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The on and off rate constants (k,, and k.x) were determined for a series of peptidomimetic,
competitive inhibitors of human renin using a novel binding assay. The method entails
analyzing a pair of ligand exchange reactions in which a dansylated inhibitor serves as the
fluorescent probe. The first in the pair of reactions involves preincubating renin with the probe
and initiating the reaction by addition of a sample inhibitor; the second reaction involves,
preincubating renin with the sample inhibitor and initiating the reaction by addition of probe.
Both reactions yield progress curves which contain complementary information concerning the
kon and kog of each ligand. The two curves are fitted simultaneously using models derived
from the differential rate equations describing the ligand exchange process. The k., and ko
rate constants for the probe were 6.85 x 106 M~1 s7! and 2.96 x 107% 571, respectively, giving
a calculated Ky of 43.2 pM. The Ky values for the inhibitor series varied over 2 orders of
magnitude (27—2320 pM), while the individual k., (106—107 M~! s7!) and ks (1074—1073 s71)

constants varied only over 1 order of magnitude.

Determination of binding constants for high-affinity
receptor—ligand systems has always presented an ex-
perimental challenge. A common dilemma is that high-
affinity ligands appear to have similar potencies, a
result of the experimental limits placed on the assay
by the receptor concentration, ligand solubility, etc.
These circumstances restrict the acquisition of data
pertinent to the characterization of these systems using
current methodologies. The application of ligand ex-
change reactions, however, is proving to be a valuable
technique in providing critical information on these
high-affinity systems.! The ligand exchange experiment
is performed by first saturating the receptor with one
ligand and then adding a competing ligand. The reac-
tion is allowed to reach equilibrium and then analyzed
by measuring either the association or the dissociation
of a labeled ligand, typically a chromophore or radio-
nuclide. These equilibrium data can then be used to
determine the true affinity of the sample ligand.

As relationships between drug structure and biologi-
cal activity have been delineated by X-ray crystal-
lography and synthetic efforts, compounds have become
more and more potent, and binding constants in the
picomolar or even femptomolar range are no longer
unusual.?2 Hence, one potential use of ligand exchange
reactions is in the evaluation of drug candidates. A
recent example involved equilibrium measurements of
enzyme—inhibitor interactions in which the enzyme was
the aspartyl protease renin and the probe was an
inhibitor labeled with a dansyl fluorophor.! After
excitation at 280 nm, binding could be detected by
observing changes in emission signal intensity of either
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the enzyme (340 nm, Trp quench) or the probe (520 nm,
energy transfer to dansyl moiety), and dissociation
constants (Kj) for a series of potent inhibitors were
determined. Although drug candidates are commonly
ranked for potency according to their Kg¢'s, the dissocia-
tion rate (ko) may be the more critical parameter for
the selection of a drug candidate, as lower k.« values
translate into longer half-lives for an inactive receptor—
ligand complex. Since Kj is the ratio of ¢ to £on many
different pairs of kokon values can give the same Kj.
Consequently, drug candidate selection based on Kj
values alone would overlook those inhibitors exhibiting
the longer off rates. To date, however, time-resolved
analyses of ligand exchange reactions have usually been
limited to dissociation reactions for the determination
of kosr, calculating kon from Kg.

In contrast to equilibrium constants, however, rate
constants are much more difficult to determine as they
require time-based experimental techniques for data
acquisition and the implementation of complex math-
ematical equations for data analysis. Since time-
resolved data can be acquired for extremely fast asso-
ciation as well as relatively slow dissociation reactions
by either stopped-flow or conventional spectroscopy,
respectively, ligand exchange studies with potential
drug candidates should reveal critical information con-
cerning their respective ko, and kg rates. This work
focuses on obtaining these rate constants for a series of
potential drug candidates via ligand exchange reactions
with renin, specifically the peptidomimetic, amido diol
transition state inhibitors reported by Lavallee and
Anderson.? Due to its unique substrate specificity for
angiotensinogen, renin inhibition is an attractive target
that may offer therapeutic advantages over angiotensin-
converting enzyme (ACE) inhibitors and other antihy-
pertensive agents. Moreover, the potential for attenu-
ating the renin blockade at the first and rate-determining
step of the renin—angiotensin—aldosterone system
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(RAAS) remains to be explored, in light of the putative
role of angiotensin II in altering vascular structure
during long-standing hypertension. Thus, an intensive
effort has been concentrated on the development of
orally effective and long-acting inhibitors of renin.* This
paper presents the theory for time-resolved ligand
exchange reactions, outlines specific experimental de-
signs, and is accompanied by experimental data and the
evaluation of statistical fitting procedures for the de-
termination of renin inhibitor rate constants.

Theory

The following equation is a generalized scheme for
receptor—ligand exchange reactions as they pertain to
enzyme—inhibitor interactions.

ED=D+E+I=EI (1

where E is the enzyme, D is the probe (e.g., dansyl-
labeled) inhibitor, and I is the sample inhibitor. The
individual equilibrium expressions for the above-
generalized reaction scheme are given by the following
equations:

k
E+D<2ED where Kp=pu=[BDl @

1
k
E+I<2El where K, =fx=[EH @

where f and r refer to the forward (association) and
reverse (dissociation) reactions, respectively. The dis-
sociation constants Kp and K can be determined from
an analysis of the enzyme species [E].., [ED].., and [EI]..
in eq 1 at a time sufficient to achieve equilibrium
conditions. It should be noted that the individual rate
constants k¢ and k, can not be determined from equi-
librium data.

In order to determine the rate constants, experiments
need to be set up in such a way as to maximize the
information concerning the specific steps of interest in
the reaction scheme. For example, consider the experi-
ment in which one of the inhibitors is preincubated with
enzyme before addition of the other (and vice versa).
The following two equations together constitute a paired
receptor—ligand exchange reaction:

ED+I=EI+D 4
EI+D=ED+1 (5)

Note that the data obtained from the ligand exchange
reaction involving dissociation of the probe (eq 4)
principally contain information concerning the off rate
of D and the on rate of I; conversely, data from the
exchange reaction involving association of the probe (eq
5) are important in the determination of the on rate of
D and the off rate of I. The complementary data from
these two reactions can be combined in a single data
set and then modeled simultaneously for the rate
constants. (Note: For an example of paired progress
curves as applied to inhibition of enzymatic activity, see
Pargellis et al.5) The mathematical model for the paired
receptor—ligand exchange reaction is given in Appendix
1.

Upon binding the enzyme, the probe ligand must (1)
display a change in fluorescence signal large enough to
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effectively detect changes in reactant concentrations and
(2) maintain potency (as this sets the limit of the assay).
In addition, the molecular structure and the biological
activity of the probe should be similar to those of the
inhibitor series of interest. Binding kinetics of a probe
are typically monitored by observing changes in emis-
sion signal intensity at a fixed wavelength. A general
equation for the fluorescence at time ¢ describing the
exchange ligand reaction can be written as follows:

Ft = (eree[pI‘Obe]f,ee) + (Qbound[prObe]bound)
or

Ft = (eree([D]Total - [ED]t)) + (Qbound[ED]t) (6)

where Qe and @round are the relative quantum yields
for the free and bound probe, respectively. Note that
F; can be written as a function of only one reaction
species, namely [ED] at time ¢, and that the integrated
rate equation for this species is given in Appendix 1.

In order to model data from paired receptor—ligand
exchange reactions, a computational method is required
that can (1) apply the appropriate nonlinear solution
(as defined by reactant concentrations and order of
addition) to each subset of the data, i.e., eq 4 or 5, and
(2) iterate over the combined data set using both
solutions simultaneously. This can be done using the
‘MODEL’ procedure available from SAS. A paired
ligand exchange data set was simulated using the model
given in Appendix 1 with +0.5% normally distributed
noise. If the nonlinear regression was applied solving
for all four rate constants, the parameter estimates
could not be determined with acceptable statistics, i.e.,
without bias and/or P values <0.05. Furthermore, if one
of the rate constants was known, the other three could
be determined but only when the regression involved a
large body of data containing a broad range of inhibitor
and enzyme concentrations. If, however, two rate
constants were known, the other two could be deter-
mined with acceptable statistics from a single paired
ligand exchange experiment. Thus, obtaining %ir and
kir for the probe is of particular interest. The math-
ematical model for determining the rate constants for
the probe is given in Appendix 2.

In this study, the concentrations of the reactants were
held constant for each of the paired ligand exchange
reactions; consequently, both reaction curves in a set
should converge to the same fluorescence value at
equilibrium, ie., Fi=.. Since experimental error in
pipetting can lead to inequivalent E, D, and I concen-
trations for the two reactions in a paired set, the probe
association and dissociation curves could be offset by a
constant (A) relative to one another. Since @ge and
@vound are to be fitted for every paired ligand exchange
data set, it becomes an arbitrary decision to correct the
probe association or the probe dissociation curve by A.
For this study, F; was arbitrarily redefined for the probe
dissociation reactions (eq 4) to be F; + A. Consequently,
eq 6 becomes

F; = (Qtree(IDlrotar — [ED])) + (@poundlED]) — A (62)

for probe dissociation reactions, while F; for the probe
association remains defined by eq 6. These two equa-
tions (eq 6 and 6a) were applied simultaneously to
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Figure 1. Structure of the fluorescent probe 1 used in ligand
exchange studies with recombinant human renin.

paired reactions in the regression analysis, fitting for
the rate constants of interest, the relative quantum
yields, and A.

Results and Discussion

Epps et al.l have recently reported the use of a
dansylated probe to characterize the binding phenom-
ena for a series of potent inhibitors (picomolar range)
of renin. These studies, however, were limited to
equilibrium phenomena, i.e., K4 measurements. In the
study reported herein, the emphasis was placed on the
determination of the rates at which the receptor (renin)
and ligands (inhibitors) proceed toward equilibrium, i.e.,
kon and ko, To this end, we have synthesized a
dansylated ligand (1; see Figure 1) whose structure
closely resembles the series of competitive (amido diol
transition state analogs) renin inhibitors reported by
Lavallee and Anderson.? In preliminary characteriza-
tions, 1 was shown to be a potent inhibitor by ICs
measurements (low nanomolar range) and to fluoresce
at about 520 nm when excited at 325 nm (data now
shown). Thus, the dansyl-labeled, amido diol 1 dis-
played an absorption-emission profile suitable for prob-
ing active-site phenomena while retaining potency.
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The overlay of renin emission spectra is shown in
Figure 2. With the excitation at 284 nm, renin alone
(thick line) exhibits an emission maximum at about 325
nm (Trp emission). As 1 is added, an increase in
emission at 520 nm is observed with a concomitant
decrease at 325 nm, consistent with Trp quenching and
energy transfer from Trp to the dansyl group. (Note:
A small, but minimal, emission was observed for the
highest concentration of 1 in the absence of renin at 520
nm.) The inset shows the linear decrease/increase at
340/520 nm, respectively, as a function of 1 added. As
can be seen, renin binds 1 quantitatively at low stoi-
chiometry and saturates at approximately a 1:1 binding
ratio. Thus, the renin—1 complex could be quantitated
at either 340 or 520 nm with approximately equal
responses. Since changes in fluorescence at 520 nm
offered the advantages of lower background and signal
in absence of complex, 284 and 520 nm were chosen for
excitation and emission, respectively. In this system,
fluorescence at 520 nm increases as 1 binds renin and
decreases as 1 dissociates from renin.

The stopped-flow experiments involving the associa-
tion of 1 with renin are shown in Figure 3. The
fluorescence increases rapidly and approaches satura-
tion after about 2 s for the concentrations of 1 investi-
gated. The fact that the progress curves do not start
precisely at zero for the higher concentrations of 1 is
due to an increased concentration of free probe and the
1.2 ms dead-time of the stopped-flow reactor. Neverthe-
less, the reactions appear to be monophasic with the
initial slopes and the fluorescence plateau values in-
creasing with higher concentrations of 1, accordingly.
Kati® reported a two-step mechanism for peptidomi-
metic, competitive inhibitors of human renin in which
an initial collision results in a loosely bound EI complex
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Figure 2. Emission spectra for renin and 1. Emission spectra are shown for the titration of 5.0 x 1078 M renin (thick line) with
successive aliquots of 1.0 x 1078 M 1 (thin lines). The excitation wavelength was 284 nm with a band-pass of 1 nm; the emission
band-pass was 16 nm. Inset: Fluorescence at 340 nm (open circles) and 520 nm (closed circles) is shown for each aliquot of added

1.
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Figure 3. Association of 1 with renin. Fluorescence emission
at 520 nm is shown for the association of renin (5.0 x 1078 M)
with various concentrations of 1 in a stopped-flow reactor: 5.0
x 1077 M, top curve; 2.5 x 10-7 M, middle curve; and 5.0 x
1078 M, bottom curve. Data was acquired for 10 s with an
acquisition time of 100 ms. Each curve is the average of three
separate experiments.

with a Kj of 12 nM. In the second step, El is converted
into a more tightly bound complex, EI*, with an overall
Kr* of 190 pM. These two steps will be observed
separately only when (1) [I] is on the same order of
magnitude as K7 and (2) the rapid collision step (usually
diffusion-controlled at 107—10% M1 s71) is slow enough
to be detected by the techniques being employed;
otherwise, the two steps will be perceived as one, defined
by the rate-limiting step. Since the efficiency of the Trp
— dansyl energy transfer is a sensitive function of
distance (1/r® dependence?), a rapid collision complex
should result in a maximum change in fluorescence
within a few milliseconds (assuming that the distances
between the Trp and dansyl fluorophores are ap-
proximately equal in the EI and EI* complexes). Thus,
the following possibilities exist (1) the relative quantum
yield for the loosely bound EI complex is much lower
than for the EI* complex and not detected, (2) the Ki
for the rapid collision complex is much higher for the
system reported herein (compared with Kati’s observa-
tion), or (3) a rapid collision, intermediate complex is
not occurring. In any of these cases, the kinetics
observed in Figure 3 are descriptive of the formation of
the tightly bound (EI*) complex. Consequently, these
data were analyzed with a simple one-step mechanism.

As discussed in the Theory section, it is desirable to
obtain ko, and ko for the probe, as they will be used for
all subsequent determinations of k., and ks for the
inhibitors of interest. Appendix 2 outlines the model
to determine kys and ki, from a pair of probe reactions,
namely, a simple association and a ‘trapping’ dissocia-
tion, i.e., dissociation of the probe in the presence of a
large excess of a potent, nonlabeled inhibitor. Such a
pair of reactions is shown in Figure 4. These two curves
were modeled simultaneously using the equations given
in Appendix 2, and the resulting parameter estimates
were used to simulate a pair of progress curves which
are overlaid on the data. Although the k,, of 6.85 x
108 M! 571 is below the diffusion limit of 107—108 M™!
s~ for the association of a small molecule with a
protein,® it is still greater than 106 M~! s~! given for
slow binding ligands® and may reflect the kinetics of a
relatively large inhibitor, i.e., a multiconformational
peptidomimetic versus a small molecule. The k. of 2.96
x 1074 s7! (first-order ¢12 of 39 min) gives a calculated
Kp of 43.2 pM. These values for kir and &, were held
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Figure 4. Association and dissociation of 1 with renin. Top
panel: Association of 1 (5.0 x 10-7 M) with renin (5.0 x 10-8
M) in the stopped-flow reactor (n = 3). Bottom panel:
Dissociation of 1 (5.0 x 10”7 M) from renin (5.0 x 1078 M).
The reactions (n = 3) were initiated by the addition of the
trapping inhibitor 6 (3.1 x 10°% M). Since the relative
quantum yields are very different between stopped-flow cu-
vette reaction vessels, the association data were normalized
to the amplitude (F;=p — Fi=.) of the dissociation data (ap-
proximation by simple first-order decay). Both data sets were
analyzed simultaneously, and nonlinear regression analysis
converged to the following solution (solid lines): k., =
6.85(0.18) x 108 M1 57! koy = 2.96(0.11) x 10~* 571, K1(6) =
5.01(0.67) x 107'°, where values in parentheses are the
standard errors; see Appendix 2 for the kinetic model.

constant for all calculations involving 1 in paired ligand
exchange reactions with the inhibitors of interest. Note
that in the paired receptor—ligand exchange reactions,
vide infra, the concentrations of inhibitor and probe are
adjusted experimentally so that [El]. ~ [ED]. ~ 0.5
[E]r, insuring equal signal responses for both reactions.
An expression for the limits of the assay can be derived
for this experimental protocol using egs 2 and 3 to give
Ki = ([Il/IDJr)Kp. For a peptide solubility limit of 5 x
1075 M and degenerate ligand conditions ([Ilr and [D]r
2 10[Elr = 5 x 1077 M), the upper and lower limits for
K7 would be 4300 and 0.43 pM, respectively, giving 4
orders of magnitude in sensitivity.

A typical example of a paired ligand exchange reac-
tion involving 1 and 9 is shown in the top panel of
Figure 5. In the top curve, renin was preincubated for
about 5 min with 1 (association reactions are complete
within seconds, vide supra) and 9 was added to initiate
the exchange reaction; this reaction yields information
principally concerning the ko of 1 and the %, of 9 (see
eq 4). In the reverse reaction, renin was preincubated
with 9 and 1 was added to initiate the exchange
reaction; this complementary reaction yields informa-
tion principally concerning the k. of 9 and the ko, of 1
(see eq 5). Since the concentrations of the reactants are
the same in each reaction, both curves should (and do)
converge to the same fluorescence at equilibrium, i.e.,
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Figure 5. Paired ligand exchange reactions with renin
between 1 and sample inhibitors. Top panel: In the top curve,
dissociation of 1 from renin was initiated by the addition of 9
(see eq 4); in the reverse reaction (bottom curve), dissociation
of 9 from renin was initiated by 1 (see eq 5). [1]1=5.0 x 1077
M, [9] = 1.35 x 1075 M, and [renin] = 5.0 x 1078 M for both
reactions. Nonlinear regression analysis converged to the
solution (solid lines) given in Table 1 for 9. The excitation
wavelength was 284 nm with a band-pass of 1 nm; the
emission wavelength was 520 nm with a band-pass of 16 nm.
Bottom panel: Same as the top panel except that the sample
inhibitor was 8 ([8] = 8.60 x 10~7 M).

Fi—.. The data from both reactions were modeled
simultaneously using the equations given in Appendix
1, and the resulting parameter estimates (see Table 1)
were used to simulate a pair of progress curves which
are overlaid on the data. In a similar example, a paired
reaction was obtained for 8 (Figure 5, bottom panel).
The major kinetic difference between these two sample
inhibitors is that k. is over 1 order of magnitude lower
for 8. Since their k., values are comparable (see Table
1), the experimental differences are manifested prima-
rily in the lower curve of each pair, as lower k. values
result in slower exchange rates to equilibrium. Also
note that the concentration of 8 required to achieve [EI].
~ [ED].. =~ 0.5 [E]r is over 1 order of magnitude lower
than that required for 9, as per eqs 2 and 3. As a point
added in proof, the Ki for 8 was independently deter-
mined by equilibrium displacement reactions. The
resulting displacement curve was analyzed with an
equilibrium model (see Figure 6 and Appendix 3), giving
a Kj of 48.9 pM which agrees with the value of 47.2 pM
obtained by the kinetic method (Table 1).

Similar results were obtained for the other inhibitors
in the series which are listed in Table 1 in order of
increasing k.. The K values varied over 2 orders of
magnitude, while the individual k., and k. constants
varied only over 1 order of magnitude. Interestingly,
the rank ordering of potency by K1 does not match the
ordering by k.s. Thus, if the half-life of the inactive
ligand—receptor complex were crucial for pharmacologi-
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Figure 6. Renin competitive equilibrium curve between 1 and
3. Reactions containing renin (5.0 x 1078 M), 1 (5.0 x 1077
M), and a series of concentrations of 3 were prepared and
allowed to come to equilibrium overnight. The excitation
wavelength was 284 nm with a band-pass of 1 nm; the
emission wavelength was 520 nm with a band-pass of 16 nm.
Nonlinear regression analysis, using the model given in
Appendix 3 with Kp = 43.2 pM, converged (solid line) giving
K; = 4.89(£0.43) x 1071 M, Qpee = 2.34(£0.07) x 108 M~}
and Qpound = 4.79(£0.08) x 10° M~!, where values in paren-
theses are the standard errors.

cal efficacy, some compounds which were ranked more
potent by the equilibrium measurements K would
actually be less effective than those exhibiting the
higher K1 but lower k. values.

In conclusion, k., and ko rate constants were deter-
mined for a series of peptidomimetic, competitive inhibi-
tors of renin using a novel binding assay in which a pair
of receptor—ligand exchange reactions were carried out
using a structurally related, fluorescent probe. Both
reactions in the pair yielded progress curves which
contain complementary information concerning the on
and off rates of each ligands. The two curves were fitted
simultaneously using a model derived from differential
rate equations describing the ligand exchange process.
In general, the paired ligand exchange method should
be applicable to a wide range of receptor—ligand inter-
actions in the exploration of rate phenomena.

Experimental Section

A, Synthesis and Characterization of the Probe
(Compound 1). The synthesis of dansylated ligand 1, which
employs (2S,3R,4S)-2-[(tert-butyloxycarbonyl)amino]-1-cyclo-
hexyl-3,4-dihydroxy-6-methylheptane!® as starting material,
is shown in Scheme 1.

General Methods. NMR spectra were recorded on a
Bruker AMX400 spectrometer and are referenced to TMS as
internal standard. IR spectra were recorded on a Perkin-
Elmer 781 spectrophotometer. CI and EI mass spectra were
recorded on an MF 50 TATC instrument operating at 70 eV.
Optical rotations were measured on a Perkin-Elmer 241 MC
polarimeter at the sodium D line with a 1 dm path length, 1
mkL cell. Flash chromatography was performed on Merck silica
gel 60 (0.040—0.063 mm) using nitrogen pressure. Analytical
thin-layer chromatography (TLC) was carried out on precoated
(0.25 mm) Merck silica gel F-254 plates. All reactions were
conducted under a positive nitrogen atmosphere in oven-dried
glassware using standard syringe techniques. Diisopropyl-
ethylamine was distilled over calcium hydride. Solvents
(obtained from BDH) were of Omnisolv quality and used
without distillation.

2-[[N*-Boc-N'=.(2,4-dinitrophenyl)-L-histidyllamino]-1-
cyclohexyl-3,4-dihydroxy-6-methylheptane (10). To a
solution of (2S,3R,48S)-2-[(tert-butyloxycarbonyl)aminol-1-cy-
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Table 1. Renin Inhibitor Rate Constants®

JN:z
NS
qH 3 o] H i)/
s 'Y
0 R, c / oM
compd R, R, kop(M-1s71) kosM-1) b mim® K(pM)¢
=N
2 ) O—/ 8.63(0.20)x106  2.34(0.05)x10-4 49.4 27.1
=N
3 \ 4 O~ 593(0.17)x106  2.80(0.08)x10+ 413 47.2
=N
4 - O(CI 1220.07)x107  5.69(0.32)x10 203 46.6
/\
5 My O_(cm 2000.08)x105  1.30(0.05)x10-3 89 650
o
CHy
6 s @—(CH’ 543(022)x106  133(0.05)x103 87 245
o
o)
=N
7 ) @—(em 6.68(0.17)x105  135(0.03)x10-3 8.6 202
=N
8 ) <:>(OIH3 2280.09)x106  1.75(0.07)x10-3 6.6 768
/\
9 o N— O_(cm 2.070.12x106  4.81(0.27)x103 24 2320

@ Determined by ligand exchange reactions at pH 7.4 with compound 1 as probe (see Appendix 1 for kinetic model). Values in parentheses
are the asymptotic standard errors; Qpound and Qe (see eq 6 varied <+5%, and A (see eq 6a) varied <+5% of the reaction amplitude, i.e.,
Frmax — Frmin. ® Calculated from simple first-order decay (£1/2 = In 2/kog). ¢ Dissociation constant calculated from kowkon.
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clohexyl-3,4-dihydroxy-5-methylhexane (500 mg, 1.45 mmol)
in dichloromethane (7 mL) was added TFA (3 mL), and the
resultant mixture was stirred for 1 h. Subsequently, the
solvent was removed in vacuo, and the residue was dissolved
in ethyl acetate. After washing with saturated aqueous
sodium bicarbonate, the organic layer was dried (MgSOs,
anhydrous) and concentrated to give the corresponding amine

: B

SN os
(o] (o] OH

1

(434 mg), which was used in the coupling reaction without
further purification. The residue of (2S,3R,4S)-2-amino-1-
cyclohexyl-3,4-dihydroxy-6-methylheptane was dissolved in
DMF (3 mL). To a solution of N®-Boc-N™-(2,4-dinitrophenyl)-
L-histidine (697 mg, 1.45 mmol) in DMF was added (benzo-
triazol-1-yloxy)tris(dimethylamino)phosphonium hexafluoro-
phosphate (705 mg, 1.60 mmol), and the resultant mixture was
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stirred for 5 min. Subsequently, the DMF solution containing
(2S,3R,48S)-2-amino-1-cyclohexyl-3,4-dihydroxy-5-methylhex-
ane was added followed by diisopropylethylamine (0.76 mL,
3.0 mmol). The resultant solution was stirred for 1 h and then
concentrated in vacuo. After the residue was dissolved in ethyl
acetate, the organic layer was washed successively with
saturated aqueous sodium bicarbonate and brine and then
dried (MgSOys, anhydrous). After concentration, subjection of
the crude material to flash column chromatography!! on silica
gel with chloroform/methanol as solvent system afforded 10
as a pale yellow amorphous solid (961 mg, >94%) with 89.1%
homogeneity by reversed-phase HPLC (Vydac protein & pep-
tide C;s column; acetonitrile/water solvent system containing
0.06% TFA): 'H NMR (400 MHz, CDCl;) 6 8.85 (s, 1H), 8.58
(d,J = 8 Hz, 1H), 8.00 (s, 1H), 7.74 (d, J = 8 Hz, 1H), 7.62 (s,
1H), 6.98 (s, 1H), 6.57 (d, J = 10 Hz, 1H), 5.92 (br d, J = 6 Hz,
1H), 4.42—4.28 (m, 3H), 3.35—3.15 (m, 3H), 3.12—3.06 (m, 2H),
1.90—1.80 (m, 1H), 1.75—1.05 (m, 23H), 0.90 (d, J = 6 Hz, 3H),
0.94—0.79 (m, 1H), 0.81 (d, J = 6 Hz, 3H).
2-[[N*-(N*-Boc-L-phenylalaninyl)-Ni=.(2,4-dinitrophe-
nyD)-L-histidyllaminol-1-cyclohexyl-3,4-dihydroxy-6-me-
thylheptane (11). To a solution of 10 (961 mg, 1.36 mmol)
in dichloromethane (30 mL) was added TFA (5 mL), and the
resultant mixture was stirred for 1 h. After washing with
saturated aqueous sodium bicarbonate, the organic layer was
dried (MgSOs, anhydrous) and concentrated to give the cor-
responding amine (690 mg, 93%), which was used in the
coupling reaction without further purification. The residue
of 2-[[N™.(2,4-dinitrophenyl)-L-histidyl]Jamino]-1-cyclohexyl-
3,4-dihydroxy-6-methylheptane was dissolved in DMF (3 mL)
and added to a solution of Boc-L-phenylalanine (135 mg, 0.51
mmol) and benzotriazol-1-yloxy)tris(dimethylamino)phospho-
nium hexafluorophosphate (248 mg, 0.56 mmol) in DMF (7
mL). To the resultant solution was added diisopropylethy-
lamine (0.76 mL, 4.35 mmol), and the reaction mixture was
stirred for 1 h. Subsequently, the mixture was concentrated
in vacuo, and the residue was dissolved in ethyl acetate. The
organic layer was washed successively with saturated aqueous
sodium bicarbonate and brine and then dried (MgSO,, anhy-
drous). After concentration, subjection of the crude material
to flash column chromatography on silica gel with chloroform/
methanol as solvent system afforded 11 as an amorphous solid
(454 mg, quantitative) with 74.9% homogeneity by reversed-
phase HPLC (Vydac protein & peptide C;s column; acetonitrile/
water solvent system containing 0.06% TFA).
2-[[Nv.[Ne.[[5-(Dimethylamino)-1-naphthyllsulfonyl]-
L-phenylalaninyl]-N™-(2,4-dinitrophenyl)-L-histidyllami-
nol-1-cyclohexyl-3,4-dihydroxy-6-methylheptane (1). To
a solution of 11 (454 mg, 0.53 mmol) in dichloromethane (20
mL) was added TFA (4 mL), and the resultant mixture was
stirred for 1 h. After washing with saturated aqueous sodium
bicarbonate, the organic layer was dried (MgSOs, anhydrous)
and concentrated to give the corresponding amine (318 mg,
87%), which was used in the coupling reaction without further
purification. The residue of 2-[[N®-(L-phenylalaninyl)-Ni™-(2,4-
dinitrophenyl)-L-histidylJamino]-1-cyclohexyl-3,4-dihydroxy-6-
methylheptane was dissolved in dichloromethane (10 mL), and
to the resultant solution were added successively triethylamine
(0.06 mL, 0.42 mmol) and 5-(dimethylamino)-1-naphthalene-
sulfonyl chloride (123 mg, 0.46 mmol). The resultant mixture
was stirred for 24 h, washed successively with saturated
aqueous sodium bicarbonate and brine, and then dried (Mg-
S04, anhydrous). After concentration, subjection of the crude
material to flash column chromatography on silica gel with
chloroform/methanol as solvent system afforded the DNP-
protected derivative of 1 as an amorphous solid (335 mg, 86%)
with 80.4% homogeneity by reversed-phase HPLC (Vydac
protein & peptide C,s column; acetonitrile/water solvent
system containing 0.06% TFA): 'H NMR (400 MHz, CDCls) 6
9.89—9.83 (m, 2H), 8.556—8.50 (m, 3H), 8.03—-8.00 (d, J = 7
Hz,1H),7.80 (d,J = 6 Hz, 1H), 7.78 (s, 1H), 7.72 (d, J = 7 Hz,
1H), 7.49 (dd, J = 6, 7 Hz, 1H), 7.10 (d, J = 6 Hz, 1H), 7.00 (s,
1H), 6.94 (d, J = 7 Hz, 1H), 6.76—6.65 (m, 4H), 6.60 (d,J = 6
Hz, 1H), 5.22 (br s, 1H), 4.71 (q, J = 4 Hz, 1H), 4.38—4.30 (m,
2H), 3.60 (dd, J = 4, 8 Hz, 1H), 3.40—3.34 (m, 2H), 3.25-3.10
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(m, 3H), 2.90—2.85 (m, 2H), 2.28 (br s, 1H), 1.97—1.86 (m, 1H),
1.70-1.36 (m, 10H), 1.22—-1.12 (m, 1H), 1.05—0.71 (m, 14H).

To a cold (0 °C), stirred solution of the DNP-protected
derivative of 1 (335 mg, 0.34 mmol) in DMF (5 mL) was added
a 10% solution of thiophenol in dichloromethane (1 mL), and
the resultant mixture was stirred for 90 min. Subsequently,
the mixture was concentrated in vacuo. Subjection of the
residue to successive flash column chromatography on silica
gel (chloroform/methanol) and preparative reversed-phase
HPLC (Whatman Partisil 10 ODS-3 column; acetonitrile/water
solvent system containing 0.06% TFA) afforded the desired
compound 1 as a TFA salt (125 mg). This material was
dissolved in ethyl acetate, and the organic layer was washed
with saturated aqueous sodium bicarbonate and dried (MgSOs,
anhydrous). Concentration of the solution gave the desired 1
as a pale yellow solid (105 mg, 41%) with homogeneities of
99.5% (Vydac protein & peptide C;s column; acetonitrile/water
solvent system containing 0.06% TFA) and 100% (Pharmacia
C15-Cs column; acetonitrile/aqueous phosphate buffer, pH 7.4)
by reversed phase HPLC: 'H NMR (400 MHz, CDCl3) 6 8.47
(d,J = 8 Hz, 1H), 8.00—7.94 (m, 2H), 7.88—7.80 (m, 1H), 7.45—
7.37 (m, 1H), 7.25—-7.10 (m, 1H), 7.09-7.02 (m, 2H), 6.75—
6.53 (m, 6H), 4.79 (br s, 1H), 4.30 (br s, 1H), 3.70 (br s, 1H),
3.40 (br s, 1H), 3.30—3.17 (m, 3H), 3.05—2.97 (m, 1H), 2.92—
2.80 (m, 6H), 2.62 (t, J = 12 Hz, 1H), 1.90 (br s, 1H), 1.756—
1.30 (m, 10H), 1.20—1.00 (m, 5H), 0.99—0.75 (m, 11H); 3C
NMR (100 MHz, CDCl;) 6 174.0, 173.0, 151.8, 135.0, 134.5,
132.5, 131.0, 129.8, 129.1, 128.6, 128.1, 126.9, 122.9, 118.0,
115.2, 78.0, 69.9, 59.4, 54.0, 47.5, 45.4, 42.3, 38.6, 37.8, 33.7,
33.5, 32.5, 27.5, 26.5, 26.1, 24.7, 24.0, 21.7, HRMS caled for
CyHs7NeOsS (MH™) 761.40603, found 761.40284; [a]?%p —134°
(¢ 0.7, CHCly). Anal. Caled for C4HseNgOsS-2H0: C, 61.78;
H, 7.59; N, 10.55. Found: C, 62.19; H, 7.15; N, 10.71.

B. Reversed-Phase HPLC Homogeneities of Com-
pounds 2-9. Compounds 2—9 were synthesized as reported
by ref 3 (in-depth synthetic routes and physical characteriza-
tions will be reported elsewhere) and analyzed for their
homogeneity by reversed-phase HPLC using two solvent
systems. System 1: solvent system consisting of acetonitrile/
water containing 0.06% TFA; Vydac C,s column; spectropho-
tometric detection at 220 nm. System 2: solvent system
consisting of acetonitrile/phosphate buffer, pH 7.4; Vydac Cs
or Pharmacia C,s-C2 column; spectrophotometric detection at
220 nm. All compounds were found to be greater than 96%
homogeneity by both HPLC systems. Results are as follows
(compound; % homogeneity by system 1; % homogeneity by
system 2): (2; 98.6; 95.6), (8; 99.0; 98.9), (4; >99.9; 98.9), (5;
98.9; 99.1), (6; 98.6; 98.8), (7, >99.9; 99.6), (8; 99.0; 98.5), (9;
98.2; 97.0).

C. Expression and Purification of Recombinant Hu-
man Renin. The cloning, expression, and production of
recombinant human prorenin and the purification of recom-
binant human renin will be described in detail elsewhere.!?
Briefly, the full length ¢cDNA for the human preprorenin was
obtained by reverse transcription/PCR of total RNA prepared
from human kidney. Stable and highly productive clones of
recombinant human prorenin were established by DNA-
mediated gene transfer of the human preprorenin cDNA under
a strong CMV IE promoter into DAMP cells, an adherent dog
epithelial cell line. For the large-scale production of recom-
binant prorenin, cells were cultured into Nunc cell factories
(6800 cm?) and kept at confluence. This system had the
capacity to produce 3—5 mg of recombinant human prorenin/L
of culture medium.

Renin was purified from the trypsin-activated culture media
using an affinity chromatography column consisting of
Sepharose-4B coupled with the renin inhibitor Boc-Phe-His-
ACHPA-Ile-His-Gly-OH (K; = 3 nM). Following a wash in 50
mM Tris, 5 mM EDTA, 0.1 mM PMSF, 1 M NaCl, pH 7.4, the
enzyme was eluted with a 100 mM glycine buffer, pH 11. For
some enzyme preparations, a gel filtration chromatography
step (Superdex-75) was added to eliminate high molecular
weight aggregates and resulted in a homogeneous preparation.
Pure enzyme was stored at —80 °C at a concentration of 200
ug/mL in 150 sodium acetate, 5 mM EDTA, pH 6.0.

D. Spectroscopic and Computational Methods. Con-
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ventional Fluorescence Spectroscopy. Reactions were
conducted at 37 °C in a fluorescence quartz cuvette (1 cm light
path) containing a 2.00 mL reaction volume composed of 10
mM HEPES, 0.15% n-octyl B-pD-glucopyranoside, and 1%
DMSO at a pH of 7.4. Renin, at a concentration of 5.0 x 108
M, was titrated with successive 1.0 x 1078 M aliquots of the
fluorescent probe 1 (see Figure 1), for the acquisition of
fluorescence emission spectra. Kinetic rate constants were
determined by ligand exchange experiments using 1 at 5.0 x
107 M and renin at 5.0 x 1078 M. The concentrations of
competing ligand (as shown in the figure legends) were
selected to displace approximately 50% of the bound 1 at
equilibrium. Renin and either 1 or the competing ligand were
preincubated for 5 min in the sample chamber with stirring
at 37 °C. An SLM Aminco Bowman series 2 luminescence
spectrometer was used for fluorescence detection. The excita-
tion and emission wavelengths were set as described in the
figure legends. Fluorescence was recorded as the ratio of
emitted light to the reference photodiode.

Stopped-Flow Fluorescence Spectroscopy. Rate con-
stants for the association of fluorescent probe and recombinant
human renin were determined using an SLM Aminco Bowman
series 2 luminescence spectrometer with an attached MilliFlow
stopped-flow reactor equipped with two 2.50 mL reaction
syringes and a 1.00 mL exit syringe. One reaction syringe
contained renin at a concentration of 1.0 x 107 M in 10 mM
HEPES, 0.15% n-octyl glucoside at a pH 7.4, while the other
contained fluorescent probe at various concentrations in the
same buffer. Reactions were initiated by injecting 50 4L from
each reaction syringe using 50 psi of nitrogen through a final
reaction volume of 32 uL at a temperature of 37 °C. The
excitation wavelength was set at 284 nm (band-pass = 4 nm)
and the emission wavelength of 520 nm (band-pass = 16 nm)
at 1200 V. Fluorescence is given as the ratio of emitted light
to the reference photodiode. The acquisition delay was
determined by the N-bromosuccinamide-catalyzed oxidation
of N-acetyltryptophanamide!? to be about 1.2 ms.

Nonlinear Regression Analysis. All of the data were
analyzed using the SAS statistical software system (version
6.08; SAS Institute Inc., Cary, NC) on an HP Apollo 735
workstation (Hewlett-Packard Co., Palo Alto, CA). Typically,
two ASCII data files containing fluorescence measurements
from a pair of ligand exchange reactions (eqs 4 and 5) were
converted into a single SAS data set, with the respective
subsets labeled as ‘Association’ or ‘Dissociation’ (referring to
the disposition of the probe, see the Theory section). Data
analyses were performed by applying ordinary nonlinear least-
squares regression techniques to the selected model (see
Appendices 1—3) using the Marquardt—Levenberg minimiza-
tion method.
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Appendix 1: Paired Ligand Exchange Model

The following solution was derived for degenerate
conditions on the probe where [ligandlsee ~ [ligandlrotal,
i.e., [D]~ [Dlr. The differential rate equations for the
enzyme species in the overall ligand exchange reaction
(eq 1) are

é[—%D—] = (k,{E]JID]) - (&,,[ED]) (7

Morelock et al.

d[E]

5 = *ulEDD = (&, {EJDY) + (ky,[EID — (kZ({E][(IS];
I
é[i—] = (ko EJID) — (ko [EID (9

Solution for [E];. An expression for d[E] suitable
for integration can be obtained by first substituting
mass balance expression for [EI] (= [E]r — [E] — [ED])
into eq 8, solving for [ED], and substituting into eq 7 to
give

D
D) b EIDY, ~ k, x
d[E]
e + [((BydD1p) + &y, + (RodIINIE] — (2, [E))

klr - k2r 10)
10

Again with eq 8, substitution of mass balance for [EI],
differentiation with respect to ¢, and substitution of
d[EDJY/dt from eq 10 results in the following expression:

d[E] _ , dIE] _
7 Tbg TelBl=d (11)

where
a=1

b=k + (R {Dlp) + &y, + (Bod1lp)
¢ = k(R dDlp) + kg, + (Rpd 1p) — ey = ko )ky { D)y

d = kyky[Elp

This is a nonhomogeneous differential equation of
second order and first degree with a single dependent
variable. The following solution can be obtained by
applying the ‘variation of parameters’ method:14

_ bukolEy

(E],
@192

+ 2,67 4 )07 (12)

where

b+ Vb2 - 4ac

91,2 = %2a

A1 and Az are defined from boundary conditions, and g
and @3 are the positive and negative roots, respectively.
For t = oo,

k E
[E]co - 1rk2r[ ]T (12&)
0102
Fort =0,
Ay =[E), — [El. — 4, (12b)

Solutions for A, and A are obtained by first taking the
derivative of eq 12 with respect to time and setting
=0.
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d{E]
(F)Fo = =01A1 ~ 022 (13)

Fromeq8att¢t =0,

d[E]
(T)t=0 = (k1 [ED]y) — (k) {E],[D]y) +

(ko [EI]y) — (B, {EJ[I))) (14)

Equating eq 13 with eq 14 and substituting eq 12b for
Az lead to

/11 = [[E]o((klf[D]T) + (ka[I]T) - Qz) + (Qz[E]m) -
(k1 [ED]y) — (ko [EI]))(0, — 05) (15)

For the paired ligand exchange reaction involving probe
dissociation (eq 4), [EIlp = 0 and [ED)y, = quadratic
solution. For the complementary probe association
reaction (eq 5), [ED]y = 0 and [EI]o = quadratic solution.
Substituting eqs 12a,b into eq 12, the fully evaluated
expression for [E] at time ¢ may now be rewritten as
follows:

[E], = [E], + 4,e™® + ((E], — [E], — A ))e™%* (16)

[Note: A simpler expression for [E); exists if the
assumption can be made that the enzyme will be
saturated with ligand at all times. Under these condi-
tions, the alternative enzyme—inhibitor complex will
always be formed at the expense of the preformed one.
An immediate result of this experimental protocol is
that d[E)d¢ is always a very small number. Thus, [E];
can be approximated by setting d[EVd¢ (eq 8) equal to
zero. This solution is known as the Bodenstein ap-
proximation,!® more commonly referred to as the steady
or stationary state approximation. The model breaks
down, however, for ligands whose K and experimental
solubility do not allow saturation of the receptor.]

Solution for [ED];. An expression for d[ED] suitable
for integration may be obtained by substituting eq 16
into eq 7 and rearranging:

diEb] + &, [ED] = k(DI(E], + A;e7% +

dt
(E), - [EL — Ape™®) (17)

Integration of this first-order linear differential equa-
tion!“ leads to the following solution for [ED] at time ¢.

(El. A

= e I S 3 17
[ED]t klf[D]T{ klr - klr - Qle -

2t ll)c"”t} +Cie ™ (18)

klr )
where C; is the constant of integration.
Fort =0,
C; = [ED), — k,{D] {[E+ A
' 0 ! T klr klr -
((E), - [EL. - 4)
Ok 1 } (18a)
r — Q2

For t = oo,
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k,{D}E],

[ED]DQ N klr

(18b)

Regression. To obtain the expressions for modeling
the fluorescence data, [ED); from eq 18, as defined by
association or dissociation of the probe, is substituted
into eqs 6 and 6a, respectively. In the fitting procedure,
ks, Rir, [Dlrotal, and [Elretar are held constant while kg,
kor, Qfree, Qbound, and A are determined by regression.

Appendix 2: Model for Determining the Probe
Rate Constants

The following solutions were derived for nondegen-
erate ligand conditions where [ligand)see may not be
assumed to compare with [ligandlryt.. Consequently,
explicit mass balance relationships were used.

kon for Probe. Consider the following association
reaction of the probe with enzyme.

k
E+D=k=:=ED (19)

The equilibrium expression and the differential rate
equations for the reaction between a fluorophoric inhibi-
tor (D) and enzyme (E) are given by eqs 2 and 7,
respectively. Substitution of k;, from eq 2 and mass
balance expression for [E] into eq 7 and separation of
the variables lead to the following integral:

[ED], d[ED]
[EDl .[ED]? + b[ED] + a

= —ky [ dt  (20)
where
a = —[E}f[D];

klr
b=[E]}; + Dl +—
R

(20a)
c=-1

Integration!® results in the following solution for [ED]
at time ¢:

(2¢[ED]) + b — v—¢
n
(2¢[ED),) + b + v—¢

where
g = (4dac) — b*
B=Fkw—q

A solution for the constant of integration may be
obtained by setting ¢ = 0,

(2¢[ED)y) + b — v—¢q

.=1In (21a)
' (2[ED],) + b + v—¢
Solving eq 21 for [ED] at time ¢,
—b + V=g + (b + V=g
[ED], = g+ Drie 22)

2¢(1 — ye™)

where y; is the antilog of C;.



1760 Journal of Medicinal Chemistry, 1995, Vol. 38, No. 10

For¢t =0,
=b+ V=g + (b + V=q)y)
[ED], = 20l = 77 (22a)
For ¢t = o,
(ED], = 2+ Y=¢ (22b)

2¢

Rearrangement of eq 22 and substitution of eqs 22a,b
lead to

[ED].. + ((ED],(1 = y)) — [ED])e ™
1- ’)/ie—ﬂt

[ED), = (23)

For the forward (association) reaction, [ED]y = 0 by
definition.

kotr for Probe. Following the above scheme, the
reverse reaction would be carried out by first preincu-
bating E and D at high concentrations and then initiat-
ing dissociation by diluting to lower concentration.
Preliminary calculations based on eq 23, however,
indicated that the amount of dissociation (thus, signal)
would be so small as to make this experimental design
impractical. However, consider the following reaction
in which a nonfluorophoric inhibitor is used to drive the
equilibrium for the probe dissociation far to the right:

kie

ED 4+ excessI= EI+ D (24)
klr

Although this reaction is similar to eq 4, it differs in
that [EI].. > [ED]... Thus, as D dissociates, free E will
be instantaneously ‘trapped’ by I, blocking any reasso-
ciation of probe, so that a measurable dissociation
reaction can be analyzed. The solution (assuming
instantaneous equilibrium with I) derived for this
trapping exchange reaction is similar to the expression
obtained above for the simple association of E + D. From
egs 3 and 7,

d[ED] [, [EDK
Franies (klf M, LD]) k. [ED] (25)
Assuming that E is saturated with either D or I under
the experimental conditions employed, EI will be formed
at the expense of ED so that [EI), = [ED], — [ED].
Substituting for [EI}); and mass balance relationships
for [D] and separation of the variables lead to the
integral given by eq 20 where

_ _ K{ED][D)
B 1,
__KI[D]T K[ED], fﬂ
), 1)y kg 26)
__K
=T,

The final solution for [ED); is completely analogous to
the derivation and expression given by eq 23.

Morelock et al.

Regression. To obtain the expressions for modeling
the fluorescence data, [ED); from eq 23, as defined by
association (eq 20a) or dissociation (eq 26) of the probe,
is substituted into eqs 6 and 6a, respectively. In the
fitting procedure, [Dlrota) and [Elrota) are held constant
while kis, kir, K1, Qfree, Qbound, and A are determined by
regression.

Appendix 3: Model for Determining the
Equilibrium Constant

This model describes the equilibrium given in eq 1
and assumes degenerate conditions for D and nonde-
generate for I. Substituting eq 3 for [E] into eq 2 and
the mass balance relationship for [I] leads to

(1) = % &DD + KD 27)

Substituting into the mass balance relationship for [E]r
gives

K[ED]
[Dlp

K, [I}ED]
+IEDI+ e Epy + kD 2

(Elp =

Solving for [ED] leads to a quadratic equation

a[ED) + b[ED] +¢ =0 (29)

where

K
b= {(ﬁ + I)KI[D]T} + (KplIlp — (Kp[Elp) (292)

¢ = —(K{[D}[E]p)

To obtain the expression for modeling the fluorescence
data, the positive root of the quadratic solution for [ED]
is substituted into eq 6. In the fitting procedure, [I}r
and Fy-.. are the independent and dependent param-
eters, respectively, [Dlrotal, [Elreta, and Kp are held
constant, and K], Qfree, and Qpound are determined by
nonlinear regression. Figure 6 shows a renin competi-
tive equilibrium curve between 1 and 8. The Ki(3) of
4.89(4£0.43) x 10711 M compares well with the value of
47.2 pM obtained by the kinetic method (Table 1).
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