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ABSTRACT: Difluorostatine- and difluorostatone-containing peptides have been evaluated as potent inhibitors
of penicillopepsin, a member of the aspartic proteinase family of enzymes. Isovaleryl-Val-Val-StaF,NHCH,
[StaF, = (S)-4-amino-2,2-difluoro-(R)-3-hydroxy-6-methylheptanoic acid] and isovaleryl-Val-Val-
StoF,NHCH, [StoF, = (S)-4-amino-2,2-difluoro-3-0xo-6-methylheptanoic acid] have measured K;'s of 10
X 107 and 1 X 107 M, respectively, with this fungal proteinase. The StoF,-containing peptide binds 32-fold
more tightly to the enzyme than the analogous peptide containing the non-fluorinated statine ethyl ester.
Each compound was cocrystallized with penicillopepsin, intensity data were collected to 1.8-A resolution,
and the atomic coordinates were refined to an R factor (= X||F,| — |F.|l/ Z|F,)) of 0.131 for both complexes.
The inhibitors bind in the active site of penicillopepsin in much the same fashion as do other statine-containing
inhibitors of penicillopepsin analyzed earlier [James, M. N. G., Sielecki, A., Salituro, F., Rich, D. H., &
Hofmann, T. (1982) Proc. Natl. Acad. Sci. US.A. 79, 6137-6141; James, M. N. G., Sielecki, A., & Hofmann,
T. (1985) in Aspartic Proteinases and their Inhibitors (Kosta, V., Ed.) pp 163-177, Walter deGruyter,
Berlin]. The (R)-3-hydroxyl group in StaF, binds between the active site carboxyl groups of Asp33 and
Asp213, making hydrogen-bonding contacts to each one. The ketone functional group of the StoF, inhibitor
is bound as a hydrated species, with the gem-diol situated between the two aspartic acid carboxyl groups
in a manner similar to that predicted for the tetrahedral intermediate expected during the catalytic hydrolysis
of a peptide bond [James, M. N. G., & Sielecki, A. (1985) Biochemistry 24, 3701-3713]. One hydro-
gen-bonding interaction from the “outer” hydroxyl group is made to O% of Asp33, and the “inner” hydroxyl
group forms two hydrogen-bonding contacts, one to each of the carboxyl groups of Asp33 (O%2) and Asp213
(0%), The only structural difference between the StaF, and StoF, inhibitors that accounts for the factor
of 10 in their K;’s is the additional (R)-3-OH group on the tetrahedral sp> carbon atom of the hydrated
StoF, inhibitor. The intermolecular interactions involving the fluorine atoms of each inhibitor are normal
van der Waals contacts to one of the carboxyl oxygen atoms of Asp213 (F2-0% Asp213, 2.9 A). The observed
stereochemistry of the bound StoF, group in the active site of penicillopepsin has stimulated our reappraisal
of the catalytic pathway for the aspartic proteinases. In the formation of the tetrahedral intermediate, we
consider Asp213 as the general base, Asp33 acts as a general acid, and the nucleophile is the central water
molecule, bound between the two carboxyl groups. The present proposal most closely resembles that of
Suguna et al. [Suguna, K., Padlan, E. A., Smith, C. W, Carlson, W. D., & Davies, D. R. (1987) Proc.
Natl. Acad. Sci. U.S.A. 84, 71009-7013].

Rpstatin is a naturally occurring, potent peptide inhibitor
of aspartic proteinases (Morishima et al., 1970; Aoyagi et al.,
1972). It contains the unusual amino acid statine (S)-4-
amino-(S)-3-hydroxy-6-methylheptanoic acid (Figure la).
The statine residue is an important contributor to the tight
binding of pepstatin to porcine pepsin (4.5 X 107! M)
(Kunimoto et al., 1974; Workman & Burkitt, 1979). It was
suggested that the tight binding is a consequence of the fact
that statine is a mimic of a tetrahedral transition state in-
termediate formed during the hydrolysis of peptide substrates
(Marciniszyn et al., 1976; Marshall, 1976). High-resolution
X-ray crystallographic analysis of a molecular complex be-
tween penicillopepsin and a pepstatin analogue, IvaValVal-
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StaOEt (Iva = isovaleryl, OEt = ethyl ester), showed that
statine is indeed a good mimic of the tetrahedral transition
state intermediate (James et al,, 1982). The (.5)-3-hydroxyl
group binds between the two catalytic carboxyl groups Asp33
and Asp213 of penicillopepsin, forming hydrogen bonds to both
of them. A comparable study was carried out on the complex
of penicillopepsin with a second peptide of the same type,
where the leucine-like side chain of the statine residue was
replaced by a lysine-like side chain (James et al., 1985). The
result of this side-chain substitution was a marked decrease
in the dissociation constant (Rich et al., 1983). The 1.8-A
crystallographic analysis of this structure allowed the further
characterization of the residues lining the S,-binding pocket
(James & Sielecki, 1987). The mode of binding of the two
pepstatin analogues to penicillopepsin is very similar except
for the presence of an additional hydrogen-bonded ion-pair
interaction between the e-NH,* group of the lysine-like side
chain of the inhibitor and the carboxylate group of Asp77, on
the flap. The enhanced binding of the lysyl analogue is
probably due to this additional electrostatic interaction. The
structures of the molecular complexes were used as a basis on
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FIGURE 1: Molecular formulae for the statine (a), StaF, (b), and StoF,
(c) groups.

which to develop a possible catalytic pathway for hydrolysis
of good substrates by the aspartic proteinases (James &
Sielecki, 1987; James & Sielecki, 1985).

Rich and co-workers have studied a class of pepsin inhibitors
in which the (S)-3-hydroxyl group of the statine residue was
oxidized to a ketone (Rich et al., 1982, 1984). This sta-
tone-containing peptide bound about 50-fold weaker than the
analogous statine compound. Interestingly, >C-NMR studies
revealed that the ketone of the enzyme-bound inhibitor was
in the hydrated (gem-diol) state, suggesting that there exist
favorable interactions between the hydrated ketone and the
enzyme (Rich et al., 1982). We have described the preparation
of peptides containing the difluorostatone (StoF,)! residue
(Gelb et al., 1985). The introduction of two fluorine atoms
adjacent to the ketone (Figure 1c) promotes the hydration of
the ketone, even in the absence of the enzyme. It was found
that a peptide containing StoF, was about 20-fold more potent
as an inhibitor of pepsin compared to the difluorostatine
(StaF,, Figure 1b) containing peptide and about 1000-fold
more potent than the non-fluorinated statone-containing
peptide (Gelb et al., 1985). Similar results were found with
StoF, and StaF,-containing peptides as inhibitors of human
renin (Thaisrivongs et al., 1986; Fearon et al., 1987). It is
likely that the hydrated difluorostatone closely resembles the
structure of the tetrahedral intermediate formed during the
hydrolysis of a peptide substrate.

The introduction of two fluorine atoms on the 2-carbon atom
of statone provides an energetic advantage to inhibitor binding
that is not available to the non-fluorinated statone group. This
is because a component of the dissociation constant for the
non-fluorinated statone peptide from the enzyme is the fa-
vorable dehydration of the unbound inhibitor from the hydrate
to the ketone [the equilibrium constant for the hydration of
the statone is 0.05 (Rich et al., 1985)]. In contrast, the
StoF,-containing peptide is not “pulled” off the enzyme by the
mass action of dehydration since this polarized ketone prefers
to be in the hydrated state both in solution and when bound
to the enzyme (Gelb et al., 1985).

In order to elucidate the mode of binding of fluorinated
statine and statone inhibitors of the aspartic proteinases, we

! Abbreviations: BOC, tert-butyloxycarbonyl; LSIMS, liquid sec-
ondary ion mass spectrometry; StaF,, (S)-4-amino-2,2-difluoro-(R)-3-
hydroxy-6-methylheptanoic acid; StoF,, (S)-4-amino-2,2-difluoro-3-
oxo-6-methylheptanoic acid.
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have cocrystallized IvaValValStaF,NHCH; and
IvaValValStoF,NHCH;, with penicillopepsin and have solved
and refined these molecular complexes at 1.8-A resolution. A
preliminary report on these results has been published (James
et al., 1988). The resulting atomic coordinates of both com-
plexes have been deposited with the Brookhaven Protein Data
Bank (Bernstein et al., 1977).

EXPERIMENTAL PROCEDURES

General Synthetic Procedures. Conditions for flash chro-
matography, HPLC, LSIMS, NMR, and TLC detection have
been given previously (Fearon et al., 1987).

StaF, N-Methylamide Hydrochloride. N-BOC-StaF, ethyl
ester [Fearon et al. (1987). 0.5 g, 1.47 mmol] was dissolved
in 10 mL of methanol saturated with methylamine gas. After
2 h at room temperature, the solution was concentrated in
vacuo to give an oil. To the residue was added 4 N HCl in
dioxane (50 mL, prepared by passing a stream of anhydrous
HCI gas through a flask of reagent-grade dioxane). After 30
min at room temperature, the solution was concentrated to
a small volume in vacuo, and ether was added to give a gummy
solid. The solid was triturated twice with ether, and the solid
was dried in vacuo for several hours to yield the crude product
(280 mg), which was used without further purification. NMR
(D,0, 80 MHz) 6 1.0 (br d, 6 H), 1.5-2.0 (br m, 3 H), 2.9
(s, 3 H), 3.6-3.8 (br m, 1 H), 4.1-4.3 (br m, 1 H).

N-BOC-Val-StaF, N-Methylamide. The compound from
the previous step (280 mg, 1.07 mmol) and N-BOC-valine
(Chemalog, 231 mg, 1.07 mmol) were dissolved in DMF (6.2
mL), and diethyl phosphorylcyanadate (Ikota et al., 1980)
(Wako, 0.194 mL, 1.28 mmol) was added. The flask was
stoppered and cooled in an ice bath. Triethylamine (0.312 mL,
2.24 mmol) was added, and the solution was stirred overnight
at 4 °C. The mixture was concentrated in vacuo, and the
residue was taken up in ethyl acetate, washed twice with 5%
citric acid, once with 5% NaHCO;, and once with brine. The
organic layer was dried over MgSQ,, filtered, and concentrated
in vacuo to give a crusty solid. The solid was recrystallized
by dissolving it in a minimal amount of warm ethyl acetate
followed by the addition of just enough low boiling petroleum
to produce a slight cloudiness and finally cooling the solution
onice for 3 h. The solid was collected by filtration and washed
with a small volume of ice-cold 10% ethyl acetate in petroleum
ether to obtain 0.22 g of a white solid (mp 175-177 °C) TLC
(100% ethyl acetate), R; 0.8, detection with HCl/ninhydrin,
NMR (CDCl,, 300 MHz) 6 0.9 (br t 12 H), 1.5 (s, 9 H),
1.5-1.75 (m, 3 H), 2.15 (m, 1 H), 2.9 (d, 3 H), 3.7 (brt, 1
H),4.1 (m,2H),4.7(d, 1 H),5.0(d, 1 H), 6.6 (d,1 H), 7.15
(d, 1 H).

N-BOC-Val-Val-StaF, N-Methylamide. The compound
from the previous step was treated with 4 N HCI in dioxane
for 30 min at room temperature. Ether was added, and the
solid was triturated with two portions of ether. The solid was
dried in vacuo for several hours. The peptide hydrochloride
(129 mg, 0.36 mmol), BOC-valine (78 mg, 0.36 mmol), and
diethyl phosphorylcyanadate (Ikota et al., 1980) (65 uL, 0.43
mmol) were added to DMF (2 mL). After cooling on ice,
triethylamine (105 uL, 0.76 mmol) was added, and the re-
action was stirred on ice overnight. The reaction mixture was
worked up as above. The solid obtained was recrystallized
from ethyl acetate/petroleum ether as above to give 82 mg
of a white solid. TLC (100% ethyl acetate) R; 0.6, detected
with Cl,/tolidine. NMR (CDCl;, 300 MHz) 6 0.90-1.1 (m,
18 H), 1.3 (s, 9 H), 1.4-1.6 (br m, 3 H), 2.3 (m, 2 H), 2.9
(d, 3 H), 3.9 (t, 1 H), 4.1-4.3 (m, 3 H), 4.7 (d, 1 H), 5.25
(d, 1 H), 6.75 (d, 1 H), 7.15(d, 1 H), 7.4 (d, 1 H).
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Iva-Val-Val-StaF, N-Methylamide. The compound from
the previous step was treated with 4 N HCl and triturated with
ether as before. After drying in vacuo for several hours, 57
mg of the peptide hydrochloride as a white solid was obtained.
This material (57 mg, 0.13 mmol) was dissolved in DMF (0.6
mL) and triethylamine (19 gL, 0.14 mmol), and isovaleric
anhydride (0.5 mmol) was added. The isovaleric anhydride
was prepared by adding a solution of isovaleric acid (Aldrich,
109 uL) in CH,Cl, (0.5 mL) to a solution of dicyclohexyl-
carbodiimide (Aldrich, 104 mg) in CH,Cl, (0.25 mL). After
1 h on ice and 30 min at —20 °C, the solution was filtered
through a glass wool-plugged Pasteur pipet directly into the
peptide reaction solution. After 1 h at room temperature, the
reaction mixture solidified. After an additional 3 h, the so-
lution was filtered with the aid of some ethyl acetate, and the
solid was washed with ethyl acetate at room temperature. The
solid was dried in vacuo to yield 60 mg of product which
contained some triethylamine (as judged by NMR). The solid
was dissolved in n-butanol/ethyl acetate (1:1) by gentle
warming, and the solution was washed twice with 5% citric
acid, once with 5% NaHCO,, and once with brine. The or-
ganic phase was dried over MgSO,. After filtration, the so-
lution was concentrated in vacuo to give a white solid. The
solid was recrystallized from ethyl acetate to give 40 mg of
the pure product. TLC (10% methanol in CHCI;) R; 0.6,
detected with Cl,/tolidine. NMR (CDCl,/DMSO, 300 MHz)
6 0.9-1.1 (br m, 24 H), 1.3-1.6 (br m, 3 H), 2.1-2.3 (br m,
5 H), 2.9 (d, 3 H), 4.0-4.3 (m, 4 H), 7.05 (d, 1 H), 7.12 (d,
1 H), 7.19 (4, 1 H), 7.57 (d, 1 H). LSIMS (calcd for C,,-
H,F,N,O; + 1) 506, obsd 506.

Iva-Val-Val-StoF ; N-Methylamide. The compound from
the previous step (13 mg, 0.026 mmol) was dissolved in dry
DMSO (217 uL) and dry toluene (217 uL). Both solvents
were distilled from CaH under argon. Dicyclohexylcarbo-
diimide (33 mg, 0.158 mmol) was added, followed by di-
chloroacetic acid (1.3 uL, 0.016 mmol). The mixture was
stirred overnight at room temperature in a stoppered flask.
Oxalic acid in methanol (450 uL of a 0.35 M solution) was
added, and the mixture was stirred for 10 min at room tem-
perature. The solution was mixed with #-butanol/ethyl acetate
(1:1) and washed once with 5% NaHCO; and once with brine.
The organic phase was centrifuged to remove some solid di-
cyclohexylurea, and the supernatant was concentrated in vacuo.
The product was first purified by flash chromatography on
silica gel with 3% methanol in CHCI; followed by HPLC on
a preparative reverse-phase C;3 column with CH;CN/H,0
(2.5:1 v/v) to give 6 mg of pure product. TLC (10% methanol
in CHCl,) R; 0.65, detected with Cl,/tolidine. NMR (CDCl,,
300 MHz) é 0.9-1.1 (br m, 24 H), 1.5-1.8 (br m, 3 H),
1.9-2.2 (br m, 5 H), 2.9 (d, 3 H), 4.4-4.7 (m, 3 H), 7.4 (d,
1H),7.6(d,1H),82(d,1H)83(d,1H). LSIMS (caled
for C,,H,,F,N,O; + 1) 504, obsd 504.

Determination of the K; Values. Stock solutions of peptides
were prepared in DMSO, and the concentrations were de-
termined from the amino acid analyses using norvaline as a
standard. Penicillopepsin was assayed with the colorimetric
substrate acetyl-Ala-Ala-Lys-(NO,)Phe-Ala-Ala-amide (ob-
tained as a generous gift from Prof. Theo Hofmann, University
of Toronto) by monitoring the absorbance at 277 nm in assay
buffer (20 mM sodium acetate, 16.5 mM KCI, pH 4.5).
Enzymatic velocities were calculated from the slopes of the
absorbance vs time plots using the molar absorbance coefficient
at 277 nm of 10970 M~! em™ (Hofmann & Hodges, 1982).
The K, value for this substrate under the above conditions was
measured to be 180 uM by fitting the plot of the observed

James et al.

Table I: Crystal Data for Penicillopepsin and the StaF, and StoF,
Inhibitor Cocrystals®

penicillopepsin
native +StaF, +StoF,
space group C2 C2 C2
a(A) 97.4 97.6 97.5
b (A) 46.6 46.6 46.6
c(A) 65.4 66.4 66.2
8 (deg) 1154 116.1 116.0

4Crystallization conditions: 2.5 M Li,SO, and 0.1 M NaC,H,0,
buffer, pH 4.4. The relatively insoluble inhibitors were first dissolved
in buffers containing 5% dimethylformamide in order to form the in-
hibited complex.

initial velocities vs substrate concentrations to the Michael-
is~Menten equation. The enzyme concentration in the assays
was typically 1 nM. For the less-potent inhibitors, Iva-Val-
Val-Sta-OEt (compound kindly supplied by D. Rich, Univ-
ersity of Wisconsin) and Iva-Val-Val-StaF,-NHMe, concen-
trations of inhibitor in the range of 10~50 nM were used, and
K, values of 32 & 2 and 10 &= 1 nM were obtained, respectively.
These values were obtained from the ratio of initial steady-state
velocities in the presence and absence of inhibitor using the
standard equation for competitive inhibition. For the more
potent inhibitor, Iva—Val-Val-StoF,-NHMe, the concentrations
of inhibitor used (0.5-10 nM) were similar in magnitude to
the enzyme concentration, and the steady-state velocity data
were fit to an equation for competitive inhibition that takes
into account the depletion of free inhibitor concentration due
to enzyme binding {eq 21 of Morrison and Walsh (1988)]. In
order to apply this equation, it is necessary to know accurately
the enzyme concentration. This was accomplished by carrying
out the colorimetric assay in the presence of about 10 nM
enzyme and titrating the activity to zero with known amounts
of Iva-Val-Val-StoF,-NHMe. By using these methods, a X|
of 1 £ 0.2 nM was obtained. In all experiments with Iva-
Val-Val-StaF,-NHMe, a linear steady-state velocity was ob-
served immediately after adding enzyme to a solution of
substrate and inhibitor. With Iva-Val-Val-StoF,-NHMe, a
pre-steady-state phase was seen in which the enzymatic velocity
decreased to a linear initial steady-state velocity over an initial
period of 2-3 min. Such behavior has been observed with a
variety of tight-binding inhibitors of aspartic proteinases (Rich,
1985; Bartlett & Kezer, 1984; Gelb et al., 1985). It is also
typical of tight and slow binding as described by Morrison and
Walsh (1988).

Crystallization and Structure Solution. Cocrystals of
penicillopepsin with each of the statine-based inhibitors were
grown as described previously (James et al., 1982; Table I).
The external morphology of the crystals of the complexes was
very different from that of the native crystals. Nonetheless,
the space group and unit cell parameters for each of the de-
rivative crystals indicated that they are reasonably isomorphous
with crystals of native penicillopepsin (Table I).

X-ray intensity data were collected on an Enraf-Nonius
CADA4 diffractometer with Ni-filtered Cu K& radiation to a
resolution of 1.8 A. The data were measured in shells of 26,
collecting the highest resolution shell (2.0-1.8 A) first. Data
processing included the correction of the measured intensity
values for X-ray decay (Hendrickson, 1976), absorption
(North et al., 1968), geometrical factors (Lorentz and po-
larization), and the conversion to structure factor amplitudes,
|Fcompiex]- Details of the data collection statistics are sum-
marized in Table II.

From the crystal data in Table I it can be seen that there
is a relatively large increase in the ¢ axis length of ~1.5% and
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Table II: Intensity Data Statistics for StaF, and StoF,
Inhibitor Cocrystals

Table III: Restrained-Parameter, Least-Squares Refinement
Statistics for StaF, and StoF, Complex Structures

StaF, + penpep  StoF, + penpep

total measured reflections 27895 27480
(45.0~1.8 &)

unique reflections 24987 24854

merging R,? for data 0.031 0.037

isomorphous R/? factor 0.323 0.263

decay:¢ I;/Iiug 0.93~0.72 0.95-0.76

maximum absorption correction 1.25 1.28

2R, = T(I; - D/ I, where I, are the intensities of multiple mea-
sured reflections and T is their average. *R; = T |\Feompiexl = Faativell/
Y| Fcompiesls Where |Feompiesl and |Fiaivel are the complex and native
structure factors amplitudes, respectively. ¢In addition to five standard
reflections measured at regular intervals throughout the data collec-
tion, the set of initial ~1400 reflections were measured again at the
end of the data collection to estimate the decay as a function of time
and resolution (Hendrickson, 1976). The ratio of final to initial in-
tensities given above correspond to the values at the minimum and
maximum resolution ranges measured, respectively.

an increase in the 8 angle of the unit cell. We interpreted the
large value of the isomorphous R; factor for each complex
(Table II) as due partly to the presence of the inhibitor and
partly to the relative lack of isomorphism of the crystals. The
change in the cell dimensions means that the molecular
transform was not likely to be sampled at the same places as
it was for the native crystals, so that the difference electron
density map computed to show the inhibitor will be only partly
correct. Clearly, extensive refinement against the measured
structure factor amplitudes of the complexes was going to be
required to obtain a reliable description of the enzyme—in-
hibitor binding interactions.

Difference electron density maps for both inhibitors were
computed with coefficients |Feompiex] = [Fnativel 2nd calculated
phases based on the refined native structure but computed
omitting all solvent atoms in the region encompassing the
active site. The “flap” region, residues 72-82, was included
in the closed conformation found in the other previously solved
complexes of statine analogues bound to penicillopepsin (James
et al., 1982, 1985). These maps clearly showed continuous
positive electron density for each inhibitor bound in the active
site of penicillopepsin. A molecular model of each inhibitor
was fitted to the electron density countours on an MMS-X
interactive graphics computer (Barry et al., 1976) using the
program M3 written by Colin Broughton in our laboratory
(Sielecki et al., 1982). Initial atomic coordinates were derived
and restrained-parameter least-squares refinement was initi-
ated. The computer software used for the refinement was
PROTIN/PROLSQ (Hendrickson & Konnert, 1981; Hendrickson,
1985).

RESULTS AND DiISCUSSION

The peptides IvaValValStaF,NHCH; and
IvaValValStoF,NHCH, were prepared and evaluated as in-
hibitors of penicillopepsin as described under Experimental
Procedures. These peptides are modified versions of a pre-
viously reported penicillopepsin inhibitor, IvaValValStaOEt
(James et al., 1982). The replacement of the ethyl ester by
the N-methyl amide was necessary to facilitate the synthesis
of the fluorinated compounds. Difluorostatine ethyl ester is
not stable because it readily cyclizes to form the lactam.

FF EtOH oH

HN F
l[, F

StaF2 + StOFz +
penpep  penpep
R factor (= X||F,| = |F)l/ ZIFaD? 0.131 0.131
resolution range (A) 8.0-1.8 8.0-1.8
no. of reflections [/ = 14(J)] 22464 22675
no. of protein atoms (+ sugars)® 2386 2386
no. of inhibitor atoms 35 36
no. of solvent molecules? 298 279
av temp factor, B (A?) 12.8 13.0
rms deviations from ideal values
covalent bond distances (&) 0.016 0.017
angle distances (&) 0.043 0.038
planar 1-4 distances (&) 0.044 0.039
planar group (A) 0.008 0.010
chiral centers (A3) 0.195 0.203
nonbonded contact distances (&)
(a) single torsion (1-4) 0.24 0.24
(b) multiple torsion 0.18 0.18
(c) possible hydrogen bonds® 0.20 0.19
planar peptide group torsion angles 1.6° 2.1°

9|F,| and |F,| are the observed and calculated structure factor am-
plitudes, respectively. ®In addition to refining the molecular complex
of penicillopepsin and the two statine-based inhibitors, several new
features of the penicillopepsin molecule itself have become apparent.
Two O-linked sugar residues were discovered; an a-D-mannose on Ser3
O" and a tentatively assigned xylopyranose monosaccharide on Thr7
0", In addition, a strongly bound solvent feature was reinterpreted as
a sulfate anion, and an extensive revision of the strongly bound, highly
ordered solvent structure was performed. Lastly, alternative side-chain
conformations were detected for a number of residues. Details of these
new features of penicillopepsin will be reserved for a separate paper
that is in preparation. ¢No restraints were applied on possible hydro-
gen bonds when the distance between the atoms involved was larger
than the sum of the corresponding van der Waals radii.

The K; value for IvaValValStoF,NHCH, is 1 £ 0.2 nM,
10-fold below that of IvaValValStaF,NHCH, (K, = 10 £ 1
nM). This difference in potencies is similar to the 20-fold
difference in the K values for the StoF,- and StaF,-containing
pepsin inhibitors (Gelb et al., 1985) and the 17-fold difference
seen with analogous renin inhibitors (Fearon et al., 1987). A
K; value of 32 £ 2 nM was measured for the non-fluorinated
peptide inhibitor IvaValValStaOEt. Since IvaValValStaOEt
and the difluorinated inhibitors differ both in the presence of
an ester versus an amide at their C-termini and in the sub-
stitution of fluorine atoms on the methylene group of the
statine, it is not possible to associate these measured differences
in K; with a specific single functionality. Nevertheless,
IvaValValStoF,NHCH; is one of the most potent penicillo-
pepsin inhibitors reported to date.

The crystallographic refinement data and statistics for the
complexes of penicillopepsin with IvaValValStaF,NHCH, and
IvaValValStoF,NHCH, are detailed in Table III. Perusal
of this table shows that both molecular complexes have been
refined to a satisfactory level within the limits of precision and
resolution of the measured intensity data. The molecular
models of each inhibitor fit the electron density distribution
well, as can be judged from Figure 2. The hydrogen-bonding
interactions at the active site carboxyl groups of Asp33 and
Asp213 are confidently determined, as this region is very well
ordered in each complex. The temperature factors (B) of the
atoms of penicillopepsin in the active site region and of the
StaF, and StoF, residues of the inhibitors range from 4 to 10

2

Figure 2b shows clearly that the carbonyl carbon atom of
the StoF, residue is hydrated. There are two well-resolved
peaks in the electron density map that accommodate the
gem-diol. This is contrasted with the single (R)-3-hydroxyl
peak present in the electron density map corresponding to the
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FIGURE 2: Electron density distributions of the final (2|F,| — |F|) . maps in the immediate vicinity of the catalytic aspartic acid residues,
Asp33 and Asp213. Tyr75, on the flap, is also depicted in the “closed” conformation that is stabilized by the binding of the inhibitors in the
active site cleft. The contour level is 0.50 ¢/A3. (a, top) Difluorostatine complex. (b, bottom) Difluorostatone complex.

StaF, inhibitor (Figure 2a). The fluorine NMR spectrum of
IvaValValStoF,NHCHj; in 80% DMSO/20% H,O showed
resonances only from the hydrated form. Thus, this peptide
is fully hydrated both free in solution and in the complex with
penicillopepsin. It is not clear from the present studies whether
the gem-diol must first dehydrate to the ketone before binding
to the enzyme or whether the gem-diol simply displaces the
water molecule bound in native penicillopepsin (James &
Sielecki, 1983).

Comparison of the Binding Modes of the StaF,- and
StoF;-Containing Peptides to Penicillopepsin

The two inhibitors adopt virtually identical conformations
in the active site of penicillopepsin (Figure 3). Superposition
of the 35 common atoms of both inhibitors by a least-squares
fitting program [LsQEM (W. Bennett)] results in a root mean
square (rms) difference of 0.12 A, a value that is similar in
magnitude to the coordinate accuracy of atoms in the well
ordered regions of the whole structure of the complex. The
largest deviation (0.2 A) occurs at the methyl group of the
methyl amide.

In order to detect whether or not the two inhibitors are
bound in the active site in exactly the same manner, the
main-chain atoms of the penicillopepsin molecules of the two
complexes were superimposed by the same least-squares pro-
cedure. The rms difference for the 1293 main-chain atoms

was 0.09 A, a value similar to that obtained for the atoms of
the inhibitors alone. The orientation matrix that resulted from
this superposition was then applied to the coordinates of the
inhibitors. The comparison of the transformed inhibitor co-
ordinates yielded an rms difference at 0.21 A, nearly twice
the value obtained when the inhibitor models were optimally
overlapped by the least-squares procedure (0.12 A). The
regions of the inhibitor molecules that are positioned in a
significantly different manner relative to the penicillopepsin
active site are the StaF,NHCH; and the StoF,NHCH, parts.
There are differences of up to 0.48 A in this region (Figure
3). The differences must be due to the presence of the ad-
ditional hydroxyl group in the hydrated form of StoF,. The
presence of the (R)-3-hydroxyl group causes the whole StoF,
residue to be displaced farther from the Asp33 carboxylate
relative to the position of the StaF, in the other complex
(Figure 3). The displacement is 0.3 A at the tetrahedral
carbon atom of the StaF, (StoF,) group.

Changes in the Penicillopepsin Native Structure Upon
Inhibitor Binding

The binding of substrates or inhibitors to the active sites
of enzymes is often accompanied by two energetically com-
peting phenomena. The displacement of ordered water
molecules from the enzyme surface is an entropically favorable
process that leads to a lower free energy of the complex and
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FIGURE 3: Difference in binding modes of the StaF, and StoF, inhibitors in the active site cleft. The coordinates of both complexes have been
superposed using the orientation matrix that optimizes the fit of the 1293 main-chain atoms of the penicillopepsin molecule in each complex.

tighter binding. Movements of segments of polypeptide chain
in the enzyme provide the most complementary interaction
surface possible with the cognate molecule. These confor-
mational changes are energetically unfavorable as they are
often accompanied by a reduction in conformational entropy.
Both phenomena are observed in the present complexes of
penicillopepsin with the difluorostatine (one) containing in-
hibitors.

Since X-ray crystallography allows us to locate with con-
fidence only the most highly ordered solvent molecules, it is
difficult to provide an exact accounting of the number of
solvent molecules displaced upon complex formation. A total
of nine ordered water molecules are displaced from the active
site region of penicillopepsin when either inhibitor is present.
The displaced waters are 039, 061, 0284, 0170, 0257, 0241,
0145, 0160, and 0300 (James & Sielecki, 1983). Three
additional ordered water molecules in the native penicillopepsin
structure, 070, O111, and Q305 are displaced as a result of
the movement of the residues of the flap (James et al., 1982).
Lastly, eight ordered water molecules in the crystal structures
of the inhibitor complexes occupy positions that correspond
to the positions occupied by the residues of the flap in native
uncomplexed penicillopepsin. The solvent structure associated
with both inhibitor complexes is very similar within the limits
of the structure determinations. There are only three relatively
weakly ordered water molecules in the active site region that
occupy different positions in the two complexes.

The region of penicillopepsin that undergoes the largest
conformational change upon binding the StaF,- and StoF,-
containing inhibitors is that part of the molecule known as the
“flap”. The flap of the aspartic proteinases is a 5-hairpin loop
that in penicillopepsin extends from Ser72 to Ser82. The
conformational differences with the native enzyme can be
described as an overall bending of this flap with a hinge be-
tween Ser72 and Ser82 so that these two residues are “fixed”
and the tip of the loop, Gly76—Asp77, undergoes the largest
change in position. The Ca atom of Gly76, in the structures
of these and other inhibitor complexes, is ~4 A away from
its position in the native enzyme (James et al., 1982, 1983).

Comparison of the coordinates of the 1257 main-chain
atoms (omitting nine residues in the flap region) of native
penicillopepsin with the equivalent atoms in the penicillopepsin

Table IV: Poorly Defined Residues in the Refined Structures of the
Sta/Sto-Penicillopepsin Complexes

residues comments
Al weak density for a-NH,*

T9, S52, S67, S89
V155, 8197, 8202 two alternate side-chain conformations
Q237, S250, S257

D313 three alternate side-chain conformations
118, Q133

poor fit of end of side chain to electron
density—surface residue

K64, Q107 very weak density for side chain beyond C”
D206, N252 side-chain density discontinuous
S277-S281 very poor density for whole region (B > 50 A?)

structures of the two complexes gives root mean square (rms)
agreement values of 0.26 and 0.23 A for the StaF, and StoF,
inhibitors, respectively. Apart from the flap region, the largest
differences in conformation are observed in the relatively poorly
ordered regions of the enzyme (Table IV). Before proceeding
with this discussion, it should be emphasized that the atomic
coordinate accuracy is directly related to the magnitude of the
atomic thermal parameters, i.e., the larger the B factor, the
larger will be the coordinate uncertainty. Thus, when com-
paring coordinates of atoms in very flexible or poorly ordered
regions of proteins, one expects larger discrepancies in these
regions. These discrepancies may have nothing to do with
inhibitor binding but may just reflect the relative lack of order
in that part of the protein.

As described for native penicillopepsin (James & Sielecki,
1983), there is only one loop, also in the complexes, that is
significantly disordered, Ser277-Ser281 (Table IV). The
temperature factors for the main-chain atoms of the five
residues in this loop are greater than 50 A? (Figure 4). The
equivalent loop in most other aspartic proteinase crystal
structures is also disordered. Other segments of contiguous
residues exhibiting coordinate differences greater than 0.3 A
between the native and complexed conformations of penicil-
lopepsin are Alal-Ala2; GIn51-Gly53; Ile73-Ala81 in the flap
region, a short helical region from GInl07 to Gln113, the
external loop regions Gly177-Ser178 (native vs StaF, complex
only). Asnl86-Phel90, and Gly235-Gly244, and Gly292-
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FIGURE 4: Variation of the temperature factor B along the polypeptide chain of the penicillopepsin molecule. In all three panels, the thick
lines represent average B values (B) over the main-chain atoms (N, C%, C, O); the thin lines correspond to the averaged values over the side-chain
atoms. Side-chain averages were set to the main-chain values for glycme residues. (a, bottom) The B values for the penicillopepsin molecule
in the difluorostatone complex. The distribution is almost identical for the difluorostatine complex and very similar to the one refined for the
native structure (James & Sielecki, 1983). (b, middle) Differences between the temperature factors of the penicillopepsin molecule in the
difluorostatone complex and in the inhibitor-free protein (James & Sielecki, 1983). (c, top) Same as in panel b but for the difluorostatine

complex.

Phe295 (289-295 in the StaF, complex only). Perusal of this
list and of the variation of the mean temperature factors along
the polypeptide depicted in Figure 4 corroborate that these
residues are mostly associated with regions that are less ordered
(more mobile) in each of the structures. Those segments of
polypeptide chain in the immediate vicinity of the two inhib-
itors other than the flap exhibit only very small differences
in conformation as a result of inhibitor binding.

As already observed for the refined structures of the pep-
statin analogue complexes (James & Sielecki, 1987), the
binding of the StaF,/StoF, inhibitors to the active site of
penicillopepsin brings about a reduced conformational flexi-
bility as measured by the lowered average temperature factors
(B, Figure 4). In the native enzyme, the temperature factors
of those amino acids that line the substrate binding cleft vary
from 4 to 10 A2 for the well-ordered regions (i.e., in the vicinity
of Asp33 and Asp213) and from 24 to 48 A? in the more
conformationally labile regions [i.e., in the flap, residues 72-82,
and in the neighboring helical region 108-118 that forms part
of the S,/S,? binding pockets (James & Sielecki, 1983)]. For
both StoF,/StaF, complexes, the average B factors of even
the well-ordered regions (Phe32-Ser36 and Ala212-Thr217)
are reduced from those values in the uncomplexed native en-
zyme by up to —3 A? (for the main-chain atoms of Gly35 and
Gly215 the reductions are —3.9 and 5.4 A2, respectively). For

2 The nomenclature of Schechter and Berger (1967) is used to describe
the interactions of enzyme and inhibitors. P, and P,” denote residues on
either side of the scissile bond, by definition between P, and P,’. S, and
S,’ denote the corresponding binding pockets in the enzyme.

these same well-ordered regions, some residues have very large
reductions in the mean B of the side chains, i.e., Asn31, -16.1
A2 and Ser36, —15.7 A? (Figure 4b,c). This effect is even
more dramatic for the more conformationally flexible parts
of the binding cleft. For the atoms of the flap region, the
largest changes are associated with the segment from Tyr75
to Asp77. The atoms of the side chains of Tyr75 and Asp77
experience reduced B of —21 and ~16 A2, respectively (Figure
4b,c). In a similar fashion, both inhibitors upon binding reduce
the mean B factors of the side chains of Leul21 (~-13 A2)
and of [1e293 (~-7 A?). All of these residues make important
intermolecular contacts to the P, and P,’ residues of the in-
hibitors (Figure 5). Similar decreases in average B factors
on inhibitor binding to other aspartic proteinases have been
reported (Davies, 1990).

Figure 4b,c shows a marked drop in B for residues in the
small helical segment from Ile108 to Asn118. The largest
reductions are for the atoms of the side chains of GInl11,
GInl13, and GInl14. These residues are on the external face
of the helix, not in direct van der Waals contact with the atoms
of the inhibitor (distances >4.0 A) but in the vicinity of the
flap. It would appear that the reduced thermal motion pa-
rameters for this helical segment are due to the better ordering
in the complex of the whole region, the flap in particular.

The increased rigidity of the complexes implied by the re-
duced B factors upon binding of inhibitors or substrate ala-
logues is directly related to a reduction in conformational
entropy. As such, it is an unfavorable contribution to the free
energy of binding, in the same way that there is an unfavorable
reduction in conformational entropy occurring when the free
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FIGURE 5: Binding of the difluorostatone inhibitor (thick lines) in the active cleft of penicillopepsin. Solvents (filled circles) and residues of
the enzyme (thin lines) within a 4.2-A van der Waals radius from the inhibitors have been included.
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FIGURE 6: Schematics of the hydrogen bonding to the main chain
of the inhibitors.

peptide inhibitor binds to the surface of the enzyme. The
inability to simulate such behavior reliably and accurately in
computers makes the calculation of binding free energies of
inhibitors to enzymes extremely difficult, if not impossible,
at present.

Hydrogen-Bonding Interactions in the Active Site of
Penicillopepsin

(i) Hydrogen Bonds Involving Main-Chain Atoms of the
Inhibitors. The carbonyl oxygen atom of the P, isovaleryl
group points away from the surface of penicillopepsin. It is
involved in a hydrogen-bonded interaction with an ordered
solvent molecule 0436 (Figure 5). The P; Val NH forms a
hydrogen bond to the side chain O”! atom of Thr217 in pen-
icillopepsin (Figure 6 and Table V). The carbonyl oxygen
atom of P; Val receives a hydrogen bond from the main-chain
nitrogen of Thr217. The equivalent residue to Thr217 of
penicillopepsin is either a threonine or a serine in the vast
majority of aspartic proteinases that have been sequenced
(Foltmann, 1988; Blundell et al., 1990). Thus, the main-chain
hydrogen bonding involving the P, residues of substrates or
inhibitors is likely to be common among all members of the
family of aspartic proteinases. It has been demonstrated in
numerous kinetic studies that the residue in the P; position
has a major effect on k. /K, for many substrates in the
hydrolytic reaction (Fruton, 1976; Hofmann et al., 1988).

Table V: Contact Distances? for Possible Hydrogen Bonding for the
StaF, and StoF, Inhibitors and Penicillopepsin

contact atoms

distances (A)

inhibitor penicillopepsin ~ StaF, StoF,
P, Val NH Thr217 O 2.84 2.89
Val CO Thr217 NH 2.99 297
P, Val NH Asp77 O% 3.03 3.03
Val CO Asp77 NH 3.06 3.08

Gly76 NH (3.32 3.32)°

P, Sta() NH =  Gly215CO 318 324
Sta(o) OH1 Asp33 O (3.49 3.59)2

Asp33 O% 2.65 2.67

Asp213 O 2.91 291

Asp213 O 2.61 2.63

Sto OH, Asp33 O 2.62
Asp33 O (3.29)°

| 4y Me amide NH Gly35 CO 2.88 2.92

(e[0] By Gly76 NH 2.88 2.83

?The distances listed in this table conform to the definition of hy-
drogen-bonding interactions given by Baker and Hubbard (1984). For
those distances enclosed within parentheses, the hydrogen-bond donor
atom is involved with another acceptor atom for which the distance is
0.5-0.8 A shorter. The longer distances are associated with weak hy-
drogen-bonding interactions and have been included here mainly for
the sake of completeness.

The flap plays a key role in providing hydrogen-bonding
interactions to the residue in the P, position (Figure 6 and
Table V). As mentioned above, the flap is a very flexible
B-hairpin that changes from its open conformation in the native
enzyme to a closed conformation in the inhibited form of
penicillopepsin (James et al., 1982, 1983). In the inhibitors
reported here, the P, Val NH forms a hydrogen bond to the
side-chain carboxylate of Asp77 O%'. A similar interaction
can be formed from a model substrate P, NH to Thr77 O*!
in porcine pepsin (Sielecki et al., 1990) and human renin
(Sielecki et al., 1989). The P, Val CO receives hydrogen bonds
from the main-chain amide NH of Asp77 (Figure 6 and Table
V). The long contact distance Gly76 NH to P, Val CO has
been included in Table V, but it should probably not be
classified as a hydrogen bond because the N-H-+O angle
deviates markedly from 180° (Figure 5).

The N-methyl amide groups present in the StaF, and StoF,
inhibitors form a hydrogen bond from their amide NH atom
to the carbonyl oxygen atom of Gly35 (Figures 6 and 7, Table
V). This hydrogen-bonded interaction is not possible with the
ethyl ester group on the two inhibitors of penicillopepsin



3880 Biochemistry, Vol. 31, No. 15, 1992

James et al.

FIGURE 7: Hydrogen-bonding interactions in the active site of penicillopepsin involving the catalytic aspartic acid residues Asp33 and Asp213
and the residue of the difluorostatone inhibitor at the P; position. Protons in the active site are positioned according to the scheme depicted

in Figure 8c.

studied previously (James et al., 1982, 1985). As a result, the
esters are poorly ordered and adopt high-energy nonplanar
conformations in order to avoid close contacts with Gly35
(James et al., 1983). The carbonyl oxygen atom of the methyl
amide forms a hydrogen bond to the NH of Gly76 on the
penicillopepsin flap (Figure 6 and 7). This feature is common
to many of the other inhibitors bound to members of the
aspartic proteinase family (James et al., 1982, 1983; Suguna
et al., 1987; Cooper et al., 1987, 1989; Foundling et al., 1987;
Sali et al., 1989). For those inhibitors that span the P,” and
P,’ sites, the Gly76 NH hydrogen bond is to the CO of the
P/’ residue, and the NH of the P,’ residue forms the hydrogen
bond to the CO of Gly35. An analogous hydrogen bond from
the P,Y NH to the carbonyl oxygen atom of residue 41 in the
serine proteinases emphasizes the similar substrate-binding
mode in these two proteolytic enzyme families (James &
Sielecki, 1985).

(if) Hydrogen-Bonding Interactions in the StaF, and StoF,
Residues. The NH protons of the StaF, and the StoF,
moieties form hydrogen bonds to the carbonyl oxygen atom
of Gly215 (Figures 6 and 7, Table V). Peptide product in-
hibitors and protein inhibitors bound to serine proteinases
exhibit relatively long contact distances (~3.6 A) from the
NH of the P, residues to the carbonyl oxygen atom of Ser214
(or Ser125 in the case of subtilisin) (James et al., 1980; Fu-
jinaga et al., 1982; 1987; Read et al., 1983; Read & James,
1986; McPhalen & James, 1988; Huber & Bode, 1978). In
all of these cases, the inhibitors are mimics of the enzyme-
substrate complex in which the scissile peptide is not signif-
icantly distorted from planarity. It has been proposed that
as the substrate carbonyl approaches the tetrahedral transition
state, the P, NH to Ser214 O hydrogen bond would shorten
and strengthen, thereby stabilizing the transition state (Ro-
bertus et al., 1972). Short hydrogen bonds have been observed
from the NH of P, residues of inhibitors that have tetrahedral
carbon atoms covalently linked to the active site Ser195 of the
serine proteinases (James et al., 1980), thereby supporting this
proposal. The statine-based inhibitors have tetrahedral carbon
atoms as mimics of the transition state in the aspartic pro-
teinase mechanism. The hydrogen bonds for the P, NH
groups, however, are ~3.2 A (Table V). The two carbonyl
oxygen atoms of Gly35 and Gly215 are clearly important in
providing the correct hydrogen-bonding environment for the

P, and P, residues, respectively, so that the scissile peptide
between the P, and P,/ residues can be hydrolyzed effectively.

The hydrogen-bonding interactions that involve the inhib-
itors and the active site carboxyl groups of Asp33 and Asp213
are detailed in Table V and in Figure 7. Since these regions
have low B factors (Figure 4) and are well defined in the
electron density maps, the distances and angles between donor
and acceptor atoms that characterize the hydrogen bonds are
also well defined. On the other hand, the protonation states
of the catalytic aspartates cannot be unambiguously assigned.
Each of the carboxyl groups of Asp33 and Asp213 receive two
hydrogen bonds from groups with very high proton affinities
and for which the protons can be positioned unambiguously.
The peptide amides of Gly3S and Gly215 each are a hydro-
gen-bond donor to the “inner” oxygen atoms, 0% and O of
Asp33 and Asp213, respectively (Figures 7 and 8). Likewise,
the hydroxyl groups of Ser36 and Thr216 each donate protons
to the “outer” oxygen atoms, Q%' and O% of Asp33 and
Asp213, respectively. The directional character and distances
(Figures 7 and 8) of these four hydrogen bonds (N-H«O and
O-H--0) fit well with expected stereochemistries for amide
and hydroxyl hydrogen-bond donating groups (Baker &
Hubbard, 1984).

None of the four hydrogen-bond donor atoms are coplanar
with the carboxyl groups with which they are interacting
(Figure 7). They are all (Gly35 N, Gly215 N, Ser36 O7, and
Thr216 O"') approximately 1 A distant from the respective
carboxyl planes. Gly35 N and Ser36 O" are both on the same
side of the plane of the carboxyl group of Asp33. Similarly,
Gly215 N and Thr216 O! are on the same side of the plane
of the carboxyl group of Asp213. Figure 7 also shows that
these four hydrogen bonds are all donated toward the anti lone
pair electrons on the oxygen atoms. This leaves the syn lone
pair electrons on the active site carboxyl group oxygen atoms
free to be involved with the proton transfers that must take
place during a catalytic cycle (Gandour, 1981). Whether or
not the syn lone pair orbitals are more basic than the anti lone
pairs is quite controversial at present (Allen & Kirby, 1991).
What is remarkable, however, is that in proteins the syn lone
pair orbitals of the carboxylate groups of aspartate and glu-
tamate residues seem to be favored in a functional role of
proton transfer in hydrolase enzymes. This may be a steric
requirement rather than one of enhanced basicity.
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FIGURE 8: Possible hydrogen-bonding scheme alternatives proposed for the active site of penicillopepsin with bound difluorostatine (a and b)

or difluorostatone (¢ and d) inhibitors.

On the basis of the observed hydrogen bond and interatomic
contact distances involving the oxygen atoms of the catalytic
carboxyl groups and the StaF, and StoF, groups of the two
statine inhibitors, we propose two likely proton position sce-
narios (Figure 8a—d). In each of these cases, the active site
region has a net negative charge. This charge is most likely
dissipated by the positive ends of the dipole moments of the
hydrogen bonds directed toward the carboxyl groups. At the
present resolution of our crystallographic structures, it is not
possible to determine experimentally the positions of the
protons. Therefore, comparison of Figure 8, panels a and b,
for the difluorostatine residue indicates that from our data it
is not possible to differentiate whether the negative charge is
on Asp33 or on Asp213.

As shown in Figure 8a, the proton on the (R)-3-hydroxyl
group of StaF, forms a hydrogen bond (2.6 A) to the nega-
tively charged carboxylate of Asp33. Asp213 is shown pro-
tonated on O%2 because the distance from Asp213 O% to the
(R)-3-OH group (2.6 A) is ~0.3 A shorter than that from
the Asp213 O to the (R)-3-OH group (2.9 A). This dif-
ference of 0.3 A is barely statistically significant based on a
coordinate accuracy of ~0.12 A for the most well ordered part
of the structure (B factors <10 A2). However, in all of the
independently determined statine-based inhibitor complexes
with penicillopepsin, this difference is consistently observed
to be in the same direction and of similar magnitude. Thus,
the distances Asp213 O%.(R)-3-OH (2.9 A) and Asp213
O%l..Asp33 O%2 (3.1 A) are taken as normal van der Waals
contacts between these three atoms. On the other hand, Figure
8b shows the disposition of protons in the active site region
that would place the negative charge on the carboxylate group
of Asp213. It is not possible to distinguish between these two
hydrogen-bonding schemes on the basis of the contact distances
alone. As proposed for the scheme detailed in Figure 8a,
Asp213 O%! makes normal van der Waals contacts and not
hydrogen-bonded interactions with Asp33 O% and the (R)-
3-OH group. The atomic positions in StaF, relative to the two
carboxyl groups make it unlikely that the active site is neutral.

Attempts to place a proton on either carboxylate group in a
stereochemically acceptable position results in too close con-
tacts with other protons.

The hydrogen-bonding schemes proposed for the StoF, in-
hibitor are shown in Figure 8, panels ¢ and d. Both schemes
portray the hydrated StoF, as a gem-diol. In Figure 8c the
two hydroxyl groups are shown donating protons to the two
oxygen atoms of the negatively charged carboxylate of Asp33.
These two hydrogen-bonded distances are of approximately
equal length (2.6 A) and are similar to the hydrogen-bond
length of the StaF, (R)-3-OH to Asp33 O% (Figure 8a). The
carboxyl group of Asp213 is protonated, and the distance from
Asp213 O to the hydroxyl group has the same value as the
equivalent distance in the StaF, inhibitor complex (2.6 A).
Figure 8d depicts the alternative hydrogen-bonding scheme
when the net negative charge is localized on the carboxylate
of Asp213. Both of the schemes shown in Figure 8, panels
c and d are equally probable on a steric basis and suggest that
this resonance stabilization could be an important feature of
the aspartic proteinase active site.

It is possible that a fourth proton could be added to the
active site of the StoF,-containing inhibitor that would preserve
the hydrogen-bonding stereochemistry but would result in a
neutral active site. Rotation of the proton on the “outer”
oxygen of StoF, by ~120° (Figure 8c) to an alternative
staggered conformation would allow protonation of Asp33 O,
The hydrogen-bonding interaction would be preserved by this
protonation, but the net negative charge on the active site
would be neutralized. It may be possible to detect this al-
ternative experimentally by analyzing the pH behavior of K
for StoF,-containing peptides. Because the hydrogen-bonding
distances are so similar among the statine-based inhibitors,
this latter alternative for StoF, is probably not realized with
the present conditions of pH 4.4 and high salt concentration.

As mentioned above, replacement of the outer hydroxyl
group of the StoF,-containing inhibitor with a hydrogen results
in a 10-fold increase in the K. This decrease in binding free
energy of 1.4 kcal/mol is typical for the loss of a single non-
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FIGURE 9: Conformational diagrams for the StaF,/StoF, groups of the difluorostatine and difluorostatone inhibitors bound to penicillopepsin.

ionic hydrogen bond (Street et al., 1986; Fersht et al., 1985).
If the outer hydroxyl group interacts with a negatively charged
acceptor on the enzyme, the loss of this potential hydrogen
bond to an ionic group might be expected to cause a more
substantial decrease in the binding free energy (typically
greater than 3 kcal/mol) (Street et al., 1986; Fersht et al.,
1985). Although this suggests a preference for the hydro-
gen-bonding scheme shown in Figure 8d over the one shown
in Figure 8c, it is premature to rule out one of these only on
the basis of relative inhibitor energies. In addition, it is difficult
to calculate the relative affinities of the StaF,- vs StoF,-
containing inhibitors using free energy perturbation methods
without a precise knowledge of the hydrogen positions in the
enzyme’s active site. Further studies using either neutron
diffraction or 'H and '*C NMR would be necessary to resolve
this ambiguity.

The Conformations of StaF, and Hydrated StoF,

The least-squares comparison of the atomic coordinates of
the two inhibitors described in a previous section shows how
similar the two structures are. Analysis of the conformational
diagrams shown in Figure 9 and the main-chain conforma-
tional angles listed in Table VI confirms the remarkable sim-
ilarity in the mode of binding of these two molecules. Table
VI also shows that the other two statine-based inhibitors in
association with penicillopepsin that have been previously

studied crystallographically also adopt conformations that are,
within the limits of accuracy of the determinations, identical
to that of the two StaF,/StoF, inhibitors.

The conformational angle (N-C*-C-Cl) at the P,
StaF,/StoF, residue that is analogous to the ¥ angle in a
peptide is in the region of +70° (Figure 9a). This is ap-
proximately 50° from the value associated with an extended
B-strand (¢ = -130, y = +120). Nonetheless, even with this
angle the chain still has a partially extended conformation.
The next angle (C*~C-C1-C2, analogous to the peptide bond
w angle) is very far from the trans (antiperiplanar) confor-
mation of 180° (Figure 9b). The corresponding atoms are all
approximately in the positions of a staggered conformation
that is opened up by approximately 15° (to +75°). There are
two likely steric reasons for this marked departure from the
trans conformation. If this angle were close to 180°, then steric
clashes of the two fluorine atoms could occur with the atoms
of the preceding peptide bond. The main determinant for the
observed conformation, however, seems to be the favorable
hydrogen-bonding interactions of the N-methyl amide (Figures
6 and 7; Table V). As described above, this group donates
a hydrogen bond to Gly35 O and is the recipient of a hydrogen
bond from Gly76 NH.

The third conformational angle (C—C1—C2-N) corresponds
to an orthonormal orientation (~90°). It is probably the most
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Table VI: Conformational Angles (deg) of Statine-Based Inhibitors
Bound to Penicillopepsin

IvavVVv- IvaVVv-
IvavVV. [IvaVV. Sta- Sto-
StaOEt LystaOEt F,NHCH; F,NHCH,
P, Iva
W -120 -164 -160 -160
w -174 -179 ~178 -~177
x'e —-46 57 62 61
P, Val
¢ -116 -108 -111 -110
Vv 163 166 168 166
w 175 178 179 -179
x! -69 -61 -56 =57
Pz Val
¢ -130 -134 -134 -138
¥ 97 99 99 101
w ~179 -179 -178 -178
x! -173 -176 -173 -175
P, Sta
¢ -116 ~124 -124 -124
v 52 60 73 71
w9 118 103 72 76
x! -55 =51 =53 =53
x? 171 =57 174 176
x® -173
x* -160
C-C1-C2-N (04) 110 139 100 97
A -87 180 180

“For the Iva group the ¥ angle is defined as CB-CA-C-N(P3), and
the x! is defined as CG1-CB~CA-C. The main-chain conformational
angles for the statine groups are defined as ¢ (N-CA-C-C1) and w
(CA-C-C1-C2). The atom nomenclature for these groups is shown
below:
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Iva SR, NHCH,

stable conformation for this group, but our failure to locate
an equivalent small molecule structure in the Cambridge
Crystallographic Database makes it impossible to state this
unambiguously. This orthonormal conformation is also sta-
bilized by the hydrogen-bonding interactions of the amide
discussed above (Figure 6 and 7).

Implications for Catalysis by Aspartic Proteinases

The currently held views regarding a catalytic mechanism
for the aspartic proteinases have been summarized in 2 number
of review articles (Hofmann et al., 1984; James & Sielecki,
1987; Davies, 1990). Following the original suggestions of
Fruton (1976), all authors of the mechanisms based on
structural results have agreed that the catalytic pathway does
not involve covalently attached acyl or amino intermediates,
rather, that the hydrolysis proceeds via a noncovalently bound
tetrahedral intermediate arising from a general base-assisted
attack of a water molecule on the carbonyl carbon of the
scissile peptide. It is the identification of the nucleophilic water
molecule that has been controversial (James & Sielecki, 1985,
1987; Davies, 1990; Pearl & Blundell, 1984). James and
Sielecki (1985) have proposed that the attacking nucleophile
is a water molecule bound to the “outer” oxygen atom (O%)
of Asp33. The other authors assign this role to the central
water molecule that binds to the active site carboxyl groups
in a remarkably conserved position in all aspartic proteinases
of known structure (Figure 10a). The hydrogen-bonding
interactions that we have deduced from the present analysis
of the StaF,- and StoF,-containing inhibitors bound to pen-
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icillopepsin have prompted a reevaluation of our proposed
catalytic pathway for the hydrolysis of peptides by the aspartic
proteinases. The results are summarized in Figure 10a—e in
which the role of the nucleophile is ascribed to the central
water molecule and the overall mechanism is similar to that
proposed by Suguna et al. (1987).

There are many alternative hydrogen-bonding patterns that
one can propose for the native aspartic proteinase enzymes [see,
for example, James and Sielecki (1987)]. These schemes must
be consistent with the pH of the solution, the stereochemistry
of hydrogen bonding (Baker & Hubbard, 1984), and the pK,
values for the system of two hydrogen-bonded carboxylate
groups (Asp33 and Asp213 in the case of penicillopepsin). The
difficulty in interpreting the experimental results is com-
pounded by the uncertainty about which carboxyl group carries
the negative charge at pH values near the optimum of catalytic
activity (2-4). Also, there is uncertainty in whether or not
the carboxyl groups of Asp33 and Asp213 ever share a proton
in a hydrogen-bonded interaction. Analogy with the maleic
acid—maleate monoanion has been made for these carboxyl
groups (James & Sielecki, 1983, 1985, 1987). However, the
only evidence that Asp33 and Asp213 share a hydrogen-
bonded proton (between Asp33 0% and Asp213 O%) in the
native enzyme is the O%2...0%! distance of 2.9 A observed for
most aspartic proteinases of known structure. On the other
hand, this is a perfectly reasonable O-+O nonbonded contact
distance since oxygen atoms have a van der Waals radius of
1.4 A. Thus, the proton may indeed by resident on one of the
other two oxygen atoms of these carboxyl groups (Suguna et
al., 1987).

The chemical identity associated with the electron density
peak always found within hydrogen-bonding distance of the
two carboxyl groups in the native enzymes is also ambiguous
(James & Sielecki, 1983, 1985, 1987; Davies, 1990). The
magnitude of the peak and integration of the number of
electrons associated with it makes it consistent with that ex-
pected for a water molecule. However, the fact that there will
be a net negative charge in the active site at the pH optima
of these enzymes (Knowles, 1970) and that this solvent site
is also a site for the binding of positively charged ions in
aspartic proteinases [e.g., T1* and UO,* for penicillopepsin
(James & Sielecki, 1985)] was taken as strong evidence that
it could be occupied by a positively charged counterion. There
are several alternatives which are isoelectronic and of similar
van der Waals or ionic radius to a water molecule, and in
previous publications of the Edmonton laboratory (James &
Sielecki, 1983, 1985) it was speculated that it could correspond
to an ammonium ion (NH,*), an oxonium ion (H;0%), or a
sodium ion (Na*). The least likely of these alternatives is the
sodium ion because Na* ions prefer an octahedral coordination
of six oxygen ligands at distances of 2.4 A. The disposition
of the two carboxyl groups in the active sites of the aspartic
proteinases precludes octahedral coordination. The presence
of a similar peak isostructurally positioned in rhizopuspepsin,
which was crystallized at pH 6 in the absence of ammonium
ions, weakens the proposal of an NH,* ion (Suguna et al.,
1987). All of the evidence is, unfortunately, circumstantial.
Therefore, we represent a likely scenario for the hydrogen
bonding in the active site of native penicillopepsin in which
the electron density peak between the two carboxyl groups has
been interpreted as a water molecule (Figure 10A). This is
probably the concensus among the many papers written on this
subject. Also, in agreement with the proposals of Suguna et
al. (1987), Figure 10A shows that the net negative charge in
the active site is resident on the carboxylate of Asp213 with
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FIGURE 10: Proposed scheme for the catalytic pathway of peptide hydrolysis by aspartic proteinases. (A) A possible hydrogen-bonding scheme
in the active site of native uncomplexed penicillopepsin. The water molecule shown between the two aspartic acid residues is the nucleophilic
group. Asp213 has the role of a general base; Asp33 is the general acid. (B) The approach of a scissile peptide of a substrate to the active
site of penicillopepsin. The orientation of this peptide is based on molecular modeling described by James and Sielecki (1985). The electrophilic
centre that would enhance the polarization of the carbonyl bond of the substrate is the hydrogen bond from the carboxyl group of Asp33 and
the partial positive charge on the edge of the phenolic ring of Tyr75 (not shown). The movement of electrons in this concerted nucleophilic
attack is indicated by the thin arrows. (C) The proposed noncovalently bound tetrahedral intermediate on the catalytic pathway. Both the
carbonyl carbon atom and the nitrogen atom of the scissile peptide are shown as tetrahedral sp? atoms. Stabilization of this tetrahedral intermediate
is achieved by a hydrogen-bonding scheme for the gem-diol that is identical to that deduced for the StoF, mimic as shown in Figure 8c. Lone
pair electron orbitals on the heteroatoms (N and O) of the tetrahedral intermediate are shown. The formation of the tetrahedral intermediate
by the nucleophilic attack of the water molecule is assisted by the lone pair electron orbitals oriented antiperiplanar to the direction of attack
(the orbitals on the nitrogen and the carbonyl oxygen atoms that are shaded). Inversion of configuration of the nitrogen atom of the tetrahedral
intermediate, required for the protonation by Asp213, is indicated by the curly arrows. (D) The breakdown of the tetrahedral intermediate
is represented by the concerted movement of electron pairs (thin arrows) from Asp33 to Asp213 in a manner that is the reverse of the formation
of the tetrahedral intermediate (panel B). The proton that is transferred to the nitrogen atom from Asp213 in order to make the nitrogen
a good leaving group (i.e., R-NH,) originated on the nucleophilic water in this scheme. Cleavage of the C—N bond receives stereoelectronic
assistance from the antiperiplanar orientation of the lone pair electron orbitals on the two oxygen atoms of the tetrahedral intermediate (unshaded
in this figure). (E) The peptide bond is hydrolyzed. The products will diffuse from the enzyme surface to be replaced by a water molecule,
thus regenerating the active site of penicillopepsin as shown in panel A.

the carboxyl group of Asp33 O%! protonated and neutral. The
water molecule is shown forming a hydrogen bond to Asp33
O™ at a distance of 2.6 A. This distance is in the range 2.6-2.9
A in all the members of the aspartyl proteinase family. The
distance from the water to Asp33 Q% is consistently longer
in all of the native enzymes and generally too long to be
considered a strong hydrogen bond. The second proton on the
water molecule is shown making a bifurcated hydrogen bond
to both oxygen atoms of the Asp213 carboxylate. This is

consistent with the observation that both distances are of
approximately equal length (2.8-2.9 A on average).

In Figure 10A-E as in the separate panels of Figure 8, the
hydrogen bonding from the residues in the immediate envi-
ronment of the two carboxyl groups (Gly35 NH, Gly215 NH,
Ser36 O"H, and Thr216 O*'H) is shown unchanged from
panel to panel. However, minor alterations in the conformation
of the enzyme could influence the strength of these hydrogen
bonds which, in turn, may have a subtle effect on the relative
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basicity of the two carboxyl groups during a catalytic cycle.
In particular, the relative orientation of the two peptide dipoles,
Thr34-Gly35 and Thr214-Gly215, could have a profound
electrostatic influence on the distribution of electrons and
protons in the active site of penicillopepsin in the presence of
substrates. Different conformational changes have been ob-
served in endothiapepsin in the presence of different inhibitors
(Sali et al., 1989). Similar effects could almost certainly
happen with the other aspartic proteinases (Sielecki et al.,
1990).

Nucleophilic attack on the substrate carbonyl carbon atom
by the central water molecule is assisted by several factors
shown diagrammatically in Figure 10B,C. The nucleophilic
character of the central water molecule is augmented by the
general base function of the carboxylate of Asp213. Enhanced
polarization of the carbonyl bond (i.e., making the carbon atom
more positively charged) would result from the relatively
electrophilic environment of the carbonyl oxygen atom. It
would initially be the recipient of a hydrogen bond from the
carboxyl group of Asp33 O’'H. Subsequently, Asp33 plays
the role of general acid in this scheme. It is likely that the
proton affinity of a gem-diol would be much greater than that
of an aspartyl carboxylate (Figure 10C). The partially pos-
itively charged edge of the phenolic ring of Tyr75 would come
within 4 A of the carbonyl oxygen atom, thus additionally
enhancing the electrophilic environment (Blundell et al., 1987).
Figure 10C also shows the stereoelectronic assistance to the
formation of the hydroxyl-carbon bond. There are lone pair
electron orbitals on the nitrogen and oxygen atoms of the
substrate that can be oriented antiperiplanar to the new O-C
bond that is being formed. The nitrogen atom of the scissile
peptide adopts a tetrahedral character, as does the carbony!
carbon atom, during this step. Thus, the geometry of the
groups at the active site conforms well with the stereoelectronic
principles (Deslongchamps, 1975) or equally, with the principle
of least nuclear motion (Hine, 1977).

Before a proton can be transferred to the nitrogen of the
leaving group, it is necessary to invert the configuration of the
nitrogen atom (Figure 10C,D). This analogous problem has
been discussed in the case of the serine proteinases (Bizzozero
& Dutler, 1981). For that enzyme family, it was proposed
that the configuration of the groups bonded to the nitrogen
atom could be changed by inversion of the nitrogen atom
through the plane of the other three substituents. In our case,
this would result in the presentation of the lone pair electrons
on the nitrogen atom for protonation by Asp213 (Figure
10C,D). The rate of inversion at nitrogen centers is rapid and
of the order of 10° s™! (Bizzozero & Dutler, 1981).

Many of the features of the catalytic active site of the
aspartic proteinases have analogous components in the serine
proteinases. The electrophilic oxyanion hole of the serine
proteinases has its analogue in the hydrogen bond from Asp33
and the positively charged edge of the phenolic ring of Tyr75.
The nucleophilic serine alkoxide (-CH,~O") has as its
equivalent the centrally bound water molecule. In the serine
proteinases the role of the general base is played by the im-
idazole ring of a histidyl residue. In the aspartic proteinases
this role is provided by the carboxylate of Asp213. The sim-
ilarity in substrate binding by the members of these two en-
zyme families has been discussed (James & Sielecki, 1985,
1987).

Cleavage of the peptide bond is represented by the break-
down of the tetrahedral intermediate (Figure 10D,E). The
two oxygen atoms of the tetrahedral intermediate have lone
pair electron orbitals oriented antiperiplanar to the C-N bond
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(Figure 10D). Proton transfer from the carboxyl group of
Asp213 to the lone pair electron orbital on the P, nitrogen
atom would produce the good leaving group (Figure 10D,E).
Finally, the diffusion of the products from the active site and
replacement of the carboxyl of the leaving group with a water
molecule would generate the native enzyme ready for another
round of catalysis.

In the previous proposals from this laboratory, the attacking
nucleophile originated from a water molecule that was hy-
drogen bonded exclusively to Asp33. Our present analysis
makes it more likely that this water molecule is displaced on
substrate binding. It was also deemed that the negatively
charged carboxylate at the active pH was that from Asp33.
With the data now available based on the binding interactions
of the StaF, and StoF, inhibitors, it would seem that the
interpretations depicted in Figure 10 correspond to the more
likely mechanism for the aspartic proteinases, substantially
in agreement with earlier proposals (Suguna et al., 1987).
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