

ature into drops containing 2/ of a 25 mg/mL protein

solution saturated with a synthetic substrate, succinyl-alanyl-

alanyl-prolyl-phenylalaning-nitro-anilide, and 7.%L of the
reservoir buffer, 22 24% saturated (Np,SO,. The mother
liquor, and crystals to a limited extent, turned yellow,

temperature factors in SHELX-97 which convergedRat
11.5%. Occupancies of the solvent molecules were refined
using PROSLQ and remained constant in subsequent SHELXL
refinement. For further analysis of the quality of the model,
an unconstrained refinement (except for the disordered
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Table 2: Structure Refinement and Statistics BodentusSubitilisin
at 0.78 A

anisotropic
isotropic  anisotropic temperature
temperature temperature factors and
factors factors hydrogen®
(model I (model A  (model H}
no. of parameters 8837 19 852 20 361
no. of restraints 8039 24 185 24 234
no. of riding hydrogens 0 0 1920
no. of solvent molecules 269 383 383
no. of hetero atoms 1887 1887 1887
Ruork (%) 15.4 11.5 9.9
Riree (%) 16.0 12.5 10.3
R (F > 40) (%) 14.6 10.9 9.4
Bave (proteiny 7.94 7.84 9.30
Bave (SOlventy 16.54 20.85 21.4
rms bond length (A) 0.012 0.011 0.012
rms bond angles (deg) 1.87 1.70 1.68

a A total of 244 527 unique reflections were used for refinement.
b Hydrogen atoms for the catalytic triad, Asp 60, Gly 63, Thr 66, and
solvent molecules were not included in any modéhcluding hydro-
gens for model H.

residues) was carried out in SHELX-97 (10:1 ratio of
observations to parameters). The rms difference between
the constrained model (CGLS) and the full-matrix, uncon-
strained model (L.S.1, Block 1, without SIMU, DELU) is
0.064 A with no significant change in tHe-factor or the
electron density map. In the final refinement, riding
hydrogen atoms were included in the model (model H),
except for those specified in Table 2. The firkfactor
was 9.9% for all data.

RESULTS

High-Resolution FeaturesBy exploiting shorter wave-
length X-rays (0.77 A), we have collected a 97% complete
data set to 0.78 A resolution. At this resolution, there is a
dramatic increase in the quality and detail of the electron
density map relative to the same structure determined at room
temperature and 2.0 A resolution. Most notably, individual
heavy atoms can be differentiated and electron density for
hydrogen atoms can be discerned. Introduction of disordered
segments, followed by refinement of anisotropic temperature
factors, improved detail in the electron density maps.
Density was observed for the hydrogen atoms en Cp5,
and for carbon atoms in aromatic and heterocyclic side
chains. Figure 1A displays thé=2 — F. (F, andF. are the
observed and calculated structure factors, respectively)
electron density map contoured at 1 amdfdr residues, Glu
54 and Lys 94, which form the only conserved salt bridge
in subtilisin. Within a local environment, electron density
for C, N, and O atoms can be distinguished based on the
volume of the density contoured at.4 The electron density
for nitrogen atom (M) is larger than the density for carbon
atoms in Lys 94 and smaller than the density for the carboxyl
oxygen atoms (01 and @2) and carbonyl oxygen of Glu
54. The carboxylate group in this salt bridge would be
expected to have a charge localized c20f Glu 54. Q2
should be singly bonded to the carbon atomy)@nd
hydrogen bonded to the nitrogen atonZjNf Lys 94. The
electron density for the & is discrete at theddlevel, while
the density for the @.—Co bond is continuous, having
comparable density with carbonyl £€0) atoms of Glu 54
and Lys 94.
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Ficure 1: (A) Salt bridge between Glu 54 and Lys 94. Electron

density (¥, — F. map, model A phases) is contoured at the 1

(aqua) and 4 (gold). C, N, and O atoms can be differentiated. At
1o, indications for hydrogen atoms are visible for Lys 94 &nd

Co. (B) Hydrogen atoms on Val 17F, — F. difference map
(model A phases) before any hydrogen atoms were included in the
model contoured at 2d5(yellow) and F, — F. (model H phases)
after the inclusion of hydrogen atoms contoured at(dlue).

A total of 383 positive peaks abover3n the F, — F.
electron density difference is located at idealized hydrogen
positions. These peaks, representing approximately 14% of
the 2643 hydrogen atoms expected in the asymmetric unit,
are clustered predominantly in the internal helices (residues
7—-11, 63-72, and 226-232) and in the eight stranded
centralg-sheet. Peaks were observed for gli Bydrogen
atoms in 42 out of 200 residues, excluding Gly and Ala
residues. On the basis of these, we included a majority of
riding hydrogen atoms in our phasing model (model H, Table
1). This was done with the expectation that the new phasing
model would improve the signal-to-noise in the subsequent
difference electron density for hydrogen atoms, particularly
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in the area of the catalytic triad. In Figure 1B, the— F
(model A, 2.%) and &, — F. (model H, D) electron density
maps are shown for Val 177. A complete triad of peaks
was not observed for any Ala@but were observed at the
3o level for other residues such as the methyl carbon atom
(Cy2) in Val 177. Only two peaks are observed at thes2.5
level for the other methyl group, which are confirmed in
the &, — F density map calculated with phases from model
H. From this we conclude that peaks at the Rvel
correspond to well-ordered hydrogen atoms.

In addition to the 3 peaks, we observed peaks at the 2
level, which accounted for an estimated 65% of all hydrogen
positions. This also supported including hydrogen atoms in
a subsequent refinement, excluding the catalytic triad, solvent
atoms, and the residues interacting with Asp 60, with the

expectation that these peaks might become stronger and mort

reliably interpreted. Inclusion of hydrogen atoms (model
H) gave enhanced detail of other hydrogen atoms in regions
of interest that had not been modeled or were not detectable
falling below the 3 threshold in previous difference density
maps. One such example is the electron density for Asp
60. Figure 2A displays th&, — F. electron density map
superimposed on the density of thE,2- F. map for Asp

60 which forms hydrogen bonds with the oxygen atomD

of Thr 66 and the nitrogen atom (N) of Gly 63. The
hydrogen atoms involved in hydrogen bonds between Asp
60 and both Thr 66 and Gly 63, are seen at thde¥el. In

the comparable map, using model A, only the hydrogen atom
of Thr 66 Oyl is observed. The density for the carbon
oxygen bonds (£—0051 and Gr—0062) of Asp 60 is equally
distributed as would be expected for a charged Asp at pH
5.9. Similar electron density distributions are seen for other
Asp, Glu, and Arg side chains.

A complete water molecule @®) is observed in the
internal solvent channel (Figure 2B). Peaks in fe— F¢
electron density difference map near oxygen atom (01024)
are associated with a hydrogen bond network extending to
the oxygen atom (1) of Thr 71. These water molecules
are well ordered as evidenced by relatively low temperature
factors and are highly conserved in subtilisii®. ( These
two peaks of the BD molecule (01024) are planar and fit
well into the expected pattern of alternating proton-donor
and acceptor atoms, in a zigzag tetrahedral relationship. In
contrast to the special hydrogen bond described below, all
of these hydrogen atoms have the expected bond length.

Catalytic Site. At pH 5.9, BLS is nearly inactive with
only 10% of its maximum activity. Subtilisin is readily
capable of degrading itself and is routinely inhibited prior
to crystallization by either an inhibitor or enzyme product
(T. Graycar & D. Estell, personal communication). In this
study, a synthetic substrate, succinyl-alanyl-alanyl-prolyl-
phenylalanings-nitro-anilide, was allowed to diffuse into a
BLS crystal. It was hydrolyzed, leaving the product succi-
nyl-alanyl-alanyl-prolyl-phenylalanine (SAAPF). This prod-
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Ficure 2: (A) Electron density for Asp 60F, — F. difference
electron density map, contoured &f2.50 (yellow) and —2.50
(purple), is superimposed on &2 — F. electron density map
contoured at & (aqua) and 4 (gold), based on model H (Table
2). No hydrogen atoms were included for residues Asp 60, Gly 63,
Thr 66, and solvent. At thesdcontour, the electron density between
Cy and both @1 and @2 are equivalent as expected. (B)H
hydrogen bonding in an internal water channel. Electron density;
2F, — F. (model H phases) contoured at 4gold) level is
superposed oR, — F. (model H phases) difference electron density
contoured at+-2.50 (yellow) and—2.55 (purple) level. Peaks for
both hydrogen atoms on solvent 01024 are seen along with
hydrogen atoms of neighboring solvent and Thr 110A zigzag
pattern of alternating proton donors and acceptors can be seen
extending from Thr 71 @1 in the interior, through a chain of four
solvent molecules ending at the surface of the enzyme (Figure 1).

connected density, recognizable as a tetra-peptide when the
product was included in the phasing model. The present
model, therefore, represents predominantly uncomplexed,
enzyme with solvent in the substrate-binding cleft.

The catalytic triad is in the expected conformation as
shown in the stereo diagram of Figure 3A and the thermal
ellipsoid representation of the same view in Figure 3B. Ser
221, His 64, and Asp 32 are reasonably ordered, and the
oxygen atom (@) of Ser 221 is within hydrogen bond
distance (3.1 A) of the nitrogen atom R) of His 64. The
thermal motions of Ser 221 yDand the imidizole ring of

uct was expected to remain bound. There are numerousHis 64 are larger than those of Asp 32. Electron density for
features of disconnected electron density within the substrate-the hydrogen atom of Ser 221yQs not observed, nor is the

binding cleft, formed by six loops on the surface of the
molecule (residues 6864, 99-104, 126-129, 152-166,
185-189, and 209-219). These features are observed at
positions that can be occupied by the tetra-peptide product
or by solvent. Modeled tetra-peptide did not refine well and
the features of discontinuous density did not coalesce into

density for the His 64 K2 hydrogen atom.

At pH 5.9, histidine should be protonated; however, we
observe, at most, one difference electron density peakat N
or No1 for any of the seven histidines in BLS. We are not
able to distinguish single and double bonds in histidine side-
chain atoms, presumably because the bonds are delocalized
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Ficure 3: The catalytic triad. (A) Stereoview displaying Model H superimposed on fge-2F. (model H phases) atol(aqua) and 4
(gold). The densities for C and N in His 64 are weaker than in Asp 32. The Aspy32082 bond at 4 is continuous, while the density

for the Cy and QY1 are resolved. (B) Schematic of the catalytic residues and hydrogen bonded neighbors with thermal ellipsoid representation
countered at 50% probabilit9). Catalytic triad residues Ser 221 and His 64 show larger thermal motion than the Asp 32. Solvent 01059

appears to be a relatively rigid and integral part of the enzyme structure. (C) Catalytic hydrogen bond (GHB).FA (model H phases)
difference map contoured &t2.50 (yellow) and—2.50 (red) and a B, — F; (model H phases) electron density map contouredoat 4
(gold). The position of the short hydrogen atom (labelegld) in the CHB is positioned in the positive electron density present between
His 64 Nd1 and Asp 32 02.

due to resonance. However, the orientation of the His 64 An internal water molecule (O1059) is located in the active
side chain is unambiguous, based on the relative size of thesite. The analysis of the electron density in the vicinity of
40 contours for side chain atoms. 6l and N1 are easily this solvent molecule allows the characterization of the
distinguished from @2 and G1. Electron density, con- hydrogen bond network. Two proton donors (Ser 125 and
toured at 4, links the oxygen (©2) and carbon (§€) atoms Asn 123 Ny2), two proton acceptors (lle 31, Asn 123), and
in Asp 32, and it is comparable to other doubly bonded Asp 32 are present, providing five potential ligands to 01059
carbonyl atoms, while the density for the oxygen atordlD  (Figure 3B).

is discrete (Figure 3C). Despite hydrogen bonds formed The distance between the nitrogen atond{Nof His 64
between ©2 and His 62 and Thr 33, thed2—Cy bond and the oxygen atom @) of Asp 32 is 2.62 A. Moreover,
has more double bond character than th&l©Cy bond. a 3 peak in theF, — F; electron density map is found
However, a significant difference in bond length is not between these atoms (contoured-2t50) in Figure 3C. The
detected, precluding a definitive statement as to the chargepeak is situated 1.2 A from &l of His 64 and 1.5 A from

on O)1. 052 of Asp 32. The distance of 1.2 A is longer than those
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found for other N-H and C—H bonds in the structure which  energy above the barrier between the two bonding minima
cluster at the expected distance for hydrogen atoms. It isallowing the hydrogen atom to be shar@b)

also 0.3 A closer to Asp G2 than would be typical. The High-quality structures of related enzymes have been
hydrogen atom participating in this short hydrogen bond reported which do not exhibit a short hydrogen bond between
within the catalytic triad is in the plane of His 64 and Asp Asp and His in the catalytic triad. For example, in the atomic
32 side chains and is slightly skewed toward10of Asp resolution structure of cutinase froRusarium solani pisi

32. The N1-Hcug—002 bond angle is 155 (27), an /B hydrolase, there is no short hydrogen bond,
although the carboxylate forms a ligand to an internal solvent
molecule akin to the solvent 01059 in BLS. A compilation,
including several subtilisins, has been reported where several

tion and characterization of hydrogen bonds are possible onIy""dd't'onaI examples of normal length hydrogen bond dis-
at ultrahigh resolution and provide a new level of detail in tances were founczg). _ _

enzyme structures. At 100 K and 0.78 A resolution, we are ~ Frey et al. {2) postulated that the downfield-shifted proton
able to observe the hydrogen atom for the short hydrogenat the His of the catalytic triad represents a LBHB and
bond identified by NMR in several classes of serine Propose a mechanism whereby the LBHB serves to stabilize
proteases. The bonding distance is 2.6 A between Asp 3othe transition-state intermediate. The LBHB would occur
062 and His 64Ne2, and the hydrogen atom is extended during the formation of the acyl enzyme intermediate, after
1.2 A from His and 1.5 A from Asp 32. As such, itis shared His abstracts the proton from Ser 221. However, the
to some extent between His and Asp. Interestingly, the peakdownfield-shifted proton associated with a LBHB can be
is not in line between the &l and @2 atoms but, rather,  detected under conditions where th&pof the participating
skewed slightly toward &1 of Asp 32. This bond is not ~atoms are unequal and when the bond in question is
shielded from solvent; instead Aspd® forms a hydrogen ~ unshielded from solvent and as such is not a true LBHB
bond with solvent 01059. Moreover, th&ss of His Ny1 (12). The presence of a preformed, short hydrogen bond in
and Asp 32 ©2 would appear to be unmatched. We BLS with Som-e of the Characteristics of a LBHB seems to
designate this hydrogen bond within the catalytic triad as a corroborate this conclusion. The presence of a preformed
catalytic hydrogen bond (CHB) rather than LBHB because, CHB in the free, inactive state, does not preclude the
while it is short and partially shared, it is not isolated and Possibility that a stronger hydrogen bond may form during
does not form between equivalent atoms. In addition, the Peptide bond hydrolysis.

LBHB between Asp and His was originally postulated to  In preceding papers, it was reasonably assumed that the
form only when His was protonated, which may or may not negative charge of Asp would be associated with the short
be the case under our experimental conditions. hydrogen bond we designate CHB. However, our electron

The short bond distance between Asp 32 and His 64, is density map indicates that Asp 326@ is only partially
the same in the 2.0 A room-temperature structure and charged or neutral. Moreover)Q forms a second hydrogen
therefore not an artifact of cryo-cooling. Further, there are bond of normal length to Thr 33. A similar situation occurs
many structures of serine protease from different families in trypsin; @2, which participates in the homologous short
that contain an analogous short bonding distance betweerydrogen bond to His 57, forms a second hydrogen bond to
the Asp and His of the catalytic triad. For example, 11 Ser 214.
instances are documented for trypsin structures both with The catalytic Ser 221 @is 3.1 A from His 64 N2 in
and without inhibitors bound2§), as well as in the structure  BLS and appears to be relatively mobile based on the
of the homodimeric serine carboxypeptidase Il from wheat anisotropic displacement parameters. We do not see any
(CPDW II) (4) and in BPN B). While these distances are peak associated with theyydrogen atom, suggesting that
short, suggesting that a similar CHB is formed, the interac- this hydrogen is not well ordered. Close examination of the
tions between the catalytic Asp and neighboring residues catalytic triad reveals that rotation of theside-chain torsion
differ. For example, in trypsin, Asp 10202 makes a second  angle of Ser 221 by 12Qvould position @’ in a much more
hydrogen bond to Ser 214, and Asp 10210is within favorable position to have its hydrogen atom abstracted by
hydrogen bond distance of Ala 56. In CPDW II, Asp 338 His 64. However, in such a conformation;yQvould be
002 is positioned to make two additional hydrogen bonds within the van der Waal radii of two additional atoms;1C
to proton donors, Asn 176 and Val 342. of His 64 and @ of Ser 125. There is no prominent density

Trypsin, in complex with the transition state inhibitor for a hydrogen atom bonded to His 64Neven though
m0noisopropy'_phosphory|_trypsin’ has been studied using .Under these conditions it -iS presumed that the lower aCtiVity
neutron diffraction at 2.2 A resolution to determine the is the consequence of His 64 being protonated.
hydrogen-bonding distances and protonation states within the The availability of high-resolution data has provided a
catalytic triad at pH 6.2 (1). A deuterium atom was much more detailed picture of the serine protease catalytic
observed between Asp 102 and His 57; however, in contrasttriad. While general features are conserved, the detailed
to NMR experiments and our findings, the position of the interaction for the catalytic aspartic acid residue can vary in
deuterium was interpreted to be associated solely with His different classes of serine proteases. We are able to confirm
and not with Asp. This might be explained by the fact that, the existence of a special hydrogen bond that had been
in short hydrogen bonds, deuterium can have a zero-pointpreviously identified by NMR. This hydrogen bond is highly
energy below the energy barrier between the two hydrogen-unusual in that the hydrogen atom is shared between
bonding minima and thus can be confined to one position heteroatoms and, in addition, a second hydrogen bond of
(26). Hydrogen on the other hand, can have a zero-point normal length is present.

DISCUSSION

The delineation of carboxylate isomers and the visualiza-
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The details of the generally accepted serine protease
mechanism of action, proton abstraction from Ser to His,
and in a subsequent step, nucleophilic attack of Ser on
substrate are complicated. While it is clear that the ultrahigh-
resolution structure has provided additional insight into the
nature of the AspHis interaction, additional structures of
intermediate states and mutants are required. These will
provide the structural underpinning necessary for dissection
of the mechanism of action in subtilisin, a workhorse enzyme
in nature.
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