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ABSTRACT. Herpesviruses encode a serine protease that is essential for the maturation of infectious virions.
This protease has a unique polypeptide backbone fold and contains a novel Ser-His-His catalytic triad. It
exists in a monomerdimer equilibrium in solution, but only the dimer form of the enzyme is catalytically
active. The stability of this dimer is affected by the presence of anti-chaotropic agents. Most of the reported
Kq values for this dimer (between 0.6 angfgl) are inconsistent with the fact that the protease is routinely
assayed at 2650 nM concentrations, as only monomeric species would be expected witiKguealues.

We have characterized the monomedimer equilibrium of HCMV protease using a new method, which
observes the exchange between dimers of the wild-type enzyme and the active-site Ser132Ala mutant in
a titration experiment. Th&y of the dimer was determined to beu®/1 and 31 nM in the absence or
presence of anti-chaotropic agents (10% glycerol and 0.5 p3®g, respectively. Detailed kinetic analysis

also showed that, in addition to the 260-fold stabilization of the dimer, the anti-chaotropic agents produced
a 7-fold enhancement in the catalytic activity of the dimer.

Herpesviruses are large, double-stranded DNA viruses thatthe active species and the monomer having little or no
infect most species throughout the animal kingdahh ( activity (3, 18—23). A dimer of the protease is observed in
Human herpesviruses include herpes simplex virus type 1all the crystal structures, yet there appears to be a complete
(HSV-1), HSV-2, varicella-zoster virus (VZV), cytomega- active site in each monomer of the dimer (Figure 1A). The
lovirus (HCMV), Epstein-Barr virus (EBV), and Kaposi’'s ~ formation of the dimer is mediated by the packing of helix
sarcoma-associated herpesvirus (KSHV, also known asaF in one monomer against helice§, aB, andaC in the
HHV8). They are major pathogens in humans and can causeother monomer (Figure 1B). Structural, biophysical, and
a variety of serious disorders, such as sexually transmittedbiochemical studies of HCMV protease carrying mutations
diseases (HSV-1 and HSV-2 infections), chickenpox and in the dimer interface suggest that the formation of the proper
shingles (VZV), pneumonia and retinitis in immunosup- dimer may be required to stabilize the oxyanion hole of the
pressed and immunocompromised patients (HCMV). enzyme 24). Biophysical and mutagenesis studies of KSHV

The genomes of all herpesviruses encode a serine proteas@rotease indicate a conformational change in the enzyme
and the catalytic activity of this protease is essential for the monomers upon the formation of the dimeg).

production of infectious virions2 3). The amino acid The activity of herpesvirus proteases can be enhanced by
sequences of the herpesvirus proteases share no detectabh?p to 800-fold in the presence of anti-chaotropic salts such

homology to other proteins in the sequence database. Crystal g ¢ fates phosphates, and citra®s20, 25, 26). It is

structures of the proteases reveal that they belong t0 a newyenergaly believed that the activating effects of these agents

class of serine proteases, with a unique polypeptide backbongye que 'to their stabilization of the dimeric species of the

fold and a novel Ser—H_is-His (_:atalytic t'riad (Figure 14 protease. This is partly supported by the reduction ofthe
13). Structural and biophysical studies demonstrate that, 5 es of the dimer in the presence of these salt&qAf

herpesvirus proteases are induced-fit enzymes, _ur_wderg_om%bout 60uM is observed based on analytical ultracentrifu-
a large conformational change upon substrate/inhibitor bind- gation experiments for HCMV protease in a buffer containing
ing (14-17). , no salt, whereas thi is lowered to about 6:M in the

Solution studies of herpesvirus proteases showed that theypresence of 0.5 M NSO, and 10% glycerolZ4, 27). From
exist in a monomerdimer equilibrium, with the dimer being kinetic experiments, th&q for HCMV protease dimer was
determined to be 6 and 0/M in the presence of 10 and
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Ficure 1: Structure of HCMV protease dimer. (A) Schematic drawing of the dimer of HCMV protease. The Ser-His-His catalytic triad,
and residues Ser225 and Tyr230 in the dimer interface are shown as stick models. Produced with BBbBisT(he dimer interface of

HCMV protease. The molecular surface of residues in the dimer interface is colored in yellow and cyan for hydrophobic and hydrophilic
residues, respectively. The Ser225 and Tyr230 residues are colored in blue. Produced witt8&rasp (

Kinetic assays for HCMV protease are routinely performed tapje 1: Summary of Kinetic Parameters
with the enzyme at 2650 nM concentrations in the presence K K KK
of anti-chaotropic agents (0.5 M &0, and 10% glycerol). enzyme buffer (Sfaf) @M)  (sIMY
Only monomeric species of the enzyme are expected at such
low concentrations, as most of th& values reported for

wild-type® high-salt 0.16 19.6 8,200
wild-type® high-salt 0.10 11.8 8,500

the dimer of this protease are between 0.6 anduBO wild-type + high-salt 0.39  18.8 21,000
Therefore, it is not clear how the protease can remain active ~ 10uM S132A mutart
at such a concentration. It was generally believed that the Wild-type + high-salt  0.39  26.2 15,000

. . . . 67 uM S132A mutartt
protease dimers dissociated slowly in the assay buffer (from wild-type + low-salt 0.16 55.6 2,900

minutes to several hours depending on the buffer condition 67 ,m S132A mutart

and tgmperatureB( 18), such that dyrmg .the qourse of the 2 The wild-type enzyme was at 50 nM concentration, and the AMC

reaction most of the enzyme remained dimeric even though gypstrate was used for all the assays, af@4® Immediately after

the concentration was significantly below tKg. dilution to the indicated buffe€ After overnight incubation in the
To obtain a better understanding of the monordimer indicated buffer.

equilibrium of HCMV protease, we have characterized in

more detail the catalytic activity of wild-type and mutants - confirmed by sequencing. All the mutants were expressed
of this enzyme in the “low-salt” buffer (100 MM MOPS (pH  and purified using the same protocol as described for the
7.5), 2mM EDTA, 10 mM DTT, and 50 mM NaCl) and the  A143Q sample.
“high-salt” buffer (low-salt buffer supplemented with 0.5M  kinetic MeasurementsFor the dilution and the titration
N&SQ; and 10% glycerol). We show that the wild-type experiments, the initial velocity for the various protease
protease at 50 nM concentration in the high-salt buffer can samples was measured atZby monitoring the hydrolysis
maintain activity for several hours, suggesting that the slow of ap internally quenched fluorogenic peptide substraté-4-(4
dissociation model is unlikely to be correct. Most impor-  gimethylaminophenylazo)benzoyl-Arg-Gly-Val-Val-Asn-
tantly, by observing the exchange of monomers between theaa|Ser-Ser-Arg-Leu-Ala((2aminoethyl)amino-naphthalene-
wild-type and the S132A mutant dimers, we are able t0 1)gyfonic acid substrate (Bachendk,(= 355 nm andiem
determine theKq of the dimer in these solutions. The = 495 nm) @9). The activity of the protease was assayed in
dissociation constant in the high-salt buffer is 31 nM, which 4 |ow.-salt buffer (100 mM MOPS (pH 7.5), 2 mM EDTA,
can easily explain the observation of catalytic activity of the 19 mm DTT, and 50 mM NaCl) and/or a high-salt buffer
protease at 2650 nM concentrations. Moreover, our experi- (jow-salt buffer supplemented with 0.5 M b0, and 10%
ments show that the dimers of the protease dissociate intog|ycerol). The fluorescence signal was monitored using a
monomers very quickly in the high-salt buffer, in contrast ppoton Technologies Inc. spectrofluorimeter.
to expectations from the slow dissociation model. The keat and Ky values for the wild-type and the wild-
type/S132A heterodimer in the low-salt and high-salt buffers
MATERIALS AND METHODS were obtained at 24C using classical MichaelsMenten
Preparation of the Enzyme$he protease samples used Kkinetics, and extracted using nonlinear least-squares fitting
in these studies all contain the Ala143GIn(A143Q) mutation, (program Origin, Microcal Software, Inc.) (Table 1). A
which eliminates the autoproteolysis at this positi@8)( different substrate was used for these studies, Ac-Cys-Thg-
This mutant maintains the catalytic efficiency of the native Thg-Asn(Me)-Ala-i-7-amino-4-methylcoumarini = 360
enzyme, and will therefore be referred to as the wild-type nm, andlem = 440 nm) (Quantum Biotechnology). This
here. The wild-type protease was expresseBsnherichia AMC substrate is similar to one reported earlier and exhibits
coli strain BL21 (DE3) pLysS, and purified following the excellent kinetic properties for HCMV proteasg0]. The
protocol described earlied(15). Site-directed mutagenesis major advantage of this substrate is that it is not subject to
was performed using the QuikChange kit (Stratagene), andthe “inner-filter” effect, so higher concentrations of the
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substrate can be used in the assays. This allowed the  o.00030 -
characterization of the enzyme in the low-salt buffer, which
has an elevatel, value (Table 1). The kinetic parameters 0.00025
for the S225Y/Y230A mutant were obtained also with the |
AMC substrate. However, as the activity of this mutant is 0.00020 —a ~ . .
very low, the kinetic parameters were determined using the ’
modified protocol that we described previoush?(24).
Dilution Experiments The wild-type enzyme at a fixed
concentration, 0.6 or 6&M in the low-salt buffer, was
diluted to a final concentration of 50 nM in the low-salt 0.00010 -
buffer, and the initial velocity of the enzyme in the presence ]
of 2 uM internally quenched fluorogenic substrate was 0.00005 -
measured immediately after.
Titration ExperimentsThe wild-type enzyme at a fixed £.00000
concentration, 50 nM in the low-salt buffer or 5 nM in the ’ o S0 100 150 200 250 300 350 400
high-salt buffer, was incubated for 24 h with increasing
concentrations of the S132A mutant. The initial velocity of Foure 2- Time dependence of HCMV brotease activity. The
the incubation m|xtu.res for the hydrolysis of t.he internally catalytic activity of go nM HCMV proteas% after incubattign for
quenched fluorogenic substrate was determined at@4  \arious times in the high-salt buffer is shown. There is only a
The experimental data were then fit to a theoretical model negligible decrease in activity even afeh incubation at 30C.
to determine they of the dimer, and this is described in
more detail in Results. the presence of 20% glycerol at 3G (18). A comparison
Time Dependence of Protease Aityi. The wild-type with our results would suggest that 0, may play a more
enzyme at 50 nM concentration in the high-salt buffer was effective role in maintaining the protease in the dimer form,
incubated for varied lengths of time at 30. Reactions were  and this is confirmed by our dilution experiments (see next).
initiated with the addition of the substrate. The initial velocity In contrast to the results from the high-salt buffer, when
for the protease samples was measured by monitoring thewild-type HCMV protease at 50 nM concentration was
hydrolysis of the internally quenched fluorogenic peptide incubated in the low-salt buffer at 3C, the enzyme quickly
substrate 4-(4dimethylaminophenylazo)benzoyl-Arg-Gly-  |ost its activity (data not shown). This demonstrates that the
Val-Val-Asn-AlalSer-Ser-Arg-Leu-Ala((2aminoethyl)amino-  dimer of the protease is not stable in the low-salt buffer,
naphthalene-1)sulfonic acid substrate (Bachetg)£ 355 and is consistent with the reported highof the dimer (16-

0.00015 4

uM sec™

Time (min)

nm andAem = 495 nm) @9). 60 uM) in this condition. It could also be possible that the
conformation of the enzyme is not stable in the low-salt
RESULTS AND DISCUSSION buffer, especially in the monomeric form, and the protease
The Wild-Type Enzyme Maintains Ady in the High- may have become partially unfolded |n thl_S condition a§ well.
Salt Buffer at 50 nM Concentratiofio characterize the time- 0.5 M NaSQ, Enhances the Stabilization of the Dimer.

dependence of the activity of wild-type HCMV protease, we We next performed dilution experiments to study the time
incubated the enzyme at 50 nM concentration for various course of the dissociation of the HCMV protease dimers.
lengths of time in the high-salt buffer at 3€, and then To characterize the effects of various anti-chaotropic agents
determined the initial velocity of the enzyme for the on this process, we used four different solutions: the low-
hydrolysis of the internally quenched fluorogenic substrate salt buffer, and the low-salt buffer supplemented with 10%
in the same buffer29). The results showed that there was glycerol, or 0.5 M NaSQ,, or 0.5 M NaSGO, and 10%
only an insignificant decrease in the catalytic activity of the glycerol (high-salt buffer). The protease stock solution is
enzyme, even after incubationrf& h (Figure 2). This diluted into the different solutions, and the progress of the
demonstrates that wild-type HCMV protease remains dimeric reaction is monitored immediately after the dilution, via the
in the high-salt buffer for a significant period of time, which ~ increase in fluorescence due to the cleavage of the fluoro-
explains why the enzyme can be assayed at this concentragenic substrate20).
tion. However, if theKq of the dimer under this condition is In one experiment, a stock solution of HCMV protease at
really 0.6-6 uM, as reported earlier, it raises a question as 0.6 uM concentration in the low-salt buffer was diluted into
to how the protease can maintain the dimeric association atthe different solutions to a final concentration of 50 nM
a concentration significantly below th&,. It was generally (Figure 3A). When the dilution was into the low-salt buffer,
believed that the dimer dissociation rate is very slow (from little catalytic activity was observed, consistent with the fact
minutes to hours)18), allowing the activity of protease to  that the stock solution contained mostly monomers of the
be measured even when the concentration is significantlyenzyme as its concentration was significantly below the
below the Ky. However, our experiment showed little expectedKy. Interestingly, the inclusion of 10% glycerol
decrease in protease activity even afieh of incubation. produced only a small increase in activity (Figure 3A),
Earlier studies showed that the dimer may remain stable only suggesting that glycerol at 10% concentration may not
for several minutes at 20C (3, 18). Our results therefore  promote the formation of dimers. In contrast, in the presence
suggest that the slow dissociation model is unlikely to be of 0.5 M Na&SQ;, or both 10% glycerol and 0.5 M N8O,
correct. (the high-salt buffer), the enzyme displayed robust catalytic
In a previous report, dimers of HCMV protease at 50 nM activity, with little delay after the dilution. Moreover, the
concentration were observed to dissociate within 40 min in reaction appeared to accelerate during the incubation time
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Ao.m- Any changes occurring during this time period are not
recorded in our experiments.

Titration ExperimentsTo further study the monomer
dimer equilibrium of the protease in solution, we next
performed titration experiments, which characterized the
monomer exchange between the wild-type protease and the
protease carrying the S132A mutation. The S132A mutant
is catalytically inactive as the active site nucleophile Ser132
has been disabled.

The basic consideration of the titration experiment is as

0.12 High salt

0.10

g

Product (uM)
8

2

002 4

+10% Glycerol follows. The wild-type HCMV protease, at a fixed concen-
Low Salt . .. . . . . .
0.00 e : ————— tration, is incubated overnight with increasing concentrations
O 10 0 0 400 S0 G0 T SO0 of the S132A mutant, in the low-salt or the high-salt buffer.
Time (sec) The overnight incubation is to ensure that the system can

reach equilibrium. In such an incubation mixture, the

° following equilibria can take place:

o~

0.24 4 High salt

020 +0.5M Na SO, W+ W =W,
S ot M+M=M,
]
§ 8421 M+ W =MW
a

0.08 4 +10% Glycerol

where W represents the wild-type monomer, and M is the

S132A mutant monomer. As the mutation is in the active

site, far from the dimer interface (Figure 1A), it is likely

D o e w0 o se om0 w0 that theKq of the three equilibria above should be essentially
Time (sec) the same, since the interface of the MW heterodimer should

Ficure 3: Dilution experiments with HCMV protease at 2€. be essentially the same as that of the(d& Mp) homodimer.

(A) HCMV protease in a stock solution at 0:8M in a low-salt As the dimer interface is unlikely to be disrupted in the
buffer is diluted into the four different solutions, and the activity MW heterodimer, we expect that this heterodimer should

of the protease in the hydrolysis of the internally quenched be catalytically active, with a reaction rate one-half of that
fluorogenic substrate is monitore@9). (B) HCMV protease ina  of the W, homodimer. If the concentration of the wild-type
St'f(-)ka solutlfn'at 6aM |nﬁlow-sa!t buffer is diluted into the four protease is significantly below thig of the dimer, the
different solutions, and the reaction progress curves recorded. enzyme will primarily exist as monomers and should

(Figure 3A)’ Suggesting that additional dimers m|ght be therefore have little catalytic activity by itself. The introduc-
forming during this time period. Therefore, 0.5 M 6, tion of an increasing amount of the S132A mutant will drive
appears to promote the formation of dimers from monomeric the wild-type monomers (W) into the MW heterodimer form.
species. This should produce an increase in the activity of the mixture,

In a different experiment, the stock solution of HCMV  even though the total concentration of the wild-type protease
protease was at a higher concentration of:80in the low- remains constant.
salt buffer (Figure 3B). Our kinetic measurements suggest TheKq of the dimer can be determined from this titration
that theKq of the dimer is about &M under this condition ~ curve. The initial velocity ¢) of the reaction is given by
(see next), so most of the enzyme was expected to be dimeric
in this stock solution. When this solution was diluted into v =k(MW] + 2[W,])
the low-salt buffer, rapid inactivation of the protease was
observed, with the enzyme essentially becoming inactive afterwhere k is a constant that depends on the substrate
1 min (Figure 3B). When the solution contained 10% concentration, and thkm, andke.: of the active site. Given
glycerol, the enzyme was able to stay active for a longer & Kq for the dimer and the total concentrations of the wild-
period of time, suggesting that 10% glycerol may be able to type and S132A mutant enzymes, the concentration of all
stabilize preformed dimers, even though our observationsthe species in solution can be calculated by numerical
with the 0.6uM enzyme suggest glycerol does not promote Methods. The actuaKq of the dimer is the value that
the formation of new dimers (see above). As can be expected produces the smallest difference between the observed and
the protease maintained vigorous activity in the presence ofcalculated initial velocities:
0.5 M NaSQ, (with or without glycerol).

The dilution experiments demonstrate that the dissociation z (° — 92
of the dimers of HCMV protease is a facile process in the
low-salt buffer, even in the presence of 10% glycerol. On  Our experimental observations also rule out the possibility
the other hand, in the high-salt buffer, monomers of the that the MW heterodimer is inactive and that the protease
protease can quickly associate into dimers (Figure 3A), requires two functional active sites in the dimer. Published
whereas dimers remain stable (Figure 3B). It should also bedata suggest that HCMV protease does not have cooperative
noted that the first time point that is observed from these behavior, as it displays hyperbolic kinetics with respect to
experiments is generally about 10 s after the dilution itself. enzyme or substrate concentratid,(19, 23). As such, it

0.04
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FiGure 4: Titration experiments with wild-type HCMV protease
and the S132A mutant at 2€. (A) Wild-type HCMV protease at

50 nM concentration in the low-salt buffer is incubated overnight
with increasing concentrations of the S132A mutant. The observed
initial velocities (diamonds) are fitted with the model as described
in text (curve) to determine thKy of the dimer. (B) Wild-type
HCMYV protease at 5 nM concentration in the high-salt buffer is
incubated overnight with increasing concentrations of the S132A
mutant. TheKy of the dimer can be determined from these data.
(C) Wild-type HCMV protease at 50 nM concentration is incubated
with higher concentrations of the S132A mutant in the high-salt
buffer. A decrease in the activity of the protease is observed,
possibly due to the competition of the mutant for binding to the
substrate.

is unlikely that there is communication between the two
active sites in the dimer.

Kg of the Dimer is 8uM in the Low-Salt BufferOur
titration experiment in the low-salt buffer showed that,
although the wild-type enzyme had little activity by itself at
50 nM concentration, the introduction of the S132A mutant
greatly increased the apparent catalytic activity of the mixture
(Figure 4A). The overall activity approaches saturation at
high concentrations of the S132A mutant, suggesting that
most of the wild-type molecules are engaged in the MW

Khayat et al.

Table 2: Summary of Dimer Dissociation Constants

enzyme buffer Kg (uM)
wild-type high-salt 0.031
wild-type low-salt 8
S225Y/Y230A homodimer low-salt 28
S225Y/Y230A:S132A heterodimer low-salt 5

heterocomplex. It also indicates that the S132A mutant has
very weak affinity for the substrate in this buffer, as otherwise
high concentrations of the S132A mutant should cause a
decrease in the initial velocity due to its competition for the
substrate (at ZM concentration) in the system.

The Ky for the dimer as determined based on the
experimental data is 8M (Table 2). The theoretical model
has excellent fit to the experimental observations (Figure 4A),
confirming that our analysis is generally a good reflection
of the actual equilibria in solution. Thisq value is consistent
with our observations from the dilution experiments. A
protease solution at 0,6M concentration contains mostly
monomers, whereas a solution at 80 contains mostly
dimers in the low-salt buffer (Figure 3). This value is also
in general agreement with other reported values from kinetic
observations, although it is about 10-fold lower than the
values observed from analytical ultracentrifugation.

Kgq of the Dimer is 31 nM in the High-Salt Buffdfor the
titration experiment in the high-salt buffer, the concentration
of the wild-type enzyme was lowered to 5 nM. The apparent
catalytic activity of the mixture rose quickly with the
introduction of the S132A mutant, approaching saturation
at 10 uM concentration of the mutant (Figure 4B). The
observation of catalytic activity after overnight incubation
of the wild-type protease alone at 5 nM concentration (Figure
4B) suggests that the protease is mostly stable in this
condition, despite the low concentration. Another evidence
for this stability is the fact that full enzyme activity can be
restored by the addition of 100M S132A mutant after
overnight incubation. It might be possible that the S132A
mutant prevents the wild-type protease from nonspecifically
adsorbing to the sample tube, although this is unlikely.
Bovine serum albumin can be used instead of the S132A
mutant to distinguish this possibility.

On the basis of these observations, Keof the dimer
was determined to be 31 nM (Table 2), and the theoretical
model produced an excellent fit to the experimental data
(Figure 4B). ThisKy value clearly explains the observation
that the protease can maintain activity at 50 nM concentration
in the high-salt buffer (Figure 2). Oufq value is in good
agreement with that of 2 nM in the presence of 25% glycerol,
obtained by kinetic measurements on HCMV protease at
different concentrationsl). It was also observed in that
study that theKy is even lower in the presence of 50%
glycerol. Therefore, th&q of the dimer appears to be very
sensitive to the compositions of the solutions.

The activity of the mixture was inhibited by high
concentrations (5@M) of the S132A mutant (Figure 4C).
We believe this is because high concentrations of the mutant
can compete for binding the peptide substrate in the high-
salt buffer, consistent with the low&k, for the substrate in
the high-salt buffer (Table 1, see below). A conformational
change in the protease has been observed in the high-salt
buffer, and this change may enhance the affinity between
the protease and the substrate.
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The K4 value in the high-salt buffer as determined from
our titration experiments is significantly below those reported
from other kinetic studies3], as well as a value of GM
from analytical ultracentrifugatiord, 27). Several possible
reasons can be given to explain this difference. One is that

the system has not reached equilibrium in our assay solutions.

This is however unlikely, as we have incubated the mixture
for 24 h before determining the kinetic activity of the
mixture. Another possibility is that the substrate may be able
to induce dimerization of the protease, whereas the ultra-
centrifugation experiments reported earlier were carried out
in the absence of substrate.
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To address the issue of substrate-induced dimerization, weFicure 5: Titration experiments with dimer interface mutant and

performed analytical ultracentrifugation (AUC) experiments
with the protease in the presence of the internally quenched
substrate or the peptidomimetic inhibitor withsff less
than 50 nM (7, 31). On the basis of preliminary AUC

the S132A mutant at 24C. The S225Y/Y230A mutant of HCMV
protease at 5@M concentration in the low-salt buffer is incubated
overnight with increasing concentrations of the S132A mutant. The
observed initial velocities (diamonds) are fitted with the model as
described in text (curve) to determine tkgof the dimers and the

experiments, there was no evidence that the presence of theelative activity of the S225Y/Y230A monomer in the homo- and

inhibitor could significantly enhance dimer formation. The

heterodimers.

experiments in the presence of the substrate were more
complicated due to the rapid digestion of the substrate by obtained from fitting to the experimental data are 28 and 5
the enzyme, and meaningful data could not be extracted fromuM for the S225Y/Y230A homodimer and the S225Y/
the observed data. Overall, our studies show that substrateY230A:S132A heterodimer, respectively (Table 2). The
induced dimerization is likely to have only a minor impact kinetic data suggest that dimers of the S225Y/Y230A double
on the monometdimer equilibrium of HCMV protease. ~ mutant are only slightly less stable than the wild-type dimers,
Additional studies are needed to reconcile the differences in consistent with our earlier studiez4). The kinetic data also
the observedKy values from the kinetic and the AUC show that the catalytic activity of the S225Y/Y230A
experiments. monomer in the heterodimer with S132A is about 7-fold
Titration Experiment with Dimer Interface MutariVe more active ¢ = 6.5) than that in the homodimer, possibly
next extended our titration experiment to that of the S225Y/ because the interface in the heterodimer has more wild-type
Y230A dimer interface mutant. Similar to our observations characters than the homodimer.
earlier with the S225Y mutant2§), the S225Y/Y230A The High-Salt Buffer also Enhances the Catalytic Abti
mutant also has extremely low catalytic activity, but it of the DimerUsing the AMC substrate, we have determined
maintains dimeric association in solution, based on gel- the kinetic parameters of the wild-type enzyme under several
filtration experiments (data not shown). For the titration different conditions at 24C (Table 1). After overnight
experiment, we incubated this double mutant with increasing incubation in the high-salt buffer, the enzyme essentially
concentrations of the S132A mutant in the low-salt buffer. maintained its overall activity, consistent with observations

As the double mutant has very low catalytic activity, it was
necessary to use a much higher concentration qiMo
obtain a reasonable signal from the kinetic experiments.
To analyze the data from this titration experiment, the three
equilibria described above for the S132A/wild-type titration
should still apply to this system. However, tkg values of
the three equilibria are expected to be different. In addition,
the activity of the S225Y/Y230A monomer in the homodimer
is expected to be different from that in the S225Y/Y230A:
S132A heterodimer because of differences in their interfaces,
such that the initial velocity is given by

v = k(sMW] + 2[W,])

where W represents the S225Y/Y230A monomer, M is the
S132A monomer, and is the activity ratio. In the fitting,

the threeKy values ands can be varied systematically to
find the best match to the experimental data. To reduce the
number of parameters, tlikg for the S132A dimer was fixed

at 8 uM, as observed from the wild-type/S132A titration
experiments.

Without the addition of the S132A mutant, the S225Y/
Y230A mutant is essentially inactive even at %0/
concentration (Figure 5). However, a greater than 10-fold
enhancement of the activity is observed when 240 of
the S132A mutant is introduced (Figure 5). TKevalues

in Figure 2. The inclusion of 1M S132A mutant caused

a 3-fold increase in thk.,; while having little effect on the

Km (Table 1). This is due to the engagement of all the
monomers of the wild-type enzyme in either homodimers
or heterodimers, whereas the wild-type enzyme alone at 50
nM concentration will contain appreciable amount of mono-
meric speciesy = 31 nM). Thek.y of 0.39 is likely the
true activity of wild-type dimers in the high-salt buffer.

At higher concentration of the S132A mutant, the activity
of the mixture is reduced (Figure 4C). This is reflected by a
1.4-fold increase in the appareit, which is remarkably
consistent with the reduction in the overall activity of the
enzyme from the titration experiment (Figure 4C). This
increase in theKy, is due in part to the competition for
substrate binding by the S132A mutant in this buffer.

By using the titration experiment, we were able to
determine for the first time the kinetic parameters of HCMV
protease in the low-salt buffer, in the presence ofu®¥
S132A mutant. In this buffer, the protease has a higher
and also a lowek., than in the high-salt buffer, such that
the overall activity of the protease is reduced by about 7-fold
(Table 1), similar to earlier observatiorikdf. There is a large
conformational change in the protease in the high-salt buffer
(15, 25, 26). Our kinetic data suggest that this conformational
change both facilitates the binding of the substrate and
enhances the efficiency of the catalytic machinery. Structural
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studies confirm the induced-fit behavior near the active site
of the enzyme 14, 16).

In summary, our dilution and titration experiments show
that the dimers of HCMV protease are stabilized in the high-
salt buffer. Thekq for the dimer decreases by 260-fold, from
8 uM to 31 nM, going from the low-salt to the high-salt
buffer. This is consistent with the structural information
showing that most of the dimer interface is hydrophobic in
nature (Figure 1B). In addition to stabilizing the dimer, the
high-salt buffer also produces a 7-fold enhancement in the
catalytic activity of the dimer, as evidenced by the higher
keat and lowerK, in this buffer (Table 1). Earlier studies
have suggested a major conformational change in the
protease in the high-salt buffer, which may be the structural
basis for the activity enhancement.
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