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Aspartic proteinases are a class of enzymes widely distributed
among fungi, plants, vertebrates, and viruses. They are involved
in numerous disease conditions, including hypertension, amyloid
disease, malaria, and AIDS.! In HIV, the proteinase is essential
for the maturation of the virus particle, and inhibitors have a proven
therapeutic effect in the treatment of AIDS. There have also been
significant recent advances in the development of orally active renin
inhibitors which are in clinical trials.> Thus inhibitors to this class
of enzyme with improved characteristics are therefore much sought
after as potential therapeutic agents. The aspartic proteinase class
of enzyme comprises two structurally similar domains, each
contributing an aspartic acid residue to form a catalytic dyad that
cleaves the substrate peptide bond. The two catalytic aspartate
carboxyls are held coplanar by a network of hydrogen bonds
involving the surrounding main chain and the conserved amino acid
side-chain groups. Most aspartic proteinases are inhibited by
pepstatin, a microbial peptide that contains the unusual amino acid
statine, and a number of crystal structures of complexes containing
this naturally occurring analogue have been reported.>* Endothia-
pepsin, a member of the aspartic proteinase family, is composed
of 330 amino acid residues, with roughly 170 residues in each
domain. Endothiapepsin is derived from the fungus Endothia
parasitica, and numerous structures of this enzyme bound to a range
of renin inhibitors have been analyzed with the aim of developing
improved compounds by structure-based design.” Crystallographic
studies of all native aspartic proteinases have revealed a water
molecule hydrogen bonded to the carboxyl groups of both aspartate
residues. This water molecule is within hydrogen-bonding distance
of all four carboxyl O atoms and has been implicated in catalysis.
It has been suggested® that this water is partly displaced upon
substrate binding and is polarized by one of the catalytic aspartate
residues. It then initiates enzymatic catalysis by attacking the scissile
bond carbonyl group of the substrate. The transition state of aspartic
proteinase catalysis has been studied most extensively using
enzyme—inhibitor complexes which possess a range of different
transition state mimics. Most inhibitors mimic one or both hydroxyls
in the putative transition state. The statine-based inhibitors contain
one hydroxyl that occupies the same position as the water molecule
in the native enzyme and binds via hydrogen bonds to both catalytic
aspartates.* Three X-ray structures of endothiapepsin complexed
with the statine-based inhibitor have been refined to atomic
resolution,” and a number of low-barrier hydrogen bonds (LBHBs)
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Figure 1. A water molecule tightly bound to the aspartates in the native
enzyme is proposed to nucleophilically attack the scissile bond carbonyl.
The resulting tetrahedral intermediate (2) is stabilized by hydrogen bonds
to the negatively charged carboxyl of Asp32. Fission of the scissile C—N
bond is accompanied by transfer of a proton to the leaving amino group
either from Asp215 (with nitrogen inversion) or from bulk solvent. Dashed
lines indicate hydrogen bonds or charge sharing (as appropriate).

were identified within the active site. Another class of transition
state mimic, the difluoroketone analogue [-CO—CF,—], such as
that present in the renin inhibitor PD-135,040, ® is readily hydrated
to the gem-diol form [—C(OH),—CF,—] in water. Upon binding
to the enzyme, this mimics the putative tetrahedral intermediate
very closely.® NMR studies have also shown that the enzyme binds
ketone analogues in the hydrated gem-diol form.'® Mechanistic
proposals have been made based on X-ray diffraction studies of
the difluoroketone gem-diol transition state analogues.®''"'* The
catalytic mechanism proposed in ref 9 is shown in Figure 1.
Results from this study suggest that the transition state is
stabilized by a negative charge on Asp32, one of the two catalytic
aspartate residues. Previous investigation'? using neutron diffraction
on a complex of endothiapepsin with the hydroxyethylene inhibitor
H261 provided evidence that the other catalytic residue, Asp215,
is protonated on the outer oxygen. Due to the low optimum pH of
the enzyme'* and the close proximity of the two aspartates, it is
likely that one catalytic aspartate is protonated and the other charged
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Figure 2. The bond lengths at the active site for the endothiapepsin—gem-
diol complex; hydrogen bonds are indicated by the dotted lines. All bond
lengths are in A.

at the enzyme’s operational pH. As aspartic acid carboxyl bond
lengths vary in different protonation states, bond length analysis
with atomic resolution X-ray data enables the protonation states of
the catalytic aspartates to be revealed indirectly. We successfully
obtained a single large protein crystal of the complex between
endothiapepsin and the gem-diol inhibitor PD-135,040 for neutron
diffraction studies and several smaller crystals suitable for X-ray
studies. Three data sets were collected on this complex: an atomic
resolution X-ray data set, a room temperature X-ray data set, and
a room temperature neutron data set.® A key advantage of joint
X-ray and neutron analysis is the improvement it offers in the data-
to-parameter ratio. In neutron diffraction, a large number of atoms
are being refined, typically double the number of atoms in an X-ray
refinement, due to the sensitivity of neutrons to hydrogen and
deuterium atoms. Therefore, great care must be taken to limit the
parameters being refined so a respectable data-to-parameter ratio
can be maintained. Joint refinement with the additional X-ray data
gives a higher data-to-parameter ratio, providing a more robust
refinement procedure. The atomic resolution data for this complex
are of very high quality with an //o(J) of 10.3 in the outer resolution
shell (1.05—1.0 A).® Stereochemical restraints on the active site
aspartates were removed after the refinement had converged to allow
the carboxyl bond lengths to refine for bond length analysis (Figure
2). The carboxyl bond lengths allow us to deduce the aspartate
protonation states since neutral carboxyls generally have bond
lengths of around 1.21 and 1.32 A for the C=0 and C—OH bonds,
respectively. In contrast, negatively charged carboxyls are expected
to have identical C—O bond lengths of around 1.26 A due to
resonance. The protonation states of the carboxyls were deduced
by comparing the difference in carboxyl bond lengths to their
associated estimated standard deviation (ESD).'>'” For aspartates
with differences in carboxyl bond lengths over three times greater
than the ESD, we designated them as protonated. Where differences
in carboxyl bond lengths were less than three times the ESD, we
designated them as charged. The carboxyl bond lengths for Asp32
both refined to 1.26 A (ESD 0.01A) and those for Asp215 were
refined to 1.22 A on the inner oxygen and 1.28 A on the outer
oxygen (ESD 0.02A). These distances, which are shown in Figure
2, lead to the conclusion that, when the gem-diol inhibitor is bound,
Asp32 is charged while Asp215 is protonated on the outer oxygen.
Some of the hydrogen bond lengths within the active site are short
(~2.50 A) and can be considered as low-barrier hydrogen bonds.'®
The shortest hydrogen bond (2.54 A) within the active site occurs
between the outer oxygen of Asp32 and the outer inhibitory
hydroxyl. In low-barrier hydrogen bonds, the proton is shared by
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Figure 3. (a) Backbone H/D exchange and B-factor patterns for the
endothiapepsin cocrystallized with PD-135,040. The extent of H/D exchange
was divided to three classes based on the refined deuterium occupancy
values. Red: no exchange (occupancy = 0—0.15); blue: partially exchanged
(occupancy = 0.15—0.70); green: fully exchanged (occupancy = 0.70—1.00).
B-factor values are represented by the width of the tube. (b) SigmaA
weighted 2F, — F. nuclear density map at the active site (1.5 rms contour
level).

the donor and acceptor atoms to a greater extent than is normal in
weaker hydrogen-bonding interactions. As a result, the proton can
be in either of two positions that are close to the midpoint between
the donor and acceptor atoms.

This delocalization might be expected to make the proton (or
deuteron) in the hydrogen bond between the outer oxygen of Asp32
and the hydroxyl of the gem-diol less visible in both X-ray and
neutron analyses. Occupancy refinement of the H/D backbone
exchange pattern (Figure 3) showed that, in general, residues closer
to the center of mass of the protein underwent lower levels of H/D
exchange. This is likely to be caused by lower levels of solvent
accessibility and involvement in [5-sheet secondary structure. As
might be expected, atoms at the surface of the protein show a higher
level of exchange, which is probably due to increased mobility and
solvent accessibility.

The initial neutron model contained no hydrogen or deuterium
atoms within the active site. This was done to remove any model
bias from the structure. Distinct positive peaks in the difference
map for deuterium atoms at the active site were observed.
Deuterium atoms were added into these peaks, and the resulting
nuclear density maps were analyzed (Figure 3b). The occupancy
of the deuterium atoms added at the active site was refined. The
deuterium atom on the outer oxygen of Asp215 refined to an
occupancy of 66% and the deuterium atom on the inner gem-diol
hydroxyl orientated toward the inner oxygen of Asp32 refined to
an occupancy of 100%. The partial occupancy (66%) of the
deuterium atom on Asp215 ties in with C—O bond length (1.28 A)
from the atomic resolution X-ray structure. This is shorter than the
ideal 1.32 A value for a fully protonated aspartate, suggesting partial
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protonation. This has recently been seen in investigations into the
catalytic mechanism of h-aldose reductase.'®

Interestingly, there is no electron density to suggest hydrogen
positions at the active site with the atomic resolution X-ray data
set. This is consistent with the findings of others where it has been
reported that at a resolution of 0.66 A only 54% of protein hydrogen
atoms were visible.”® With reference to Figures 2 and 3b, it is
apparent that the shortest donor—acceptor distance (namely that
between the outer carboxyl oxygen of Asp32 and the outer gem-
diol hydroxyl) corresponds exactly with the deuteron of poorest
visibility in the neutron map. As discussed above, this might be
expected for a low-barrier hydrogen bond due to delocalization of
the proton (or deuteron) which is a feature of this type of interaction.
The procedures and methods used for protein crystallization, data
collection, and data set statistics were described in detail in ref 8.
SHELX?' was used to refine the atomic resolution and room
temperature X-ray structures. After modeling the initial solvent
structure, anisotropic B-factors were refined and riding hydrogens
added to the atomic resolution data set. The final Ricior Was 15.7%
with Ry of 19.6% for the room temperature X-ray data set, and
the final Rpcor Was 11.1% with Rye. of 13.6% for the atomic
resolution data set. A neutron-adapted version of CNS, nCNS,*
was used in the joint refinement of the room temperature neutron
and X-ray data sets. The final Ry, for the neutron data set was
21.9% with an Rp.. of 28.1%. The structure factors and final
structure from each refinement has been deposited in the protein
data bank with the accession codes 2jji high-resolution X-ray, 2jjj
room temperature X-ray, and 2vs2 X-ray/neutron refinement.
Although the atomic resolution X-ray structure gave no direct
evidence of the protonation states at the active site, it did give
significant information via bond length analysis. The neutron
diffraction data set, even though it was at much lower resolution
(2.0 A) than the X-ray data, did give direct evidence showing the
protonation states at the active site. The nuclear density at the active
site clearly (Figure 3b) shows that Asp215 is deuterated on its outer
oxygen. The occupancy of the deuterium modeled here refined to
66%. Another deuterium on the inner inhibitor hydroxyl is
orientated toward Asp32, and the occupancy of this deuterium atom
refined to 100%. The lack of nuclear density for the deuteron
involved in the hydrogen bond between the outer oxygen of Asp32
and the outer gem-diol hydroxyl is consistent with this being the
shortest hydrogen bond in the atomic resolution X-ray analysis. Its
length is consistent with that of a low-barrier hydrogen bond in
which the proton is diffusely distributed about the midpoint. Low-
barrier hydrogen bonds have significantly greater stability than
normal hydrogen bonds,'® and this may be an important feature of
stabilizing the transition state. The gem-diol hydroxyl which forms
this interaction is that which, in the enzyme-catalyzed reaction,
would originate from the carbonyl oxygen of the substrate peptide
bond. The other hydroxyl (located almost symmetrically between
the two aspartate carboxyls) would most probably originate from
the water molecule which is bound in essentially the same position
to the native enzyme in all known aspartic proteinase structures.
The requirement to stabilize the gem-diol by forming a low-barrier

hydrogen bond with the hydroxyl that originates from the substrate
carbonyl may reflect on the strain which the scissile peptide bond
must experience upon binding to the active site. The results from
the neutron and X-ray studies are consistent with an earlier neutron
diffraction study of endothiapepsin co-complexed with a hydroxy-
ethylene inhibitor, H261," and a number of atomic resolution X-ray
studies.” They are also in agreement with the mechanism and proton
arrangement of the transition state proposed in ref 9.
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