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ABSTRACT. A series ofN-tert-butylacetylt -tert-butylglycyl-L-Nv,N”-dimethylasparagyl-alanyl-derived
inhibitors (trifluoromethyl ketonel, pentafluoroethyl ketone?, methyl ketone3, and a-ketoamide4,

with respectiveK, values of 1.1, 0.1, 2100, and QuM) of the human cytomegalovirus protease were
used to study the effect of binding of peptidyl inhibitors on the intrinsic fluorescence and CD properties
of the enzyme. In the presence of saturating concentrations of compaupdand4, an identical blue

shift in the fluorescence maximum of the enzyme upon specific tryptophan excitation was observed relative
to that of the free protease. In the case of the methyl keBpméhose inhibition of the enzyme does not
involve formation of a covalent adduct as evidenced3/NMR studies of carbonyl-labeled inhibitors,

the blue shift in the emission was also observed. For both compadlirreisl 2 which exhibit slow-
binding kinetics, the observed rate constants for the slow onset of inhibition of substrate hydrolysis correlate
well with the kops values of the time-dependent change in the emission spectra. Studies employing a
double mutant of HCMV protease Alal43GIn/Trp42Phe identified Trp-42 as the principal fluorescence
reporter. Taken together with information provided by our recent elucidation of the crystallographic
structure of the enzyme [Tong, L., Qian, C., Massariol, M.-J., Bonneau, P. R., Cordingley, M. G., &
LagaceL. (1996)Nature 383272], these observations are consistent with the inhibition of HCMV protease
by peptidyl ketones involving a conformational change of the protease. A mechanism involking a
limited by dehydration of the hydrated species, followed by rapid ligand binding and a conformational
change prior to covalent adduct formation, is proposed for activated inhibitors suchrai2.

The human cytomegalovirus (HCMVis a highly preva- The full-length HCMV protease contains 708 amino acids
lent pathogen which poses a serious risk to immunocom- encoded by the UL80 gene which is coterminal with the
promised individuals, notably AIDS patients, organ transplant UL80.5 (Gibson et al., 1995). The UL80.5 ORF codes for
recipients, and neonates who acquire the infection congeni-the assembly protein precursor and is in frame with the 373
tally (Mocarski, 1995; Britt & Alford, 1995). Typical of  carboxyl-terminal amino acids of the protease. As a result,
members of the herpes virus family, HCMV encodes a the enzyme can process its own C-terminus at a site identical
unigue protease involved in capsid assembly whose activity to that of its substrate (maturation or M-site). The protease
is essential to the production of infectious virions (Gibson also undergoes self-processing at a release (R) site near its
etal., 1995; Gao et al., 1994; Preston et al., 1983; Matusick- aminoterminus. This cleavage liberates the 256 amino acid
Kumar et al., 1995). The enzyme is responsible, late in the catalytic domain which possesses significant sequence
viral cycle, for the processing of the assembly protein whose homology with other herpes proteases.
function is analogous to that of the “scaffolding” protein of The distinct nature of HCMV protease has recently been
bacteriophages (Casjens & King, 1975). In the case of underlined by the elucidation of its X-ray crystallographic
HCMV's close homologue HSV-1, failure to process the structure (Tong et al., 1996; Qiu et al., 1996; Shieh et al.,
assembly protein results in the accumulation of aberrant, 1996; Chen et al., 1996). The enzyme has revealed itself to
noninfectious capsids (Preston et al., 1984). be a protein with a backbone fold unique among serine
proteases and, possibly, among proteins known to date (Tong
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4. Molecules of this type are classical inhibitors of serine sequences of the enzyme. The amplified DNA was then
proteases (Imperiali & Abeles, 1986; Mehdi, 1993) which cleaved withNdd and BanHI and inserted into th&ldd/
act in a competitive fashion by reversibly forming covalent BarHI restriction sites of the expression plasmid pET17b.
hemiketal adducts with the active site serine hydroxyl. In The recombinant plasmid was used as a template to introduce
the course of NMR studies aimed at observing the associationsubstitutions at Trp-42 and Ala-143 by site-directed mu-
of a peptidyl TFMK with HCMV protease, gross changes tagenesis through the method of overlap extension (Higuchi
in the 'H NMR spectrum of the enzyme upon incubation etal., 1988; Ho et al., 1989). The resulting constructs coding
with the inhibitor were observed. This suggested that binding for the single and double mutants of the protease were
of the TFMK resulted in a significant alteration in the verified by DNA sequencing.
structure of the protease and prompted us to investigate the The plasmids were transformed irfEscherichia colstrain
possibility of a conformational change being associated with BL21(DE3) pLysS for protein expression. TRecoliclones
the inhibition process. containing mutant proteases were grown at’87in cycle
The proposal of a structural reorganization within a serine growth medium containing ampicillin (10@g/mL) and
protease in the course of inhibition by activated carbonyl chloramphenicol (34@/mL). When theAso reached 0.5,
compounds is not without precedent and remains a subjectthe cultures were cooled to 2€ and IPTG was added (0.1
of debate, notably in the case of TFMKs. A rate-determining MM). The induction was performed at 2@ for 5 h after
conformational change for the inhibition of human leucocyte Which time the cultures were centrifuged at 5§Gor 10
elastase (HLE) by peptidyl TFMKs has been put forward to min and the cell pellet was resuspended in lysis buffer (35
account for kinetic isotope effects of unity flg, (Stein et~ mL/L of culture; 50 mM Tris-HCI, pH 7.8, 25 mM NaCl, 1
al., 1987a). It has also been proposed, for catalysis by HLE, MM EDTA, 1 mM DTT, 1 mM PMSF) and stored at80
that such a change can only be induced by substrates of C.
sufficient length and that this change is also a requirement The recombinant proteases were purified by the same
for optimal hydrolytic activity (Stein et al., 1987b,c). A procedure. The bacterial pellet was thawed atG7o lyse
conformational change following hemiacetal formation has the cells, and all subsequent operations were performed at 4
been implicated in the inhibition of chymotrypsin by the °C. The cell lysate was sonicated to reduce its viscosity and
aldehyde chymostatin (Stein & Strimpler, 1987). Finally, cleared by centrifugation at 13 000 rpm for 30 min in a JA17
spectroscopic evidence for the acylation step of catalysis byrotor. Streptomycin sulfate (5% solution, w/v) was added
chymotrypsin being accompanied by an overall change in to the lysate to a concentration of 1% and the soluble material
structure has also been provided (Fink & Wildi, 1974). recovered by centrifugation as describe above, followed by
In contrast, comparison of the X-ray crystallographic the addition of ammonium sulfate to the supernatant to 45%

structures of peptidyl TFMK complexes of chymotrypsin to Saturation. Precipitated proteins were recovered by cen-
that of the native enzyme failed to reveal any appreciable trifugation, and the protein pellet was suspended in buffer
differences, leading to the conclusion that no conformational A (50 mM Tris-HCI, pH 8.0, 1 mM DTT, 0.1 mM EDTA),
change accompanies inhibitor binding (Brady et al., 1990). dialyzed against this buffer, and then appliedcoaté mL
Similar studies involving porcine pancreatic elastase and its Resource Q (Pharmacia) anion-exchange column. Proteins
covalent complexes with a peptidyl TFMK (Takahashi et Were eIuFed with a_GQ.S M NacCl linear gradient in buffer

al., 1988) as well as other activated carbony! inhibitors have A Fractions containing the protease were pooled, dialyzed

likewise led to the conclusion that this protease is a “lock against buffer B (20 mM acetate, pH 5.0, 1 mM DTT, 0.1
and key” enzyme (Edwards et al., 1992). mM EDTA), and loaded owta 6 mLResource S (Pharma-

cia) cation-exchange column. The protein was eluted with
a 0-0.5 M NacCl linear gradient in buffer B. The procedure
yielded 50 mg of purified protease/L &f. coliculture. The
purities of HCMV protease mutants Alal43GIn and
Alal43GIn/Trp42Phe were estimated to b89% by den-
sitometry of Coomassie stained SBBAGE gels.

The essential role of HCMV protease in viral replication
makes it an attractive target for the development of new
therapeutic agents. The novel nature of this enzyme, which
clearly sets it apart from other serine proteases, also
constitutes a strong incentive for further investigation of its

structure, catalysis, and inhibition. In the present work, we Synthesis of Inhibitors. Detailed procedures for the
provide evidence that the inhibition of HCMV protease by synthesis and purification of peptidyl methyl ketoand

peptidyl carbonyl compounds is accompanied by a structural A o
change in the enzyme. It is hoped that the observations'S corres_pondlng alcohcﬂ, as well as charz_ictenzatlon of
described herein will contribute to gaining a clearer picture intermediates and the final products (includin¥]-3), are

of the structural aspects of this inhibition process and will pr%vidfed in the Su%portigg Info?‘natilorfl (seet_paragli/?ptftl] ?t
assist in both the development of potent inhibitors and in end of paper regarding Supporting Information). Methy

furthering our understanding of this novel enzyme. ketone 3 Was_prepared as a single (.jlaste_reomer Whereas
alcohol5 consists of an unassigned 65:35 mixture of epimers

MATERIALS AND METHODS at the alcohol center. The activated carbonyl inhibitbrs
2, [3C]-2, 4, and6, which are highly prone to epimerization
Preparation of EnzymesWith the exception of those at the alanyla-carbon, are diastereomeric mixtures of
involving the HCMV protease double mutant Alal43GIn/ unknown composition and are likely fully epimerized.
Trp42Phe, all studies were carried out using the mutant Details of the preparation of these inhibitors will be published
Alal43GIn, which eliminated the problem of autoproteolysis shortly (Ogilvie et al., in preparation). Their physical
(Pinko et al., 1995). The coding sequence for the catalytic properties are provided in the Supporting Information. The
domain of HCMV protease was amplified from DNA purity of all inhibitors was established by HPLC analysis
obtained from HCMV (strain AD169) infected cells employ- and by high-field NMR.
ing the polymerase chain reaction technique using oligo- Enzyme AssaysHydrolysis of the internally quenched
nucleotide primers specific for the N- and C-terminal peptide substrate anthranilamide-VVNA-SSRLY (3-N
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OH was monitored at 30C by the increase in fluorescence R _0°

intensity upon cleavage of the Al&er bond (for anthra- E—o>c(Fa

nilamideAdex = 312 nm andlen, = 415 nm, slit widths varied ko c

from 2.5 to 5 nm). The incubation mixture was composed / (E1) \

of 50 mM Tris-HCI, pH 8.0, 0.5 M Nz5Q,, 50 mM Nacl, A o . A o R o®
1

0.1 mM EDTA, 1 mM TCEP, 3% DMSO (v/v), and AM E+ Y E_OHY E*o ]

HCMV protease and containeduM substrate (well below CFs K1 CFs CFs

the estimatedky value of 760uM with kea/Ky = 260 M1 (Ed) Ko k2 (E™)

s1). Large excesses of inhibitor at concentrations typically \ //I

50—100-fold their 1G values (10Q«M for 1 and6, 50 uM E*_o:\(°

for 2 and4) were chosen to completely saturate the enzyme CF3

at equilibrium before significant substrate depletion occurred. (E*I)

In the case of compound3 and 5, solubility limited the FicURe 1: Possible mechanisms of inhibition of HCMV protease

concentrations used to 5 mM. The reaction was initiated by peptidyl TFMK inhibitors which involve a conformational
by the addition of the enzyme and was monitored until change (E=~ E¥) of the enzyme.

complete inhibition was achieved. The apparent rate con- , " o
stants of the processes were determined by submitting the !dentical buffer conditions were employed for monitoring
curves to first-order nonlinear regression analysis using the the rates of the fluorescence shifts in the presence of slow-

kinetic software GRAFIT (Erithacus Software Ltd., 1989 binding inhibitors with the emission monochromator set at
1992 Version 3.0. R. J. Leatherbarrow. London ,U.K.). 320 nm {.e., about 20 nm lower than the emission maximum

of the free enzyme). Care was taken to ensure that the final
enzyme and inhibitor concentrations were identical to those
used in monitoring the onset of inhibition under assay
conditions (see above). The reaction was initiated by the
addition of enzyme to a preincubated sample of the inhibitor
at 30°C. The time-dependent changes in emission intensity
at 320 and 360 nm were monitored until the fluorescence
reached its new equilibrium, and the apparent rate constants,
%.bs Were obtained as described above.

Circular Dichroism Studies.CD spectra were recorded
. - i in a JASCO J-720 spectropolarimeter at ambient temperature
DMSO, assigned a chemical shift of 39.50 ppm, was used nger the same buffer conditions as described for the enzyme
as the reference. assay (see above). The cell path length for the near-UV

Samples of inhibitor alone were prepared by adding spectra was 10 mm. An enzyme concentration ofuM8
solutions of labeled ketones in DMS@-30 uL) to buffer (based on a\ygonmof 28 420 Mt for HCMV protease) and
(500 uL) consisting of 50 mM deuterated Tris, 1.0 mM inhibitor concentrations of 130M were used. The spectra
deuterated EDTA, 5.0 mM deuterated DTT, 50 mM NaCl, presented are an average of ten scans after subtraction of a
and 0.5 M NaSQ, containing BO (70uL) for lock purposes.  buffer spectrum which was also an average of ten scans.
Final inhibitor concentrations of'jC]-2 and [*C]-3 were Mean-residue ellipticity valuesf] are expressed for all
1.3 and 3.3 mM, respectively, and a pH of 6.9 was verified. wavelengths as degy?/dmol.
Samples containing enzyme were prepared in a similar
fashion using buffer containing 0.76 mM HCMV protease. RESULTS AND DISCUSSION
The final concentration of protease was 0.72 mM, and the 5 the hasis of our initial observations of a possible
samples were incubated for at leah prior to the acqu!sm_orj alteration of enzyme conformation by proton NMR, it was
of spectra. Mplar excesses 0f_2.2.—.and 5-fold of inhibitor hypothesis that the inhibition of HCMV protease by
over the protein were used for inhibitorS¢]-2 and *CJ- peptidyl-activated carbonyl compounds occurs through either
3, respectively. of two mechanisms similar to those previously proposed for

Fluorescence Studiestluorescence measurements were the inhibition of HLE by peptidyl TFMKs (Stein et al.,
performed in 1 mL quartz cuvettes using a Perkin-Elmer LS- 1987a). As outlined in Figure 1, the enzyme and inhibitor,
50B spectrofluorometer and are uncorrected since only the latter in its ketonic form after a dehydration step, initially
relative comparisons were analyzed. The emission spectraform a relatively weak Michaelis-like complex {lEmediated
of HCMV proteases were recorded upon excitation at 280 by interactions between the peptidic chain and the binding
or 295 nm (emission slit width varied from 5 to 7 nm). pocket of the protease. This is then followed either by a
Excitation at 280 nm was preferred since overlap of the conformational changek¢) requisite for attack of the
residual Raman scatter band and the emission band walectrophilic carbonyl by the active site seriré;) or by
minimal. The incubation buffer was identical to that hemiketal formation k;) which then induces a structural
employed in the enzyme assay, and the final concentrationsreorganization of the proteasded. In either case, a
of both enzyme and inhibitor were equal to those of assay consequence of such an overall mechanism would be that
conditions (see above). Scans were obtained &C38fter the free enzyme or initial enzymeénhibitor complex (El)
1.5 h preincubation of the samples at that temperature. Inand the complex after hemiketal formation and the putative
all cases, blank samples containing the inhibitor alone in conformational change (E*1) would differ in structure and,
buffer were scanned to verify the absence of any undesirableas a consequence, should exhibit distinct biophysical behavior
interference, and the spectra were subtracted from those ofas detected by fluorescence and circular dichroism. We were
samples containing enzyme. also interested in addressing the question of whether or not

NMR Experiments.Proton-decoupled®C NMR spectra
were recorded at either 100.61 or 150.90 MHz on Bruker
AMX 400 and DMX 600 spectrometers, respectively. In
the former case, spectral conditions were 236 ppm spectral
width, 10 usc pulse width2 s repetition rate, and 15 000
transients acquired. At the higher field, the conditions were
120 ppm spectral width, ms pulse width, 2.5 s repetition
rate, and 33 600 transients acquired. In both cases, 32K dat
points were acquireda 3 Hzline-broadening factor was
applied, experiments were carried out at 300 K, and internal
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Table 1: Inhibition of HCMV Protease by Peptidyl Ketofes

Inhibitor? (':n-‘;l‘;
o °°NMezo 1: X=CF3 1.1
H H 2: X = CF,CF3 0.1
N\:/IL“-‘/(H/N\-/[LX 3: X=CHy 2100
o ~_ H o : o
/I\ 4: X = )LN/\Ph 0.2
H
CONMe,
H (o] H OH
N\/U\N N\/&c“ 5 7500
M A z 3
o = H o z
/I\
(o}
6 138

PN

Ac-Gly-Val-Val-Asn-Ala CF3

aProtease activity was determined by a fluorogenic assay as
described in Materials and Methods with the following modifications:
[HCMV protease]= 100 nm, [substratef 5 uM, [1, 2, 4, and6] =
300 uM—60 nM, [3 and5] = 5 mM—15 uM, 0.05% (w/v) casein,
substrate added aft® h preincubation of inhibitor and enzyme at 30
°C. " Inhibitors 1, 2, 4, and6 are at least partially epimerized at the
alanylo-center. MK3 is a single diastereomer. Alcohblconsists of
unassigned 65:35 mixture of diastereomers.

the putative conformational change be rate-limiting to the
inhibition process and, if so, be implicated in the slow-
binding kinetics associated with activated carbonyl inhibitors
of the present type.

Design of Inhibitors and NMR lrestigations. To assess
our model, two potent inhibitors of HCMV protease, the
peptidyl TFMK 1 and its pentafluoroethyl analog@ewere
chosen. The medicinal chemistry efforts which led to the
peptidic structure will be published shortly (Ogilvie et al.,
in preparation). The potency of such activated carbonyl

Biochemistry, Vol. 36, No. 41, 19972647
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FiGure 2: Sections of thé3C NMR spectra of (A) 1.6 mM PFEK
[*3C]-2 in the presence of 0.72 mM HCMV protease. The signals
at 105.7 and 95.8 ppm correspond to the bound (ionized hemiketal)
and free inhibitor, respectively. (B) 3.6 mM methyl ketoA&]-

3. The trace in black corresponds to the free inhibitor whereas that
in red corresponds to the inhibitor in the presence of 0.72 mM
HCMYV protease. See Materials and Methods for spectral conditions
and sample compositions.

motrypsin (Imperiali & Abeles, 1986), HLE (Edwards et al.,
1992), and acetylcholinesterase (Allen & Abeles, 1989) and
are cited as evidence of the importance of carbonyl activation

compounds toward their serine protease targets is due, inin permitting a stable covalent adduct to form (or, otherwise

large part, to the highly electrophilic nature of their carbonyl
centers. The strongly electron-withdrawing perfluoroalkyl
group of the ketone allows for facile attack by the active

site serine and the formation of a stable hemiketal adduct.

stated, the inability of a methyl ketone to do so). The great
differences in reactivity and hemiacetal stability between
TFMKs and MKs are reflected in their respective degrees
of hydration in aqueous solution. In the case of the former,

The existence of such tetrahedral adducts has been evidencethe hydrate/ketone ratio for peptidyl compounds has been

by NMR investigations involving TFMK adducts of chy-

estimated to be as high as 4500 (Brady & Abeles, 1990)

motrypsin (Liang & Abeles, 1987) and has been confirmed whereas nonfluorinated analogues are essentially nonhy-

by crystallographic studies of TFMK inhibitor complexes
of chymotrypsin (Brady et al., 1990) and porcine pancreatic
elastase (PPE) (Takahashi et al., 1988). Peptidigeto-
amides similar to inhibito# have also been shown by X-ray
crystallography to form tetrahedral adducts in the case of

drated. The comparable potencies of alcohaind MK 3
are also consistent with the absence of covalent adduct
formation during inhibition.

In order to obtain more direct evidence that inhibition of
the protease by the methyl ketoBeoes not involve covalent

elastase (Edwards et al., 1992). Ample evidence also existsadduct formation, 'fC]carbonyl-labeled samples &f and

that it is the nonhydrated keto forms of such compounds
which are the active species. The inhibition of HCMV
protease by inhibitord, 2, and4 presumably occurs in a
similar fashion.

Central to the present study was to identify an inhibitor

PFEK 2 were prepared for NMR studies (Figure 2). The
13C spectrum of the labeled PFEKC]-2 alone presented a
sharp signal at 95.8 ppm corresponding to the hydrated form
of the inhibitor and which exhibited the expected triplet
multiplicity due to coupling to the adjacent fluorine atoms

which would complex to the enzyme in a manner analogous (3Jc—r = 24 Hz). Incubation of a 2.2-fold excess of the

to 1 and 2 without forming the covalent hemiketal adduct.
The peptidyl methyl ketone (MK3 appeared to best satisfy
these requirements. The inhibition constants for all com-
pounds studied herein are given in Table 1. As one might
expect,1 and 2 exhibit comparable potencies whereas the
MK 3 is 3 orders of magnitude less active. Such large
differences in inhibitory activity between peptidyl TFMKs
and their corresponding MKs have been reported for chy-

inhibitor and HCMV protease resulted in the appearance of
a new signal at 105.7 ppm (Figure 2A). The broadened
nature of the resonance, which masked any multiplicity, was
consistent with a protein-associated species which we assign
to be the ionized hemiketal adduct formed betweé@]f2

and the enzyme which is in slow exchange with the free
inhibitor. These results are nearly identical to those described
for similar 13C NMR studies involving the complex of a
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labeled TFMK inhibitor ando-chymotrypsin (Liang & 1000 S —
Abeles, 1987) on which we base our signal assignments. - I
Similar observations were also noted for investigations % 800 - [ -
probing the interaction of-fC]carbonyl-labeled arachidonic S 1 Il
acid and phospholipase,ATrimble et al., 1993). £ 600 - |I Il 348nm -
The analogous experiments were also carried out for the é’ I -
labeled MK [3C]-3. In the absence of protease, thH€ S 400 A [ -
spectrum of the inhibitor presented a sharp singlet at 213.6 g : ' : 348nm (
ppm. As anticipated, no hydrated form was detected. When S 200 / RN 3
a 5-fold excess of labeled ketorté(]-3 was incubated with : (I A A L
the protease, the signal was clearly altered (Figure 2B). The [ Y ————-
new resonance was broadened and of decreased intensity (as 280 320 360 400 440
verified through intensity calibration using the DMSO peak). wavelength (nm)

A very small but dicernible downfield shift0.05 ppm) Ficure 3: Fluorescence spectra of HCMV protease upon excitation
was also noted. at 280 nm {-) and 295 nm (---) revealing the specific excitation
No signal in the 100 ppm range, where one would expect of tryptophan residues.

a hemiketal signal to occur, could be detected, which
eliminates the possibility of slow exchange between free
[**C]-3 and a covalent adduct. The observed line broadening,
and the absence of any other broadened signal upfield of
the observed peak, is indicative of rapid exchange between
the free inhibitor and a protease-bound species with a
chemical shift very close to that of the unbound ligand, likely
downfield from it if the slight shifting of the new peak is
considered. Since only a carbonyl center could give rise to
a'3C resonance in this parts per million range, we conclude
that MK 3 is complexed by HCMV protease as a ketone
which is not attacked by the active site serine. 200 =
Clear evidence that M does indeed inhibit the enzyme 310 320 330 340 350 360 370 380
by binding to the active site was provided by proton NMR wavelength (nm)
competition studies in which differential line broadening was Ficure4: Changes in the fluorescence spectrum of HCMV protease
observed for the inhibitor signals in the presence of the in the presence of peptidyl-activated carbonyl inhibitors. All the

. ; spectra shown henceforth were acquired after excitation at 280 nm
protease (data not shown; a detailed account of our protonusing samples containing &M enzyme under the conditions

NMR studies involving HCMV protease will be published  gegcribed in Materials and Methods. Curves: HCMV protease alone
shortly). When PFEK2 was subsequently added to the (—) and in the presence of saturating concentrations of TFMK
sample, the signals of M8 were restored to their uncom- (), PFEK2 (— —) anda-ketoamide4 (---).
plexed peak heights due to the displacement of the methyl
ketone from the enzyme by the much more potent activated inhibitor binding. The great similarity between the fluores-
carbonyl analogue. cence bands of the three-Ecomplexes strongly suggests
Changes in Fluorescence EmissioRluorescence spec- that the same tryptophan perturbation is operative for all.
troscopy is a well-established method of probing protein The effect of TFMK6 on the fluorescence properties of the
structure and has often been employed to monitor alterationsprotease was also investigated and provided identical results
in the structure of a serine protease with respect to solvent(data not shown). The fact that there are the same changes
composition, denaturating agents, temperature, and pH. Thein the emission spectrum of the enzyme upon binding of
activating effect of kosmotropic agents on HSV-1 protease this particular inhibitor is important; it demonstrates that the
has been probed through the emission spectrum of thesame alteration of the tryptophan environment may be
enzyme (Hall & Darke, 1995) and through the use of a induced by an inhibitor which closely mimics the natural
fluorescent probe (Yamanaka et al., 1995). We are, however,substrate (M-site) of the enzyme and is not a phenomenon
unaware of any studies which utilize the intrinsic fluorescent particular to the optimized peptidic chain of compoufie.
properties of a serine protease to probe the question of a Central to the present study was the experiment involving
conformational change occurring upon peptidyl inhibitor MK 3. Solubility limitations obliged us to use an inhibitor
binding. concentration of 5 mM at which approximately 70% of the
HCMV protease contains 16 excitable chromophores enzyme was complexed. In this case, a shift in the emission
including three tryptophan residues. Upon excitation at 280 maximum from 348 to 340 nm was observed although a
nm, a fluorescence emission with a maximum at 348 nm pronounced decrease in the intensity of the band was also
was observed (Figure 3). Excitation at 295 nm resulted in recorded (Figure 5). We ascribe this decrease in fluorescence
an essentially identical spectrum, indicating that the fluo- to absorption by the ketone moiety 8f Despite the fact
rescence arises from specific excitation of the tryptophans.that it is very weak, the forbidden+ z* transition of the
Upon incubation of the protease with saturating concentra- carbonyl functionality fmax = 282 nm (methanol = 46]
tions of the inhibitors1l (TFMK), 2 (PFEK), or 4 (o- becomes a significant factor at the high inhibitor concentra-
ketoamide), marked blue shifts in the emission maxima to tion employed and contributes sizably to the absorption of
339 nm were observed, accompanied by small increases irthe excitation energy by the sample. In spite of this, after
intensity (Figure 4). This suggests that a key fluorophore- adjustment of the scales of the spectra, the obvious presence
(s) find(s) itself in a more hydrophobic environment upon of the blue shift in the emission maximum, as well as the

1000 s L L s 1 L I R S B

800 -

4
400 A

fluorescence intensity
[o2]
o
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800 . , . . . . Ficure 6: Fluorescence spectra of HCMV protease double mutant
HCMV A143Q Alal43GIn/Trp42Phe alone~) and in the presence of a saturating
= r (100 uM) concentration of TFMK1 (---).
= ] band was more intense (Figure 6). Identical results were
g obtained using PFER anda-ketoamidet (data not shown).
£ 4007 I Similarly, no significant shift in the fluorescence spectrum
3 3 was observed when the maximal concentration of BAas
S 00 A _ S=x L added to the enzyme. In this case, the emission band was
S r-—"/ et weaker and the coincidence of the traces was, again, more
HOMV Wa2F/A143Q apparent after the spectra were rescaled (Figure 5). These
0 T - - ; ' , data indicate that tryptophan-42 is indeed the principal
320 340 360 380 fluorescent reporter.
wavelength (nm) An important fact allows us to conclude that the observed
FicURe 5. Fluorescence spectra of (A) HCMV proteases Ala143GIn changes in fluorescence were not simply due to the direct
and double mutant Alal43GIn/Trp42Phe alone) (and in the interaction of inhibitor and fluorophore within a rigid binding
presence of 5 mM MI3 (---). (B) Same spectra shown after the = site on the enzyme. The report of a low-resolution X-ray
adjustment of scales. structure of an HCMV protease-iodinated tetrapeptidyl

L .. aldehyde complex (Chen et al., 1996) is in accord with our
similarity of the spectrum to those of the protease-containing oy, stryctural investigations (manuscript in preparation)
activated carbonyl inhibitors, becomes clearly evident. A \yhich clearly indicate that the aromatic side chain of Trp-
control experiment was also carried out employing a BIK 45 ig ot in close proximity to the region occupied by such
concentration of 5«M where, as one would anticipate, jnninitors and is separated from it by a mobile loop (Figure
essentially no change in the emission spectrum was .observe 0 and discussion below). In view of this and our present
(data not shown). It was at comparable concentrations that,eqits, we believe that the inhibition of HCMV protease by
the much more potent inhibitork 2, 4, and6 elicited the ' hetigy) carbonyl compounds involves a structural reorga-
full spectra_l changes. To further ve_rlfy th_e influence of the nization of an enzymeinhibitor complex. In addition, the
ketone moiety on the ﬂuorescence mtensny_ of th_e IorOte"’ls‘:"'ability of the inhibitor to form a covalent adduct with the
aseco_nq control experiment was performed in which acetone g .ive site serine is not requisite to inducing the conforma-
to a millimolar concentration, was added to a sample of the 44| change. This transition is most likely elicited by the

enzyme alone. As expected, a similar decrease in theggiaplishment of contacts between the peptidic portion of
emission intensity was observed; however, no shift in the the inhibitor and the protease binding sites.

maximum was apparent after adjustment of the scales. Changes in Circular Dichroism. Circular dichroism
The X-ray crystal structure of HCMV protease reveals that, spectropolarimetry is another commonly used tool for
of the three tryptophans present in the enzyme, only the examining changes in the secondary and tertiary structure
residue at position 42 is in any proximity to the active site, of proteins. In the latter case, structural changes may be
the other two being located on the opposite surface of the detected in the near-UV region where absorption due to
protein. Reasoning that it was this fluorophore whose aromatic amino acids occurs. When the CD spectrum of
immediate environment was most likely to be perturbed upon HCMV protease alone and in the presence of TFMKnd
binding of the inhibitors, a double mutant of HCMV protease pFEK 2 was compared, a significant difference was observed
Alal43GIn/Trp42Phe in which this tryptophan is replaced (Figure 7). Moreover, the two latter traces were coincident,
by a phenylalanine residue was studied. This enzyme wasjndicating that similar changes in the tertiary structure of
found to exhibit catalytic activity comparable to that of the the protease occurred upon binding of the inhibitors. The
single mutant and, in addition, to be inhibited by peptidic- experiment involving MK3 was precluded owing to the
activated carbonyl compounds in a similar fashion. compound’s own optical activity at the high concentration
Upon excitation of the double mutant alone at 280 nm required. The CD spectra of the HCMV protease single
under the standard conditions, an emission band centered ainutant (Alal43GIn) and the double mutant Alal43GIn/
348 nm was observed which, as one would anticipate, wasTrp42Phe, both in the absence of any inhibitor, were found
less intense than that observed for the single mutant. In theto be similar, suggesting that Trp-42 is conformationally
presence of a saturating concentration of the TFMKo mobile in the free enzyme, as supported by the X-ray data
shift in the emission maximum was observed although the (Tong et al., 1996). Studies involving TFMK and the
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HCMV protease double mutant were also carried out and
showed no major changes in the CD spectrum upon the
addition of the inhibitor (Figure 8). Spectral investigations
of the far-UV region were also performed and were hampered
by interference due to buffer components at wavelengths
below 210 nm. Little change was seen in the spectrum of
the single mutant enzyme between 210 and 250 nm upon
the addition of inhibitord and2 (data not shown), suggesting
that the conformational transition does not involve substantial
motion of the protein backbone.

The results of the CD investigations are fully consistent
with both the conformational change occurring upon binding
of the inhibitors and the structural transition occurring, at
least in part, in the vicinity of tryptophan-42. With this in
mind, one may make tentative assignments to the bands seen
in the difference spectra shown in Figure 7. The low-
magnitude positive ellipticity bands observed at 287 and 295
nm are most likely due to the optical rotation arising from
the L, resonances of the indole ring of tryptophan-42. The
spectra of the inhibited complexes indicate that the residue
becomes immobilized after the conformational change and
may come into contact with another region of the protein.
The observed blue shifts in the fluorescence spectra cor-
roborate a burying of the indole into a hydrophobic area of
the enzyme.

Kinetics. Any discussion of a conformational change
linked to serine protease inhibition by TFMKs or similar
molecules cannot exclude some consideration of the kinetics
of the process. Itis well documented that the action of such
compounds against these enzymes is very often characterized
by a slow onset of inhibition. This “slow-binding” phe-
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FiIcure 9: Progress curves for the inhibition of HCMV protease by (A) 100 TFMK 1 and (C) 25uM PFEK 2. Fluorescence intensity

was monitored at 415 nm (excitation at 312 nm) for solutions containipd/lenzyme and 4M fluorogenic substrate under buffer
conditions described in Materials and Methods. Time dependence of the change in fluorescence of HCMV protease in the presence of (B)
100uM TFMK 1 and (D) 25uM PFEK 2. Conditions used were identical to those of (A) and (B) except that substrate was not present.
Emission intensity was recorded at 320 nm using an excitation wavelength of 280 nm.
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nomenon is normally accounted for by the aforementioned
fact that, in aqueous solution, TFMKs exist almost exclu-
sively in their hydrated forms (Edwards & Bernstein, 1994,
and references cited therein). Since it is the ketone which
is the active species, an extremely low effective inhibitor
concentration could result in the observed kinetics. Onthe
other hand, a slow conformational change within an enzyme  {
inhibitor complex in which contacts with the peptidic portion
of the inhibitors play a key role has also been put forward
to explain slow binding (Stein et al., 1987a). A fundamental
question underlying this debate is whether serine proteases
are “lock and key” enzymes or whether an “induced-fit’
model best applies.

Figure 9A shows the effect of a large excess of TFMK
on the hydrolysis of a fluorogenic substrate by HCMV
protease, which exhibits the typical slow onset of full
inhibition. The effect of compound on the fluorescence
emission of the enzyme under identical conditions, but in o211
the absence of substrate, was also followed in time by Figure 10: X-ray crystallographic structure of HCMV protease
monitoring the increase in emission intensity at 320 nm (Tong et al., 1996) highlighting the principal fluorescence reporter

(Figure 9B). The identity of the curves is striking and Tf?]—42 ()blue)d {lrJ]nctiotns of_tthe Ict>o||§;ff 4t53da?d 1kC;>4rBl55 Ejg{eten

. : ; : spheres), and the active site catalytic triad (pink). Bound tetrapep-
pI’O\;IdeS ftellmg d(?V'dSnCF kthgtt thtﬁ C.h?]ngs In_protease tidyl inhibitors are expected to occupy a region spanning Ser-132
coniormation Is directly linked to the InnibItion process. g | ys-156. Indeed, a low-resolution X-ray structure of a bound
Apparent first-order rate constants of 48103 and 4.5x tetrapeptidyl inhibitor iodinated at P4 (Chen et al., 1996) presents
102 s7%, respectively, were calculated for the rates of onset the halogen atom in close proximity to Lys-156 (orange). Tryp-
of inhibition and change in emission. The analogous tophans-179 and -199 are situated on the opposite side of the
experiment was performed using the PFEKFigure 9c,d),  Proein

which also showed very good correlation between the two
effects. In this case, the onset of inhibition was more rapid that the differing observed rates for the fluorescence changes

with kops values of 7.7x 102 s! measured for both are a reflection of differing rates of the conformational
processes. The changes in emission spectra could also b&éhange for each of the respective compounds. Furthermore,
monitored by the decrease in intensity at 360 nm, which gave the rates of the transition for all the inhibitors are, most likely,
comparable values dé,ps The inhibitor-induced changes Very rapid as in the case of the methyl ketdhand the

in near-UV CD spectra for compoundigind?2 also exhibited ketoamide4. The observation of the structural change
similar time dependencies (data not shown). Finally, the induced by MK 3 is of central importance in that it
effect of the MK3 was studied using a concentration as high demonstrates that formation of a covalertlEadduct is not

as solubility would permit. As expected for a rapid and @ prerequisite for the conformational transition to occur and
reversible, competitive inhibitor, the onset of its effect on effectively rules out “conformational tightening” of a tetra-
substrate hydrolysis was too rapid to be measured, as wadedral adduct.

the rate of change in protein fluorescence. As far as the origin of the slow-binding kinetics observed
for the activated ketonesand?2, our presumption that the
CONCLUSIONS conformational change elicited by them is a very rapid

process conflicts with the proposition that a rate-determining

In the present study, we provide spectroscopic evidencestryctural change is responsible for the slow onset of
that HCMV protease undergoes a conformational changeinnibition (as put forward for elastase; Stein et al., 1987a).
upon inhibition by peptidyl ketones and that this structural |t js acknowledged, in the cases of chymotrypsin and elastase,
alteration is not associated with the ability of the inhibitor that attack of the active site serine on the activated carbonyl
to form a covalent adduct with the active site serine. This of a bound inhibitor is an extreme|y rapid Step (Brady &
latter point is based on studies involving the labeled inhibitor apeles, 1990), as is the association of free ketone and
[**C]-3, which is not attacked by the active site serine after enzyme. Assuming that these facts hold equally true for the
complexation by the enzyme as evidenced '8 NMR present enzyme, our results strongly point to an extremely
experiments. In the cases of TFMKand PFEK2, the low effective inhibitor concentration due to ketone hydration
kinetics of the structural change as monitored by fluorescencebeing the factor which limits thi,, of the inhibition process
emission (as well as CD) are of particular interest in that gng being the origin of the slow-binding phenomenon. The
they correlate very well with the slow-binding associated fact thata-ketoamide4 and MK 3 which are nonhydrated
with this class of inhibitors. In view of this CorrEIation, one in solution both exhibit fast b|nd|ng is also consistent with
might be tempted to conclude that the slow binding this conclusion.
phenomenon is a consequence of a rate-determining con- e therefore propose that the lower pathway outlined in
formational change. It must be considered, however, that Figure 1 best represents the inhibition of HCMV protease
the observed kinetics may just as well be a reflection of a by peptidyl-activated carbonyl compounds. After rate-
slow step preceding a rapid conformational transition which |imiting inhibitor binding for which the free ketone concen-
occurs during or after binding of the ketonic inhibitor. tration is the limiting term (in the cases of hydrated TFMKs

Considering the very close structural similarity shared by and PFEKSs), the complexed ligand induces a rapid confor-
the present series of inhibitots-4, we find it highly unlikely mational change mediated by contacts between the peptidic
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portion of the inhibitor and binding sites on the proteas¢ (E Brady, K., Wei, A, Ringe, D., & Abeles, R. H. (199Bjochemistry

to E*-1). This change may be required to properly position 29 7600.

the active site residues for facile attack of the carbonyl Britt, W. J., & Alford, C. A. (1995) inVirology 2 (Fields, B. N.,
leading to the formation of a stabilized tetrahedral adduct. _ E9-) PP 2493-2525 Lippincott-Raven, Philadelphia, PA.

A similar proposal that substrate binding is required to Casiens, S., King, J. (197#nnu. Re. Biochem. 44555.

engage the catalytic triad of HLE has been put forward (Stein Ch\?”' dP" TSLIJQS’ 'l:' l\AA'maSSY’kR-SJAGrF'f.)Sl'(‘OV’CC-N'I--' ﬁamh' DS-’
etal., 1987b,c) bu'F differs from our pr_oposed mechanism in Afn&?{gg?(‘:_b_ '(’199%)9]82"?8'6 835, inko, C., Matthews, D.
that vye_d_o not believe the conformational change to be the Darke, P. L., Cole, J. .. Waxman, L.. Hall, D. L., Sardana, M. K.,
rate-limiting step. o Kuo, L. C. (1996)J. Biol. Chem. 2717445,

We again underline the fact that the TEMKwhichisa  Eqwards, P. D., & Bernstein, P. R. (199d. Res. Re 14, 148.
pentapeptide deryvatwe of the natural M—sng product of the gqwards, P. D.. Meyer, E. F., Vijayalakshmi, J., Tuthill, P. A.,
enzyme, also elicits the same conformational change as Andsik, D. A., Gomes, B., & Strimpler, A. (1992) Am. Chem.
observed by emission spectral changes. This leads us to Soc. 1141854.
believe that binding of natural substrates by HCMV protease Fields, B. N. et al (Eds) (1990)irology, Vol. 2, Chapters 6473
also results in the structural change and that the enzyme’s (Raven, New York).
functioning be best described in terms of an induced-fit rather Fink, A. L., & Wildi, E. (1974) J. Biol. Chem. 2496087.
than a lock and key model. It must, however, be emphasizedGao, M., Matusick-Kumar, L., Hurlburt, W., DiTusa, S. F.,
that the distinct nature of the present enzyme be taken into Newcomb, W. W. Brown, J. C., McCann, P. J., lil, Deckman,
consideration in extrapolating any conclusions to the work- .I" & Colonno, R. J. (1994). Virol. 68 3702.
ings of serine proteases in general. It is of obvious interestG'bson' W., Welch, A. R., & Hall, M. R. T. (1993)erspect. Drug

: . . . Discavery Des. 2413.
that the methods outlined in this work be applied to members Hall, D. L., & Darke, P. L. (1995). Biol. Chem. 27022697.

of classical serine proteas_e famllle§ such as chymotrypsllnHiguchi‘ R., Krummel, B., & Saiki, R. K. (1988)ucleic Acids
and elastase, and these investigations are presently being Res. 167351,

carried out. _ _Ho, S. N,, Hunt, H. D., Horton, R. M., Pullen, J. K., & Pease, L.
While the present observations are largely phenomenologi- R. (1989)Gene 7751

cal, the identification of the fluorescent reporter residue and |mperiali, B., & Abeles, R. H. (1986Biochemistry 252760.

the recent elucidation of the crystallographic structure of Ljang, T.-C., & Abeles, R. H. (1987Biochemistry 267603.

HCMV protease allow us to make some speculation as to pmargosiak, S. A., Vanderpool, D. L., Sisson, W., Pinko, C., & Kan,

the nature of the conformational change (Figure 10). Tryp- C.-C. (1996)Biochemistry 355300.

tophan-42 is situated at the end of hedbA (Tong et al., Matusick-Kumar, L., McCann, P. J., Ill, Robertson, B. J., Newcomb,

1996) adjacent to a missing surface loop{&3) and lies W. W., Brown, J. C., & Gao, M. (1995). Virol. 69, 7113.

near a second loop (134.55), both whose electron densities Mocarski, E. S., Jr. (1995) iXfirology (Fields, B. N., Ed.) Vol. 2,

cannot be clearly interpreted in any of the published X-ray PP 24472492, Lippincott-Raven, Philadelphia, PA.

structures. This latter loop is positioned between Trp-42 and Pinko, C., Margosiak, S. A., Vanderpool, D., Gutowski, J. C.,

the active site region and likely plays a role in substrate or _ €ondon. B., & Kan, C.-C. (1995). Biol. Chem. 27023634.

peptidyl inhibitor binding. As has been suggested (Tong et Preston. V. G., Coates, J. A. V., & Rixon, F. J. (1983y/irol. 45

e - 1056.
al., 1996; Qiu et al., 1996), we speculate that movement in Qiu, X., Culp, J. S., DiLella, A. G., Hellmig, B., Hoog, S. S., Janson,

the region of these loops upon binding of inhibitor or C. A., Smith, W. W., & Abdel-Meguid, S. S. (1996)ature 383
substrate contributes, in large part, to the observed changes 275" ' ’ '

in emission and CD spectra. Shieh, H.-S., Kurumball, R. G., Stevens, A. M., Stegeman, R. A.,
Sturman, E. J., Pak, J. Y., Wittwer, A. J., Palmier, M. O.,
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