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Determination of Kinetic Rate Constants for the Binding of Inhibitors to HIV-1
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ABSTRACT: Association and dissociation rate constants for a competitive inhibitor of HIV-1 protease were
determined by a novel method employing a pair of integrated rate equations. This method, termed the
paired progress curve method, is both rapid and reproducible. Progress curves, taken at a single concentration
of inhibitor, are analyzed simultaneously to determine association and dissociation rate constants, the
concentration of active sites, and the catalytic rate constant. The methodis applied to BILA 398, a compound
for which the cocrystal structure with HIV-2 protease has been reported recently [Tong, L., et al. (1993)
Proc. Natl. Acad. Sci. U.S.A. 90, 8387-8391]. This compound exhibited an association constant of 1.6
X 107 M-! 57! and a dissociation constant of 1.0 X 10~ s~! corresponding to a binding affinity constant of
6.4 X 1012 M. During the course of the analysis, nonlinearity was observed in control reactions containing
enzyme and substrate only. This was subsequently shown to be due to a reversible inactivation process
resulting from enzyme dilution. Integrated rate equations were developed on the basis of the dissociation
of active dimeric enzyme during dilution and a reassociation of dilute monomers following the addition of
substrate. The equations were modeled to the data, yielding a dissociation constant of 1.9 X 103 s-! and
anassociation constant of 9.2 X 10° M-!s-! for the monomer—dimer interconversion process. This corresponds
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to an equilibrium constant of 4 X 10-° M for the dimerization of HIV-1 protease.

Human immunodeficiency virus (HIV?!) is the etiological
agent of AIDS. The clinically relevant strain, HIV-1, has
been the focus of intense research investigations over the last
several years (Debouck & Metcalf, 1990). HIV protease,
one of three pol gene products encoded for by the virus,
functions in the maturation of many viral proteins. These
viral proteins are present initially as long polyproteins that
require cleavage at specific sites for the generation of smaller,
active proteins. The inhibition of HIV protease activity in
cell culture has been demonstrated to inhibit viral infectivity
(Kaplan et al., 1993), and several inhibitors of HIV protease
are currently undergoing clinical trials for the treatment of
AIDS.

HIV protease will also cleave small peptides based on the
known amino acid sequences of the polyprotein cleavage sites.
This characteristic has been exploited in the development of
many different assay systems. Substrates can be either
chromogenic or fluorogenic, which allows for the continual
monitoring of substrate conversion to product (Matayoshi et
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al.,, 1990). Peptidomimetics of the transition states of these
peptide substrates, such as the reduced amide bond inhibitor
reported here, are often found to be very potent inhibitors of
HIV protease (Debouck & Metcalf, 1990).

HIV protease is an obligate homodimeric enzyme that is
able to dissociate and reassociate freely under in vitro
conditions (Chengetal., 1990; Zhangetal., 1991). A tethered
dimeric enzyme can be engineered that is no longer able to
dissociate into inactive monomers. The insertion of these
tethered dimers into the viral genome leads to the inhibition
of virion particle assembly, suggesting that the ability of HIV
protease to dimerize and monomerize in vivo is essential for
accurate viral replication (Krdusslich, 1991). An additional
class of inhibitors, which takes advantage of the homodimeric
nature of HIV protease by mimicking the symmetrical
interface region between monomers, is also under active
investigation (Babé et al., 1992). A technique (presented
herein) for the determination of the association and dissociation
rate constants (Kassoc and kg, respectively) would be of great
value in further evaluating these types of inhibitors.

The most widely cited thermodynamic parameter used in
the analysis of enzyme inhibitors is the inhibition constant,
K;. Lists of Kj values typically arise from structure-activity
studies in which an inhibitor is optimized for potency. Much
less frequently, the association and dissociation rate constants
(kon and ke, respectively) are reported. These kinetic
constants are more difficult to determine as they require time-
based experimental techniques for data acquisition and the
implementation of complex mathematical equations for data
analysis. The dissociation rate constant is the most critical
value for the selection of a drug candidate, as lower ks values
correspond to longer half-lives for the inactive enzyme-—
inhibitor (EI) complex. Since K; is the ratio of kot to Kop,
many different pairs of kof/ ko can give rise to the same K.
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Hence, an analysis based on K; values alone would overlook
those inhibitors exhibiting the very desirable properties of
being both slow binding and slow dissociating (Frieden et al.,
1980).

The time course for the inhibition process (i.e., the progress
curve of the reaction) must be obtained for the determination
of kot and ko, These experiments can arise from either the
onset of inhibition or the dissociation of preformed EI
complexes. The computational analysis consists of fitting these
nonlinear data to rate equations describing the conversion of
substrate to product. Early attempts to fit fully integrated
rate equations describing either the onset of inhibition by a
tight-binding inhibitor or the dissociation of an EI complex
were unsuccessful (Cha, 1980). Consequently, numerical
approximation methods and the use of parametric equations
have been employed to circumvent tedious derivations of
analytical solutions and to simplify the regression process
(Zimmerle & Frieden, 1989; Sculley & Morrison, 1986;
Morrison & Stone, 1985). These methods allow theevaluation
of complex phenomena involving multiple intermediates.

Routine analytical methods in use today break the com-
putational analysis into multiple steps, overcoming the
mathematical difficulties encountered earlier. Typically,
nonlinear regression techniques are first applied to a family
of progress curves for the onset of inhibition to obtain steady
state velocities (¥;). Then, in a second step, pairs of v and
total inhibitor concentrations ([I] 1) are fitted with an equation
describing steady state conditions to yield estimates for K;
and the total enzyme concentration ([E]lt). In the final step,
the same progress curves are fitted (with fixed values of KX;
and/or [E]r) to integrated rate equations, yielding estimates
for ko and ko, (Williams et al., 1979).

The multistep methods of analysis have several significant
defects. First, it frequently is not possible to achieve
convergence without bias (i.e., collinearity) when data from
only an association or a dissociation experiment are being
analyzed. This is because an association data set is primarily
dependent on ko, while a dissociation data set is primarily
dependent on ko, resulting in a bias for the less weighted rate
constant. Second, the statistical error of the parameter
estimates resulting from the final step requires the use of
complex propagation of error techniques (Bevington, 1969)
in order to carry forward statistical error from earlier steps.
These techniques are difficult to perform, are of questionable
value when applied to nonlinear systems, and hence, are rarely
determined. Finally, setting any parameter to a fixed value
in a multistep analysis without using propogation of error
techniques negates any error information carried forward and
may actually result in nonconvergence due todata variability.
An analysis in which all kinetic parameters are estimated
simultaneously in a single regression step would not be expected
to possess these defects.

In this report, a single-step nonlinear regression analysis is
applied to both association and dissociation data simulta-
neously for the determination of kinetic rate constants. This
method will determine [E]lT, kon, Koff, and the catalytic rate
constant (kc,;) With acceptable statistics, in contrast to current
multistep methods. No additional information about the
system is required, except for the Michaelis—Menten constant
(Km), thus precluding the need for the independent deter-
mination of [E]t and Kj. The experimental method is very
rapid as progress curves are generated at a single [I]. The
technique is successfully applied to the HIV-1 protease system
in the determination of (1) the inactivation rate of a tight-
binding inhibitor and (2) the interconversion rates of aninactive
monomer with active homodimer.

Pargellis et al.
EXPERIMENTAL PROCEDURES

Inhibitors. Details of theactive site binding inhibitor, BILA
398, can be found in previously published work (Tong et al.,,
1993).

Expression and Preparation of Enzyme. The HIV-1
protease gene was amplified by the polymerase chain reaction
from pBH10 (Hahn et al., 1984) and subcloned into the T7
expression vector pET11d using the Xbal and BamHI
restriction sites for expressionin Escherichia coli BL21(DE3)-
plysS cells (Studieretal., 1990). The DNA fragment encodes
for the mature protease by providing in-frame translation start
and stop codons. A 10 L fermentation was conducted as
described (Studier & Moffat, 1986). Oxygen was kept above
10% air saturation, pH was maintained at 6.5, and glucose
was above 1 gm/L. Induction of expression began by the
addition of IPTG at an optical density (560 nm) of 15-20.
The culture was harvested 2 h after induction. Final
centrifugation typically yielded 400-500 g of wet cell paste,
which was stored at —80 °C until lysis and purification. Cell
paste (100-200 g) was thawed by the addition of an equal
volume of cold 50 mM Tris, 25 mM NaCl, 100 mM KCl,
0.5% (v/v) Triton X-100, 5 mM EDTA, and 1 mM DTT (pH
8.0) at 4 °C. An equal volume of 2 mg/mL lysozyme in the
same buffer was added to the thawed volume, along with
PMSF to 1 mM. After the mixture rested on ice for about
20 min, MgCl, was added to 10 mM, followed by the addition
of ribonuclease I to 20 ug/mL. Lysis was performed inaParr
cell disruption bomb. The sample was equilibrated in the
chamber at 4 °C for 30 min at 1500 psi with stirring. Lysate
was gradually released through the outlet valve while a constant
pressure of 14001500 psi was maintained within the chamber.
EDTA was added to 15 mM and PMSF to 1 mM prior to
centrifugation at 12 000 rpm (14700g) for 1 h at 5~15 °C,
Pellets were combined and washed by sonication in wash buffer
(2 M urea, 50 mM sodium acetate (pH 5.5), 1 mM disodium
EDTA, and 2.5 mM dithiothreitol) and recentrifuged. Pellets
from the second centrifugation were combined, and inactive
HIV-1 protease was extracted by sonication in solubilization
buffer (8 M urea, 50 mM sodium acetate (pH 5.5), | mM
disodium EDTA, and 2.5 mM dithiothreitol). Aliquots of
the urea extract (38 mL) were applied to a 5 X 55 cm size
exclusion chromatographic column packed with Superdex
200PG (Pharmacia Biotech, Inc., Piscataway, NJ) equilibrated
in 8 M urea, 100 mM sodium acetate (pH 5.5), and 1 mM
dithiothreitol. Aliquots of fractions were diluted with 9 vol
of refolding buffer [SO mM sodium acetate (pH 5.5), 1 mM
disodium EDTA, 0.2% (w/v) NP-40, 10% (w/v) glycerol, 5%
(w/v) ethylene glycol, 0.01% (w/v) sodium azide, and 1 mM
dithiothreitol] and assayed for HIV-1 protease activity.
Hydrolysis of the substrate fluorescein-VSFNF*PQITL was
monitored by HPLC using a Perkin-Elmer 3 X 3 CR8, 3 um
column. The column was eluted at 3 mL /min in 36% (v/v)
acetonitrile and 0.1% trifluoroacetic acid. Peptide hydrolysis
was monitored using a Hewlett-Packard 1046A fluorescence
detector set at an excitation wavelength of 425 nm and an
emission wavelength of 518 nm. Fractions containing the
majority of biological activity were pooled from three separate
size exclusion chromatographic runs. An aliquot of the size
exclusion chromatographic pool (38 mL) was applied toa 2.2
X 25 cm 214TP 1520 Vydac C4 column (The Separations
Group, Hesparia, CA) and eluted with a linear gradient of
acetonitrile/water /trifluoroacetic acid 31.5:68.5:0.1 to ac-
etonitrile/water/trifluoroacetic acid 58.5:41.5:0.1. The re-
versed phase HPLC fractions (4.5 mL) were concentrated to
dryness under reduced pressure and then reconstituted in 1
mL of solubilization buffer. Fractions containing the majority
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of HIV-1 protease activity were pooled. The reversed phase
purified pool was diluted with 9 vol of refolding buffer and
stored in 1 mL aliguots at —80 °C.

Enzyme Activity Assay. Enzyme activity was determined
by monitoring the fluorescence change associated with the
cleavage of the fluorogenic substrate 2-aminobenzoyl-Thr-
Ile-Nle-Phe(p-NO,)-Gln-Arg-NH; (Bachem, Torrance, CA).
Reactions were run at 23 °C in a final volume of 2.0 mL
containing 100 mM sodium acetate, 4 mM EDTA, 0.5 M
sodium chloride, 0.025% sodium azide and 1 mg/mL fatty
acid free BSA at a pH of 5.5. Substrate was added to a final
concentration of 1.0 X 10-5 M from a stock solution in DMSO.
The final concentration of DMSO was brought to 1.0%. In
a separate experiment, the substrate binding affinity or Ky,
was determined to be 4.11 X 10~ M under these conditions
(low salt) and 1.33 X 105 M at 1.5 M sodium chloride (high
salt).

(a) Monomer-Dimer Exchange. The association of mono-
meric HIV protease was obtained by preincubating dilute
enzyme for 60 min at 23 °C, in order to achieve a monomer/
dimer equilibrium, prior to the addition of substrate. The
dissociation of dimeric enzyme was determined by preincu-
bating cuvettes containing substrate for 5 min at 23 °C prior
to the addition of a high concentration of enzyme stock. The
final active site concentration of HIV protease was about 1
X 10710 M in both experiments. In both cases, substrate
conversion to product was not allowed to exceed 20%.

(b) Inhibitor Binding. The onset of inhibition was obtained
by preincubating substrate and inhibitor in buffer containing
1.5 M NaCl (high salt) for 5 min at 23 °C prior to the addition
of enzyme. The dissociation of EI was obtained by prein-
cubating enzyme and inhibitor at 23 °C for 60 min prior to
the addition of substrate. The final active site concentration
of HIV protease was about 1 X 10~® M in both experiments,
which is exactly 10-fold more concentrated than that used in
the analysis of monomer—dimer interconversion described
earlier. Substrate conversion to product was not allowed to
exceed 25% in both cases. It was not possible to further
decrease substrate conversion for the following reasons:
decreasing [E]t results in increased curvature due to dimer
dissociation, and shortening the reaction time course led to
insufficient EI dissociation. However, control experiments
run in the absence of inhibitor exhibited negligible downward
curvature, indicating that reaction velocity is minimally
affected by either substrate depletion or byproduct inhibition.

(c) K; Determination. K; was also determined by an
independent and established method (Morrison & Stone, 1985;
Greco & Hakala, 1979). Nonlinear association rate data
were obtained at multiple [I]t. The steady state velocity was
estimated by fitting data to an integrated rate equation
describing competitive binding. Pairs of v; and [I]7 values
were fitted to the quadratic equation (eq 6) describing tight-
binding inhibition. Further experiments, conducted atvarying
[S] (data not shown), established that Ky varied linearly
with [S], implying a competitive mechanism of inhibition for
this series of inhibitors (see Theory).

Fluorescence Detection of Product. The time course of the
reaction was monitored using an SLM Aminco Bowman Series
2 Model SQ-340 fluorescence detector equipped with a high-
speed 2-place magnetic stirrer. The excitation maximum of
the product, 2-aminobenzoyl-Thr-Ile-Nle, was determined to
be 330 nm with an emission maximum at 417 nm using a
bandpass of 4.0 nm. The high-voltage setting of the photo-
multiplier tube was set at approximately 30% of saturation
with substrate alone. Data for the dissociation and reasso-
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ciation of HIV protease were collected as the ratio of emission
to an internal electrical diode standard for 4000 s at an
acquisition interval of 4.0 s. Data for the association and
dissociation of enzyme and inhibitor were collected at an
acquisition rate of 1.0 s for 400 s. In both cases, data
acquisition began within 5 s after the initiation of the reaction.

Nonlinear Regression Analysis. Six data files (three paired
progress curves) containing product measurements were
normalized and combined. It was determined that a single
set of paired progress curves was insufficient to ensure
successful statistical analysis (consistent convergence). Data
analysis was performed by applying ordinary nonlinear least-
squares regression techniques to the selected model using the
Marquardt-Levenberg minimization method. The parameters
estimated were [E]r, kcat, kon, and k. Convergence of the
model occurs quickly with good initial estimates. Analysis
can, however, become lengthy when initial estimates are
determined from large arrays for those parameters that are
least well-known. Fitting for k. provides an internal
diagnostic as to the goodness of fit, although this constant is
known with some certainty. Occasionally, the regression
results in biased or unreasonable parameter estimates. This
is typically caused by insufficient information in the dis-
sociation progress curve, i.e., little or no curvature. In these
cases it was necessary to fix one of the parameters, usually
Keat, for a solution. All of the data were analyzed using the
SAS statistical software system (version 6.07, SAS Institute
Incorporated, Cary, NC) on an HP Apollo 735 workstation
(Hewlett-Packard Company, Palo Alto, CA).

THEORY

I. Competitive Inhibition. Substrateanalogsand transition
stateinhibitors of HIV-1 protease typically are reversible tight-
binding inhibitors (Debouck & Metcalf, 1990). Structural
information indicates that BILA 398 occupies the substrate
binding site of HIV-2 protease (Tong et al., 1993), and work
with related inhibitors in our laboratory has established a
competitive binding mode of inhibition (see Experimental
Procedures). Examination of association rate data at various
values of [I]rreveals no variation in initial velocity, indicating
that a single-step formation of EI (Scheme 1) will adequately
describe the data (Williams, et al., 1979).

Experimentally, association reactions are initiated by the
addition of enzyme to a mixture of substrate and inhibitor;
conversely, dissociation reactions are initiated by the addition
of substrate to preincubated solutions containing preformed
EI complexes. Downward curvature in the association data
set (Figure 1) is due to the slow rate of EI complex formation.
The slow association rate results from low concentrations of
both [E]r and [1]T, since kon has been set to near the diffusion
control limit in this particular case (see Figure 1 legend).
Conversely, upward curvature in the dissociation data set is
due to the slow rate of EI complex dissociation. These two
reactions, taken together and at a single [I]t, constitute a
paired progress curve.

The derivation of an equation for the rate of change of the
Michaelis complex to give product (eq 1) has been published
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FIGURE 1: Theoretical paired progress curves for competitive
inhibition. Association kinetics (downward curve) and dissociation
kinetics (upward curve) are shown for the inhibition of HIV protease
by a tight-binding inhibitor. The values for velocity at zero time are
shown (straight lines). The following values for constants were used:
[Elr=2X10°M, [I]lr =2 X 1099 M, kop = 1 X 107 M1 571, kogr
=1X 1048, ke =8, K; =8 X 107 M, and [S] =8 X 105 M.

by a number of authors (Cha, 1980) (Williams & Morrison,
1979) and hence will not be given here.

Gam)(1-7)  (1=ye™
[P, = [Plo + 0t -——% ln(‘lfj, )

where [P], is the product concentration at time ¢, [P]o is the
product concentration at ¢ = 0, v, is the velocity at ¢ = 0,

Vz = ¢V0 (2)
and »g is the uninhibited velocity

v = kcat[E]T (3)
T 1+ K,/[S]

where [E]t is the total enzyme concentration, [S] is the

substrate concentration, K is the Michaelis—Menten constant,

and k. is the catalytic rate constant.

The symbol ¢, shown in eq 2, is the fraction of active enzyme
(free of inhibitor) at time zero. The value for ¢ will depend
upon the presence or absence of an enzyme—inhibitor prein-
cubation step. When the reaction is started by the addition
of free enzyme to a mixture of substrate and inhibitor, then

p=1 4)
asall of the enzyme is available for binding tosubstrate. When

enzyme is preincubated with inhibitor ([I]is the total inhibitor
concentration), then ¢ will be given by

=L [(B],-,-
6= LB} - K- [l +

V/ (-IEl; + K, + [T11)? + 4[E}-K] (5)

This preincubation occurs without substrate and proceeds to
equilibrium. The paired progress curve method fits data to
eq 1 simultaneously, with ¢ defined appropriately for both
sets of data.

vs is the steady state velocity given by

Pargellis et al.

v = ETEO_]T[[E]T - Ki(app) - (Il +

V/ ([El; + Ky + [117)? + 4[El1Kiepp ] (6)

The expression for Kijgpp) depends on the mechanism of
inhibition and is given here for a competitive mode of inhibition.

K;
Ki(app) = 1+ [S]/Km (7)
The value for A is given by
=4
=T ISIK, ®

4= {[kulTlz = konlElr + ko + [S1/Kp)]* +
4k ([S1/K ) [Elpl kon(1 + K./ [SDI}? (9)

where kg is the dissociation rate constant, ko, is the association
rate constant, and finally the value for v/ is given by

' [Elx(2¢ = 1) + [T}t + Ki(pp) — q/ky,
Y T B 26— 1) + [Tl + Kigpgy + 4/

(10)

The paired progress curve method uses both association
and dissociation curves simultaneously at a single [I]t. A
solution for the experimentally selected value of [I]T needs to
be found to give the best possible chance of a successful
regression analysis. Computer simulations of paired progress
curves (Figure 2) were generated at three different [I] 1 values
using the model shown in Scheme 1 for a tight-binding
inhibitor. If [I}Jt < [Elr, the paired progress curves are
symmetrical but the amplitude (J[P]t — »s#) is vanishingly
small (Figure 2A);incontrast, if [I]T> [E]r, large asymmetry
is observed (Figure 2B). Both small amplitude and large
asymmetry are undesirable since (1) small amplitude indicates
that the progress curves do not differ appreciably from the
equilibrium condition, and (2) large asymmetry will cause
the subsequent regression analysis to emphasize one curve
over the other, resulting in bias. The paired progress curves
are optimized for symmetry and amplitude only when [I]t =
[E]T (Figure 2C). Experimental constraints also prevent the
use of extreme [I]1: substrate turnover becomes significant
when [I]7 is small, and the detection of product becomes
difficult when [I]t is large. Hence, a value for [I]t selected
close to that of [E]T can be considered the optimal concentra-
tion of inhibitor ([I]op) for this particular set of experimental
conditions (see legend to Figure 2).

These results can be generalized beyond this single set of
experimental conditions to include other enzyme-inhibitor
systems of interest. Since the initial inhibitor concentrations
for the association and dissociation reactions resultin extremes
of inhibitor binding, i.e., [EI} = 0 for association and {EI] =
[Elr for dissociation, it is desirable to determine an [I]Jqp
values that will result in a balanced approach to equilibrium.
Typically, the critical points for maximizing or minimizing a
function with respect to a variable are determined by setting
the respective derivative equal to zero and solving for the
variable. The common critical point for the association and
dissociation reactions can be determined by setting the
derivatives of the function for [P] (eq 1) equal to each other,
i.e., (8[P1/d[1)assoc = (8[P}/[1])ais, and solving for [I]qp.
Due to the complexity of the 8[P]/3{I] equation, a numerical
solution was obtained by graphical analysis. Figure 3 shows
a plot of a pair of 8[P]/d[I] curves with the concentration of
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FiGURE 2: Effectof varying [I]ron theoretical paired progress curves.
Progress curves were generated using three different values of [I]1:
(A) [I]r < [E]r ([IIr = 2 x 1079 M); (B) [I]r > [E]7 ([I]T =2 X
108 M); and (C) [I]1 = [E]1 ([T]T = 2 X 10-° M). All other constants
are the same as given in the legend to Figure 1, and the dashed line
shows .
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FIGURE 3: Variation of 8[P]/d[I}r. The derivative of changing [P]
with changing [I]1 is shown. The derivatives for the associative and
dissociative phases are equal at a value approximately equal to [E]r.
All constants are the same as those given in the legend to Figure 1
except for [I]r, which is varying as shown.

substrate set so that binding competition with inhibitor is equal
(i.e., [EI}/[E]T = 0.5 at equilibrium). Visual inspection as
well as numerical analysis reveals that both derivatives are
equal when [I]t =~ [E]r, thus determining [I]op. Note that
this determination is the same as that made earlier (Figure
2) from the direct examination of paired progress curves.
Derivatives of paired progress curves were generated for ko,
ranging from 104 to 108 and for ko ranging from 109 to 108,
[1]op: was observed to be constant for a given K; at all Kofr/ kon
ratios (data not shown). A plot of the correlation between
[I]opt and K; is shown as a function of [E]r (Figure 4). The
empirical fit to this data is given by

[Ny = [Elr + K, (11)

Thus, [Ilep = {E]7 for tight-binding inhibitors (K; < [E]7),
and [I]qp = K for classical inhibitors (K; > [E]t). It should
be emphasized, however, that in this report, we have only
examined tight-binding inhibitors with [I]oy =~ [E]T and K;
< [Elr. The apparent universal application of eq 11 has yet
to be determined.

Biochemistry, Vol. 33, No. 41, 1994 12531

log({1],/[E],)

log(Ki/[E] )

FIGURE 4: Numerical solution for [I]on vs X; as a function of [E}r.
Numerical solutions for the variation of 4[P]/d[I] as a function of
[T]op: (solid line) and the corresponding fitted line for [I]op = [E]r
+ K; (dashed line) are shown.
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Now that [I]op has been determined, the optimal concen-

tration of substrate ([S]opy) can be calculated to give equal
binding competition with inhibitor:

[Sleps = 3{EJrKn/K; (12)

[Slept, predicted by eq 12, represents the optimal conditions
predicted by theory, which may not be achievable for
experimental reasons. For example, if K; << [E]t (as is true
for BILA 398), then [S]op > K. Such high [S] may either
exceed substrate solubility or result in inhibition due to high
[S].

In summary, the experimental approach for the paired
progress curve method is as follows: (1) determine K, and
Kifromsteady state experiments; (2) calculate [I]opeand [S]opt
fromeqs 11 and 12, respectively; (3) generate paired progress
curves (qualified by good symmetry, signal, and final velocity
approaching v,); and (4) apply regression using the integrated
rate equation to the combined paired progress curve data set.

II. Dimer Dissociation. The analysis of reversible enzyme
inactivation by dimer dissociation is very similar to the analysis
of reversible enzyme inhibition described earlier. Previous
work (Grant et al., 1992) has demonstrated that a simple
two-state model in which inactive monomers are converted to
active dimers in a single step adequately describes the
dissociation of HIV-1 protease. Other published work
(Kuzmicetal., 1993) indicates that substrate binding stabilizes
the dimer by competing with dimer dissociation. These
elements are presented in Scheme 2.

The solution for the integrated rate equation describing
this reversible inactivation process is identical to that given
for competitive inhibition.

(=1)(1-7) (1= ye™
[P], = [Pl = »g - - Y L ln(ll%,:/ ) ey

The definitions of the various terms, however, are different.
v, is the velocity at r = 0

v, = ¢, (13)
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with o (the uninhibited velocity) now given by

,, = K11/ .
1+K,/[S]
where [M]r is the total monomer concentration.

The symbol ¢ in eq 13 indicates the fraction of active dimer
at time zero. The value for ¢ will depend upon whether an
enzyme preincubation step has occurred. When the reaction
is started by the addition of concentrated enzyme to substrate,
then

¢=1 (15)

since all of the enzyme is dimeric and available to bind
substrate. When enzyme is preincubated at low concentration,
then

6 = ——[4[M]; + K, - V3[MIk, + k2] (16)

" 4[Ml;

where Kj is the dissociation constant for monomer—dimer
exchange given by Ky = 2kgis/Kassoe- The data are fit to eq
1 with ¢ defined appropriately.

The steady state velocity (vs) is given by

Ky ( v )_

s =% F M \T + (SI/K,)

Ve
4 M]7[1 + ([SI/K)]  \[M]q[1 + ([S]/K,,)]

17)

14

The value for A is given by

-9
S (1%

where kg;s is the dissociation rate constant for monomer/
dimer exchange, Kkasoc is the association rate constant for
monomer—dimer exchange, g is given by

q = {[kgi(Kn/ [S]) + 4k M1 (1 + K,/ [SD]* -
[4k a0 MI(1 + Ko/ [SDIH? (19)

and finally the value for ¥’ is given by

M1 - )+ ——8 g
,_ (1+ [SI/Kp) Kool + K, /IS])
D M- —R 4
T (1+[S1/Kp)  kogoe(l + Ky /[S])
(20)
RESULTS

Determination of Monomer-Dimer Rate Constants. A low-
salt reaction, carried out in the absence of added inhibitor and
initiated by the addition of concentrated HIV-1 protease stock,
exhibits significant downward curvature (Figure 5A). The
curvature is opposite when the enzyme is preincubated at low
concentrations and the reaction is started by the addition of
substrate. Both of these observations are consistent with
reversible monomer—dimer exchange. Enzymedilution, down
to or below the Kj, results in dimer dissociation, whereas
substrate addition to prediluted enzyme results in the net
conversion of monomers into dimers due to the formation of
a Michaelis complex. Integrated rate equations were devel-
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FIGURE 5: Paired progress curves for the monomer—dimer exchange.
Raw fluorescence data (solid lines) were analyzed by a nonlinear
regression fit (dashed lines) to the equations described in the Theory
section for the association and dissociation of homodimeric enzyme.
The parametric solutions for these analyses are shown in Table 1.
The reaction is carried out under two different sets of assay
conditions: (A) low-salt conditions with K, =4.11 X 10-M and (B)
high-salt conditions where K, = 1.33 X 106 M.

oped for a simple two-state model (see Theory) and were
applied to the data. Regressions for the monomer—dimer
exchange required that one of the four parameters (kcat, [E]T,
Kassocs and kg;s) be fixed to known values: ko was fixed to 6.45
for high-salt conditions and [M]r was fixed to 2.69 X 10-10
M for low-salt conditions. Estimates for the kinetic rate
constants were obtained from the regression analysis (Table
1).

The amount of downward curvature shown for the enzyme
inactivation process (Figure 5A) was unacceptable for the
subsequent determination of inhibitor rate constants. Since
it was not possible to derive equations for the simultaneous
inactivation of HIV protease by these two competing events,
it was necessary to reduce the contribution of the dimer
dissociation process to the data. This was achieved by
increasing the ES component of the reaction mixture and,
hence, reducing the concentration of free homodimer. Sub-
strate concentration could not be increased further since 1.0
X 10-5 M is at the limit of solubility, but the substrate binding
affinity could be improved by increasing the salt concentration.

Consistent with a higher substrate binding affinity, data
collected under high-salt conditions exhibit less downward
curvature for the inactivation process (Figure 5B). Thelinear
portion of this curve extends out to about 500 s, indicating
that negligible enzyme inactivation has occurred. Conse-
quently, a time course of 400 s and high-salt conditions were
selected for the subsequent determination of inhibitor rate
constants. The kinetic parameters obtained from the regres-
sion analysis are similar to those observed for low-salt
conditions (Table 1). It should be noted that the substrate
binding affinity constitutes the only significant difference
between the two pairs of data sets.

Determination of Inhibitor Rate Constants. Paired progress
curves were generated for BILA 398 using high-salt conditions
(Figure 6). Parameter estimates from the nonlinear regression
analysis are shown in Table 2. An identical analysis was
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Table 1: Kinetic Rate Constants for Monomer—Dimer Interconversion?

expt Km (X 10-6 M) [M]r (X 10-10 M) Kear (s71) Kassoe (X 105 M-1 51 kais (X 103 s71) Ka (X 10 M)
low salt 4.11 (£0.42) 2.69 7.35 (£0.02) 10.0 (£0.00) 2.59 (£0.01) 5.2
high salt 1.33 (£0.13) 2.69 (£0.00) 6.45 9.20 (£0.01) 1.86 (£0.01) 4.0

4 Values for the fitted parameters were obtained from the nonlinear regression analysis to the raw data shown in Figure 5. The asymptotic standard

errors of the regression are shown in parentheses.
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FIGURE 6: Paired progress curves for inhibitor binding. The inhibitor,
BILA 398, was used to generate raw fluorescence data (solid lines)
for the inhibition of HIV-1 protease. These data were analyzed by
a nonlinear regression fit (dashed lines) to the equations described
in the Theory section for the association and dissociation of competitive
binding inhibitors. The parametric solutions for this analysis are
shownin Table 2. The assay was conducted under high-salt conditions
(Km = 1.33 x 10¢ M) and with [I]y = 1.33 X 10 M.

conducted on seven related inhibitors (data not shown). In
these determinations, [E]r was increased by 2-fold. Thevalues
for ks varied over 2 orders of magnitude, while little change
was observed in the estimates for k., [ElT, and kon. The
average values for these invariant parameters, given with their
standard deviations, were k¢ = 6.45 £ 1.27, [E]lr = (2.60 £
0.31) X 10~ M (this value is double that obtained above for
BILA 398, as expected), and ko = (2.18 £0.53) X 1077 M-!
s™!. These values are similar to those obtained for BILA 398
(Table 2). In addition, the determination of [E]r also agrees
very closely with the value of [M]r obtained from the
monomer—dimer exchange experiment, given the additional
20-fold dilution factor (i.e., 20[M]r/2 = 2.69 X 109 M =~
(E]).

Steady State Determination of K;. Inhibitiondata for BILA
398 were alsoanalyzed by an independent and well-established
method for the determination of K, as described. Similar K;
determinations were made on many other closely related
inhibitors (data not shown). Discrepanciesare often observed
with estimated K; both greater than and less than values
determined by the paired progress curve method. Some
possible explanations will be presented later (see Discussion).

DISCUSSION

The optimization of inhibitors as potential therapeuticagents
usually is based on a comparison of K; values. These
determinations are easy to obtain and indicate the expected
degree of enzyme inhibition at a given [I]. In contrast, the
determination of rate constants for inhibition is a difficult
process requiring nonequilibrium measurements and complex
mathematical modeling. As a result, investigations of this
type appear infrequently in the literature, even though they
provide additional information about the inhibition system.
In most cases, the most desirable inhibitor possesses a low k.
The kon is much less significant as the rate of inhibitor binding

is seldom of therapeutic relevance. Calculations show that,
for a target [E]t of 1 X 10-° M, an in vive [I]t of 1 X 10-7
M, and a ko, of 1 X 108 M-1571, equilibrium is reached within
1's. Even for a slow-binding inhibitor with a ko, of 1 X 105
M-1 571, equilibrium will be reached within the first several
minutes. The k,, is relatively inconsequential since drug
concentrations are usually maintained in plasma at many times
the K; for several hours. Incontrast, the ko is of significance
since it indicates the lifetime of the inhibited complex and,
hence, the duration of action. An inhibitor with a ko, of 1 X
108 M-! 5! and a ko of 1 X 102 57! has the same K as a
slow-binding inhibitor with a ko of 1 X 105 M-!s-! and a ko
of 1 X 10551, These two inhibitors are indistinguishable on
the basis of Xj, and yet the half-lives for dissociation vary
from about 1 min to over 19 h!

Rate constants usually are determined in a multistep
analytical process from either the onset of inhibition or the
dissociation of an EI complex. In such cases, it frequently is
not possible to achieve convergence to an unbiased solution.
The reason for this is that while ko, and ko both contribute
to the observed rate for both reactions, kos is most highly
correlated with dissociation data and k., with association data,
resulting in a bias toward the less weighted rate constant. A
further defect in the multistep analytical approach is that
some parameters must be fixed so that subsequent regressions
will successfully converge. The propagation of standard errors
associated with fixed parameter values through to the final
solution is complex. The paired progress curve method
overcomes this drawback by the simultaneous solution of the
four parameters, [E]T, kcat, kon, and kogr. This is only possible
because of the pairing of both association and dissociation
data in the same analysis.

In this report, the paired progress curve method has been
applied to two different enzyme inactivation processes: (1)
competitive inhibition by a substrate analog and (2) dimer
dissociation toinactive monomers. A complete understanding
of both processes is essential for the selection of a potential
AIDS therapeutic. Thedissociationof HIV protease obscures
the contribution of inactivation by an active site inhibitor,
making an accurate determination of rate constants difficult.
Furthermore, monomer—dimer interconversion is of physi-
ological relevance as it has been shown to be critical in the
viral maturation process (Krdusslich, 1991).

Rate constants for the monomer—dimer interconversion were
found to be very similar for both low- and high-salt assay
conditions. The different curve shapes observed result from
the two distinct values of Ky, This is in contrast to published
work showing a 15-fold increase in Kj resulting froma | M
decrease in salt concentration (Kuzmic et al., 1993). Results
shown here also indicate that the rate of dimer dissociation
takes place slowly. The half-life for dissociation is 350 s,
given a kg of 2.0 X 103 s-1. The inactivation rate is reduced
further since only free enzyme is able to dissociate (Kuzmic
et al., 1993). For example, approximately 7% of the enzyme
used in the inhibition experiment will have dissociated by 400
s, given a starting concentration of homodimer of 3.0 X 10-10
M (see eq 3). The rate of monomer association is also slow:
a Kassoc Of 9 X 105 M1 57! lies well below the diffusion control
limit for small molecules. Possibly this is due to the
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Table 2: Kinetic Rate Constants for Inhibitor Binding®

expt [E]T (X 10 M) Kear (s71) Kon (X 107 M-1 51) Kotr (X 104 571) Ki (X 1012 M)
I 1.35 (£0.02) 6.68 (£0.08) 1.53 (£0.02) 1.03 (£0.13) ' 6.7
1 1.36 (£0.02) 7.49 (£0.09) 1.77 (£0.02) 0.61 (£0.14) 3.5
11 1.24 (£0.02) 7.32 (20.09) 1.54 (£0.01) 1.37 (£0.09) 8.9

@ Values for the four parameters were obtained from the nonlinear regression analysis in three separate experiments. The asymptotic standard errors

of the regression are shown in parentheses.

requirement for monomer refolding and dimerization in a
single step. '

There are many published values for kinetic and equilibrium
constants involved in the dimerization process: (1) Kq = 3.6
X 10~° M was determined (Zhang et al., 1991); (2) kassoc and
kqis were determined (Cheng et al., 1990) to be 7.0 X 104 M-!
sl and 3.5 X 103 571, respectively, resulting in a K4 of 50 X
10-° M; (3) a K4 of 39 X 10-12 M was obtained by monitoring
urea-mediated protein unfolding (Grant et al., 1992); and (4)
low K4 values (picomolar range) were estimated by analyzing
variations in specific activity as a function of varying [E]r
(Jordan et al., 1992). Most of the variance is probably due
todifferent assay conditions. Inonecase (Jordanetal., 1992),
the authors assume a rapid dissociation process. Data obtained
in this report indicate that this assumption is invalid.

Several different methods of analysis were used for the
determination of K; values for many different compounds
related to BILA 398. Initial determinations relied heavily on
steady state methods, such as those described herein, and on
the method of active site titration (substitution of », for »; in
eq 6). The method of active site titration was found to be
inaccurate as significant dimer dissociation occurred during
the preincubation of enzyme with low [I]1. The steady state
method was found to give reliable values for Kj, but estimates
for [E]r were found to be highly variable, contain large
asymptotic standard errors, and occasionally give [E]t values
less than zero. As it was not possible to predict the impact
of an inaccurate [E]r on the estimate for K;, a method was
desired that could determine both constants with acceptable
statistics. This search culminated in the development of the
paired progress curve method.

K; values determined by the paired progress curve method
and the steady state method were found to differ, often
substantially, for a series of related inhibitors. Defects in the
steady state method involve various uncertainties: (1) the
determination of v, is an extrapolation from a pre-steady state
condition; (2) v, is determined from an equation describing
non-tight-binding inhibition, i.e., the concentration of free [I]
is incorrectly assumed to be equal to [I]1; and (3) the steady
state methods involve titrations with [I]t less than [E]r,
conditions under which dimer dissociation is accelerated.
Defects in the paired progress curve method involve the
following: (1) small values of k¢ are estimated by the paired
progress curve method on the basis of very small amounts of
EI dissociation and, hence, entail large extrapolations, and
(2) El dissociation data for the paired progress curve method
require that enzyme and inhibitor be preincubated for a period
of time during which dimer dissociation will occur. Further
work is in progress to resolve these discrepancies.

There are several advantages of the paired progress curve
method over those methods currently in use: (1) the method
is rapid; (2) data collection is experimentally simple as it is
conducted at a single [S], a single [E]t, and a single [I]t; (3)
the nonlinear regression analysis usually converges to a
solution; (4) estimates for [E], kcat, kon, and korare determined
simultaneously; and (5) these values are presented with
acceptable statistics. These advantages make the paired

progress curve method of analysis unique within those methods
currently available.
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