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ABSTRACT: The formation and duration of binary receptor—ligand complexes are fundamental to many
physiologic processes. Most often, the effectiveness of interaction between a receptor and its ligand is
quantified in terms of closed system, equilibrium affinity measurements, such as ICsy and Ky. In the context
of in vivo biology, however, the extent and duration of responses to receptor—ligand interactions depend
greatly on the time period over which the ligand is in residence on its receptor. Here we define
receptor—ligand complex residence time in quantitative terms and describe its significance to biological
function. Examples of the importance of residence time are presented for natural ligands of different
receptor types. The impact of residence time on the optimization of potential ligands as drugs for human

medicine is also described.

Essentially all of the biochemical activities of cell physiol-
ogy are mediated by the transient formation of binary
complexes between macromolecular receptors and their
ligands. Thus, for example, enzymatic activity depends on
substrate and sometimes allosteric activator binding to
enzymes, signal transduction depends on agonist engagement
by cell-surface, G-protein-coupled receptors, gene transcrip-
tion depends on binding of transcriptional activators to
specific promoter regions of the gene, and cell cycle pro-
gression and mitosis depend on a myriad of receptor—ligand
interactions. For the vast majority of these biological
activities, the binary complex between receptor and ligand
has a finite lifetime, so the functional consequences of
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complex formation are likewise transient and can be tightly
regulated in terms of timing of initiation, duration of action,
and amplitude of action. Much of the critical regulation of
biological activity within a cell is also mediated by
receptor—ligand interactions, often in the form of binding
interactions between a receptor and an inhibitory ligand.
When these systems are dysregulated, the consequences can
be devastating to the cell and/or organism. When, for
example, cell cycle progression and proliferation are dys-
regulated, hyperproliferation occurs, leading to diseases such
as cancer (/, 2).

Additional cellular regulation mechanisms, such as apo-
ptosis (3) and autophagy (4), are also in place to prevent
unregulated cell division, and these too depend on well-
orchestrated receptor—ligand interactions that can be dys-
regulated in disease states. Attempts to intervene pharma-
cologically in these diseases often involve the administration
of low-molecular weight xenobiotics (i.e., drugs) that
themselves function by receptor binding, effecting activation
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(agonists) or inhibition (antagonists) of specific, disease-
associated receptors.

In most, but not all, physiological situations, the duration
of the biological effect produced by a receptor—ligand
complex is directly related to the lifetime of the binary
complex itself. Thus, the longer the ligand is in residence at
its receptor, the longer the biological effect endures, espe-
cially when that effect is inhibition of biochemical function.
For example, residence times for substrates bound to an
enzyme are relatively short, averaging 50 ms." On the other
hand, naturally occurring, reversible inhibitors of enzymes
tend to have a much longer residence time, as the long
residence time translates into sustained inhibition of enzy-
matic activity. Basic pancreatic trypsin inhibitor, for example,
inhibits trypsin with a receptor—ligand residence time of 1.52
x 107 s, or approximately 6 months.? Likewise, many small
molecule drugs that act as effective, targeted, enzyme
inhibitors and receptor antagonists display residence times
in the range of hours to days (vide infra).

Most commonly, the effectiveness of interaction between
a receptor and ligand is quantitatively assessed by equilibrium
measures of binding affinity, such as ICsy, the equilibrium
dissociation constant, or the Gibbs free energy of binding.
These thermodynamic constants are related to the kinetic rate
constants for complex association and dissociation in dif-
ferent ways, depending on the mechanism of complex
formation (vide infra). In many cases, one finds that complex
association rates for different ligands, binding to a common
receptor, are very similar. Therefore, differences in complex
dissociation rates among the ligands translate directly into
differences in the thermodynamic constants. In such situa-
tions, one could conclude that measurement of the equilib-
rium thermodynamic constant is sufficient for defining
differences in complex lifetimes. However, in our experience,
exclusive reliance on such equilibrium measurements can
be misleading with respect to relative complex lifetime. Even
within a common chemical series of ligands, where associa-
tion rates generally do not vary significantly, we have
encountered cases in which two ligands displayed similar
K4 values but vastly different dissociation rates.

As just described, the affinity of a ligand for its receptor
does not, per se, define the effectiveness and duration of
biological action. Rather, it is the lifetime of the binary
receptor—ligand complex that in large part dictates the effect
in the cellular and organismal context. Recently, Copeland
et al. (5) and independently Vauquelin et al. (6, 7) and
Swinney (8) have discussed this concept with regard to the
pharmacological activity of drugs. Copeland et al. (5) defined
the term residence time to refer to the temporal duration of
the binary receptor—ligand complex. These authors argued
that while the lifetime of a receptor—ligand complex is
affected both by the rate of ligand association with and
dissociation from the receptor, the key driver of complex
lifetime in vivo is, in fact, the dissociation rate. The term
residence time (7), defined as the reciprocal of the dissocia-
tion rate constant (k) for the receptor—ligand complex, was
coined as an experimentally measurable, quantitative repre-
sentation of complex lifetime, or duration. To illustrate the

! Calculated from tabulated values of enzyme substrate off rates in
ref 63.
2 Calculated from the off rate value in ref 63.
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concept, consider how a violinist can control the duration
of a musical note by the length of time that the bow is drawn
across a specific string (how rapidly the violinist initially
places the bow on the string determines the timing of when
the note begins but does not affect its temporal duration). A
quick “pluck” at the string results in a note of very short
duration. A slow draw of the entire length of the bow across
the string produces a prolonged note. Thus, the duration of
the note (analogous to biological function) is directly related
to the residence time of the bow (analogous to ligand) on
the violin string (analogous to the receptor).

In this work, we discuss the concept of residence time in
the broader context of the biological activities of receptor—ligand
complexes in general. We will review the key concepts
associated with receptor—ligand complex residence time and
describe examples of the relationship between receptor—ligand
residence time and cellular and organismal biology. We also
describe the application of residence time measurements to
drug optimization efforts in the field of human medicine.

CLOSED AND OPEN SYSTEMS IN BIOLOGY

Before considering the effects of residence time on
receptor—ligand complex activity, it is useful to first identify
two common sets of conditions under which receptors and
ligands encounter one another. The first is termed a closed
system. Here the total receptor and ligand concentrations are
constant, meaning that the total concentrations are both
homogeneous and unchanged with time. These conditions
are representative of most experimental measurements of
receptor—ligand binding (see refs 5, 9, and /0 for common,
experimental measures of receptor—ligand binding kinetics
and off-rate determinations under closed system conditions).
In a closed system, the only change in concentration that
takes place with time is in the concentrations of free and
bound species as the system approaches equilibrium. In most
instances, binding measurements are performed after suf-
ficient mixing time to ensure that the system has reached
equilibrium, to ensure that measurements of thermodynamic
constants can be performed accurately. As discussed
elsewhere (5, 10), in favorable cases the kinetics of approach
to equilibrium in a closed system experiment can be used to
determine the rate constants for complex association and
dissociation.

The second type of system is termed an open system. This
is more reflective of how receptors and ligands encounter
one another in vivo. Here one of the components (typically
the receptor) is held within a defined container (e.g., a cell)
at a fixed concentration. The other component (most com-
monly, the ligand) flows into the container harboring the
receptor, diffuses within the container to encounter the
receptor, and may also flow out of the container by passive
and/or active transport mechanisms. For example, when a
drug that targets an intracellular receptor is administered
orally, it must enter the gastrointestinal tract, be absorbed
from the intestines into systemic circulation, be thus trans-
ported to the tissue of interest, diffuse through the tissue to
reach the cell, be transported into the cell, and then diffuse
to the receptor before association (binding) can occur. Once
bound, the ligand can dissociate from the receptor and may
rapidly rebind, due to the high local concentration of ligand
in the proximity of the receptor. Alternatively, the dissociated
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ligand may diffuse through the cytosol, or other subcellular
compartments, and eventually be transported back out of the
cell. Within and outside the cell, various chemical (e.g.,
digestion) and metabolic processes may degrade the ligand
to eliminate it from the body. Hence, in contrast to the
constant concentration encountered in a closed system,
the open system is characterized by continuous changes in
the flux of ligand available for encounter with the receptor.
Because the free concentration of ligand is continuously in
flux in an open system, equilibrium measurements are no
longer appropriate. Measurement of the rate constants for
binary complex association may be possible but in many
cases is compromised by other processes that limit access
of the ligand to the receptor (5). On the other hand, the
dissociation rate for the binary complex is first-order and
thus independent of any changes in free ligand concentration.

EQUILIBRIUM AND KINETIC ASPECTS OF
RECEPTOR—-LIGAND INTERACTIONS

Most biochemists are familiar with equilibrium measures
of receptor—ligand binding. The strength of interaction
between a ligand and its receptor is typically defined in terms
of thermodynamic constants, measured in vitro under closed
system, equilibrium conditions, such at the Gibbs free energy
of binding (AGuinding), the equilibrium association constant
(K,), and most commonly the equilibrium dissociation
constant (K4). These constants are quantitatively related to
one another by eq 1.

AGypging = —RT In(K,) = RT In(Ky) (1)
where R (1.987 cal °C™! mol™! or 8314 J °C™! mol™) is
the ideal gas constant and T is the temperature in Kelvin.

These thermodynamic constants serve well to define complex
affinity under equilibrium conditions for both open and closed
systems. As described above, and elsewhere (5, 6, 10), however,
equilibrium complex affinity, per se, is not the key driver of
durable biological effect in open systems. Rather, the overall
rate of dissociation of the receptor—ligand complex is
proposed to be the most critical component of complex
lifetime and, hence, biological function, in vivo.

The overall rate of binary complex dissociation is termed
the off-rate and is represented by the symbol k.. The
definition of this constant, however, in terms of individual,
microscopic rate constants, depends on the specific mecha-
nism of receptor—ligand interaction. There are three general
mechanisms of interaction that one may envisage for a
receptor—ligand pair. The first (mechanism A) is a simple
one-step binding and one-step dissociation process.

k
R+L==RL
k>
Here the receptor (R) and ligand (L) combine to form the
binary complex (RL) with the association rate constant (kop)
equal to k; and ko equal to k,. The equilibrium dissociation
constant (Ky) associated with this mechanism is simply given
by the ratio k»/k;. One can measure the kinetics of the
approach to equilibrium in a system like this by a number
of experimental measures (9, 10). If either k, or both k; and
k, are slow on the time scale of the experimental measure-
ments, the concentration of RL over time appears to follow
a pseudo-first-order process described by the observed
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FIGURE 1: Experimentally observed, pseudo-first-order rate constant,
kobs, as a function of ligand concentration for different mechanisms
of receptor—ligand binding. (A) Single-step binding mechanism
termed mechanism A in the text (H). (B) Two-step binding
mechanism termed mechanism B in the text (O). (C) Two-step
binding mechanism termed mechanism C in the text (®).
pseudo-first-order rate constant kg,s. A plot of kops as a
function of ligand concentration is linear (Figure 1A), and
this is a distinguishing feature of mechanism A. The off-
rate (kog) for this mechanism is equivalent to the microscopic
rate constant k,, and the residence time (7) is given by the
reciprocal of k,. For some researchers (e.g., those in the
pharmacology and drug discovery fields), the concept of half-
life is more familiar than relaxation or residence time. Hence,
Copeland et al. (5) have also coined the term dissociative
half-life (¢,,%%) to describe the half-life of the receptor—ligand
complex, which for mechanism A is simply 0.693/k, (for
all mechanisms, T = 1/kor and 11,95 = 0.693/ks).

The second common mechanism of receptor—ligand
interaction (mechanism B) is analogous to the induced-fit
model of enzyme—substrate interactions, first postulated by
Koshland and co-workers (/7).

kl k3
R+L==RL=R*L
ks ks

Here the ligand initially encounters the receptor in a
conformational state (R) that is less than optimally comple-
mentary to the ligand for binding. Subsequent to binding,
the receptor undergoes an isomerization to a new confor-
mational state (R*) that is much more complementary to the
ligand such that the new binary complex R*L has a much
higher affinity than the initial encounter complex, RL. Thus,
this mechanism cannot be described by a single equilibrium
dissociation constant; instead, two equilibrium dissociation
constants are required here. The affinity of the initial
encounter complex RL is quantified by K4 which is still
defined by the ratio ky/k,. The affinity of the final complex
R*L, however, is defined by a more complex equilibrium
constant given the symbol Ky* (see Table 1 for the
mathematical definition of Ky*). The transition between the
initial encounter complex and the final binary complex often
imparts a rate limit to the overall approach to the final
equilibrium state such that the approach to equilibrium again
is described by the experimental rate constant kos. For
mechanism B, a plot of kes as a function of ligand
concentration yields a hyperbolic curve as illustrated in
Figure 1B.

The value of k. for mechanism B is not simply defined
by a single, microscopic rate constant. Instead, it is a
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Table 1: Mathematical Definitions of Equilibrium and Kinetic Constants for Different Mechanisms of Receptor—Ligand Interactions

Kinetic Mechanism A* Mechanism B* Mechanism C*
Parameter
Ky E ﬁ not applicable
d k] k] pp
k2 — Kd k
% C . - 4
K4 not applicable K+ Kk, 1+ ks A
k, k, ;
kk[L] k k, — _ k,
k,+23 ==k, +—3 1 =kt
ops K[L]+k, Y [1+ kg[L]J [1 +@J
[L] k, K,
k e k L k
o : (b +hy+K,) :
s 1 (k, +k, +k,) 1
k, k,k, k,
| s 0.693 0.693(k, +k, +k,) 0.693
] k, kyk, ky

“ Mechanisms in this table refer to the three mechanisms of receptor—ligand interaction discussed in the text. ” K4 is the equilibrium dissociation
constant for the initial encounter complex RL. ¢ K4* is the equilibrium dissociation constant for the final binary complex R*L in a two-step binding
mechanism. ¢ kops is the experimentally observed pseudo-first-order rate constant for the approach to equilibrium between the free components and the
binary receptor—ligand complex. ¢ ko is the overall rate of dissociation of the receptor—ligand complex. /7 is the residence time of the receptor—ligand
complex. & 11,9 is the dissociative half-life of the receptor—ligand complex.

compilation of several rate constants associated with the
initial encounter complex and the forward and reverse
isomerization steps of RL to R*L conversion (see Table 1).
In most instances of long residence time for this mechanism,
it is the reverse isomerization rate constant, ks, which is
slowest and hence limiting with respect to complex dissocia-
tion. However, it can also be the case that k, and k4 are
similar in magnitude and thus both are limiting to complex
dissociation (see ref /2 for an example of this situation). In
either case, the receptor isomerization step adds significant
potential for a long-lived binary complex between the
receptor and its ligand. Mechanism B is very commonly
encountered in situations of high-affinity receptor—ligand
interactions, as is often the case, for example, for pharma-
cologically active enzyme inhibitors and receptor antagonists
(10).

A third mechanism for receptor—ligand interactions is
represented by mechanism C.

k, Ky[L]
R = R*+==R*L
ko ks

In this mechanism, the receptor is in equilibrium between
two conformational states in the absence of ligand. One of
these conformational states is competent to bind ligand (R*),
and the other is not (R). The introduction of ligand into the
system captures the subpopulation of receptor in the R* state
and thereby depletes the pool of free R*. In response,
the equilibrium is shifted in favor of formation of R* from
the remaining pool of free receptor molecules. With a
sufficient ligand concentration and time, the entire population

of receptor can be driven into the binary R*L complex state.
For this mechanism, the interconversion between conforma-
tional states R and R* is slow relative to the binding of ligand
to the R* state. Again, the overall approach to equilibrium
for this mechanism gives the appearance of pseudo-first-
order kinetics. In stark contrast to the other two mechanisms,
for mechanism C the value of kus actually decreases with
increasing ligand concentration, asymptotically approaching
a finite value at very high ligand concentrations (Figure 1C).
This is an extremely clear, distinguishing feature of mech-
anism C that allows unambiguous differentiation from
mechanisms A and B. We include mechanism C here for
completeness but feel compelled to point out that this
mechanism is rarely encountered in receptor—ligand binding
studies. In fact, we know of only two examples of mechanism
C in the biochemical literature. One example comes from
studies of Escherichia coli alkaline phosphatase binding and
hydrolysis of the substrate 2,4-dinitrophenyl phosphate (/3),
and the second comes from studies of chymotrypsin binding
and hydrolysis of aromatic substrates (/4). Recent crystal-
lographic studies of several kinases bound to high-affinity,
ATP-competitive inhibitors have revealed that the protein
adopts a conformation in the inhibitor-bound form that
resembles that of the inactive state of the kinase. This
“inactive state” is typically accessed only prior to an
activating phosphorylation of the target kinase by another
kinase upstream of it in an intracellular signal transduction
pathway. This has led some researchers to invoke mechanism
C and suggest that the inhibitors bind to an inactive state
subpopulation of kinase molecules in solution that is in
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equilibrium with the activated state of the kinase. To our
knowledge, however, there is a paucity of kinetic data that
would definitively distinguish this proposed mechanism of
kinase inhibition from that represented by mechanism B.
Thus, further experimental work is needed to make clear this
mechanistic distinction, as it has potentially important
implications for how one conducts future drug-seeking efforts
against such kinases.

The mathematical definitions for equilibrium and kinetic
constants associated with mechanisms A—C are summarized
in Table 1.

EXAMPLES OF RESIDENCE TIME IN NATURAL
RECEPTOR—-LIGAND FUNCTION

Open biological systems, as defined above, create high
hurdles for the specificity and stability required of receptor—
ligand mediated biological functions. Ligand concentrations
at the receptor site change over time, and in some cases, the
ligand is not colocalized with the receptor at the cellular or
tissue level. Additionally, some multistep biosynthetic func-
tions have a strict requirement for fidelity, and open systems
increase the already high entropic barrier that exists in these
cases (see below). In many cases, biological systems employ
the receptor—ligand residence time, varying across a wide
range, as one method of overcoming these hurdles. A
comprehensive discussion of the myriad of physiological
examples of such controlled biological response is not
possible in this brief review. Rather, we exemplify these
concepts with descriptions of selected classes of receptor—
ligand complexes for which residence time is a clear and
important component of biological function.

Immune Response. Adaptive immune response involves
the formation of binary complexes between ligands and
receptors on B and T lymphocytes. Antigen receptors,
composed of immunoglobulin domains, on the surface of
B-cells recognize and bind specific antigens such as proteins
from pathogenic bacteria and viruses. The receptor—antigen
complex on the B-cell surface undergoes endocytosis and
intracellular proteolytic processing to produce antigen-
derived peptides. These peptides are then presented on the
surface of the B-cell in complex with a major histocompat-
ibility complex (MHC) class II protein. The peptide—MHC
complex (pMHC) then acts as a ligand for the T-cell receptor
(TCR), in concert with the CD4 coreceptor, on the surface
of T-helper cells. Engagement of TCR/CD4 by the pMHC
leads to T-helper cell activation, resulting in cytokine
secretion that stimulates a number of cellular responses,
including B-cell proliferation and, hence, antigen specific
antibody production. In a like manner, the TCR on killer
T-cell, together with its coreceptor CD8, engages antigen—MHC
class I complexes on cell surfaces, stimulating secretion of
the cytotoxin by the killer T-cell. These cytotoxins target
the plasma membrane of the antigen-presenting cell, resulting
in apoptotic cell death.

Several studies have explored the kinetics of interactions
between various components of the adaptive immune system.
Among a large number of studies of soluble antibody—antigen
interactions, some common features emerge (/5). Often
association of the antibody with the antigen is slower
than expected for a diffusion-controlled process, and this has
been suggested to result from a two-step, induced-fit mech-
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anism of binding (mechanism B, above). Dissociation of
antibody—antigen complexes is generally found to be slow,
with residence times ranging from minutes to days or longer.
For example, Katsamba et al. (/6) studied the binding of
prostate specific antigen (PSA) with several antibodies in a
number of independent laboratories. The average value of
kon was 4.1 x 10* M~! s7!, and the values of k. translated
into an average residence time of 6.2 h for these complexes.
Several studies comparing on-rate, off-rate, and biological
function among various antibodies for a common antigen
have shown that optimal function is often correlated with
off-rate or residence time. For example, VanCott et al. (/7)
looked at a panel of human and mouse antibodies specific
for the V3 loop of the HIV-1 envelope glycoprotein gp120.
These workers found that the variation in k., across the
antibody panel was only 4-fold, while the values for ko
varied more than 100-fold. The concentration-dependent
ability of the antibodies to neutralize viral replication was
also assessed by measuring the concentration of antibody
required to inhibit cellular p24 production by 50% (Nsg
value). A plot of k. and N5y showed a significant correlation
between these values (R = 0.75; p < 0.001), while a similar
plot of ko, and N5y demonstrated no correlation (R> = 0.002;
p = 0.92). This is typical of the results seen for other
antibody—antigen complexes, with ko, values ranging from
10* to 107 M~! s™! and residence times ranging from a few
seconds to several months (/5).

Similarly, the kinetics of interaction between antigens and
B-cell surface receptors have been studied by several groups.
With respect to recognition specificity, Foote and Eisen (/8)
point out that the most rapid association between antigens
and B-cell receptors is limited by the diffusion coefficients
of the reactants, which puts an upper limit on k,, of ca. 10°
M~! s~! for monomeric protein antigens. Since structural
complementarity has no impact of diffusion-controlled
processes, the encounter rate cannot be a factor in discrimi-
nation among antigens. As with soluble antibodies, however,
there are experimental data to suggest that antigen binding
to B-cell receptors occurs through a two-step, induced-fit
process [see the work of Sundberg and Mariuzza (19) for a
summary of these data]. Once an antigen is bound at the
B-cell receptor, the complex must be internalized through
endocytosis to elicit a downstream immune response. If the
antigen dissociates from the receptor prior to endocytosis,
complex formation cannot elicit a functional response. Hence,
immune response requires some minimum residence time
for the antigen—receptor complex (20). On the other hand,
a residence time for the antigen—receptor complex that is
much longer than the time required for endocytosis does not
provide a further functional advantage. Foote and Eisen (/8)
estimated the half-life for endocytosis to be 8.5 min. They
assumed that two to three half-lives define an upper limit
beyond which increased complex stability offers no ad-
ditional advantage. Hence, the effective limit of B-cell
receptor—antigen residence time can be estimated to be
between 0.5 and 3 h. Within the limits of minimal and
maximal effective residence time and affinity, Guermonprez
et al. (20) present data to suggest that the efficiency of B-cell-
mediated presentation of antigenic peptides to T-cells is
controlled by the off-rate of the antigen—receptor complex,
with slower off-rates correlated with an increased level of
signaling. Thus, complex stability, dictated by residence time,
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is a critical factor for ensuring that the binding of antigens
to the B-cell receptor translates into functional processing
of the antigen.

Once antigen is proteolytically processed within the B-cell,
the resulting peptides must form stable, noncovalent com-
plexes with MHC proteins on the surface of the B-cell, to
facilitate recognition by the TCR and subsequent T-cell
activation. Again, the stability of the pMHC binary complex
is critical to further immune response, and this is dictated
by the residence time of the complex. The pMHC binary
complex exists in an open system in serum with the TCR
on T-cells. A long residence time for the pMHC binary
complex is important in overcoming the entropic barrier to
formation of the pMHC complex—TCR ternary complex.
Margulies et al. (27) studied the kinetics of interactions of
MHC class I with antigen-derived peptides and also sum-
marized previous studies of interactions of MCH class II with
peptides. For both MHC classes, the residence times of the
pMHC binary complexes ranged from 3 h to 12 days. These
long residence times ensure that the peptide—MHC binary
complex endures for sufficient time to affect TCR engagement.

Binding of the pMHC to the TCR also appears to proceed
through a two-step, induced-fit mechanism, characterized by
slow association kinetics, large heat capacity changes, and
a large entropic barrier to binding (/9). These results are
bolstered by comparisons of the crystallographic structures
of unliganded and pMHC-bound TCRs, which also suggest
significant conformational adjustments attending pMHC
binding. Boniface et al. (22), for example, found that the
large heat capacity changes that attend pMHC binding to
TCR, and a large contribution of conformational entropy to
the overall entropic barrier to binding, could not be ascribed
to rigid-body association between the binding partners.
Rather, the data are indicative of an induced-fit mechanism
of binding. Boniface et al. (22) go on to suggest that for
pMHC—TCR interactions, like DNA—protein interactions,
recognition specificity is not due to rigid alignment of
preexisting, complementary surfaces but instead requires
unstructured regions of the protein(s) in the free state to fold
upon binding to create key parts of the recognition contact
interface.

In general, the residence time of the pMHC—TCR complex
directly correlates with the degree of T-cell activation.
However, Krogsgaard et al. (23) noted that there are
exceptions to this generality. In a detailed study of binding
kinetics and thermodynamics, these workers demonstrated
for a single TCR interacting with a series of pMHCs that
the degree of T-cell activation could be accurately predicted
by taking into account both the half-life of the pMHC—TCR
complex and the change in heat capacity upon binding. These
data suggest that the combination of induced fit and the
consequent longer residence time of the complex is a critical
factor for the specificity and effectiveness of interactions of
pMHC with the TCR.

Control of Proteinase Activity by Natural Inhibitors.
Proteinase-catalyzed hydrolysis of specific peptide bonds in
proteins and peptides is essential for a broad range of
physiological functions, including digestion, immune re-
sponse, xenobiotic metabolism, blood clotting, wound heal-
ing, and tissue remodeling. Intracellular proteolysis, due to
the action of proteases, plays important roles in processes
such as signal transduction, exocytosis, endocytosis, and
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apoptosis. As essential as these activities are to life, the
uncontrolled activity of proteolytic enzymes would be
devastating to the organism. Hence, nature has developed
several strategies to ensure that these enzymes remain
inactive until needed for specific cellular or extracellular
functions. A common strategy for inactivating proteinase in
nature is to form high-affinity, long-lasting binary complexes
between the proteinase and a protein-based inhibitor. Indeed,
the residence times for binary complexes between proteinases
and protein-based inhibitors are among some of the longest
found in nature, reflecting the need for tight control of
proteinase activity in vivo. Janin and Chothia (/5) surveyed
the structures and binding kinetics for a representative set
of 15 pairs of proteinase—inhibitor complexes. Generally,
the contact interface for the complex consisted of a long
groove formed by the active site and specificity pockets of
the proteinase and an extended loop of the inhibitor that fits
into the proteinase groove. The contact areas for the
complexes range from 600 to 1000 A2 and are dominated
by nonpolar residues. Among these 15 proteinase—inhibitor
complexes, Janin and Chothia found that there was little
variation in the association rate constants and concluded that
affinity changes and inhibitor specificity were instead dicated
by the dissociation rate constants (ko). The residence times
among these complexes range from 1 s for low-affinity
complexes to 4 months for the most stable complexes.
Further analysis of the kinetic data from the literature led
Janin and Chothia to conclude that association was likely to
result from a loose encounter complex that isomerizes to a
stable structure with proper packing interactions at the protein
interface. They noted that experimental evidence for two-
step binding mechanisms had been reported from kinetic
studies of a number of proteinase—inhibitor pairs.

One of the best-studied examples of a natural protein-based
proteinase inhibitor is pancreatic trypsin inhibitor (PTI), an
inhibitor of trypsin and related serine proteinases. In a
detailed study of binding kinetics, Vincent and Lazdunski
(24) measured the association and dissociation rate constants
for trypsin with PTI and for derivatives of each protein. PTI
was studied in its natural form and also after selective
reduction of the intramolecular disulfide bond between S14
and S38, after reduction and carboxymethylation, and after
reduction and carboxamidomethylation. These forms were
complexed with natural trypsin, with trypsin that had been
selectively reduced and carboxymethylated at S179—S203,
and with a catalytically inactivated form of trypsin termed
pseudotrypsin. Among these pairs of proteinase—inhibitor
combinations, the association rate constants varied only 55-
fold, from 2 x 10* to 1.1 x 10° M~! s7!. In contrast, the
values of ko spanned a range of 10°-fold, corresponding to
residence times from 22 min to 6 months. Thus, overall
complex lifetime is determined almost exclusively by
residence time for proteinase—inhibitor complexes, such as
the trypsin—PTI complex. Likewise, residence time appears
to be an important factor in enzyme—inhibitor specificity
for these systems as well.

A final example of the impact of residence time on
proteinase—inhibitor stability and specificity comes from
studies of tissue inhibitors of metalloproteinases (TIMPs)
interacting with various soluble and membrane-bound met-
alloproteinases. There are four TIMPs (TIMP-1—TIMP-4)
that occur naturally and are responsible for controlling the
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activity of a range of metalloproteinases. TIMPs were first
isolated as complexes with soluble metalloproteinase such
as the gelatinases matrix metalloproteinases 2 and 9 (MMP-2
and MMP-9, respectively). Subsequently, an accumulation
of data has suggested that the TIMPs may be unique
regulators of type I transmembrane metalloproteinases (MT-
MMPs) and that this is their key physiological role. Several
studies of the kinetics of interaction between TIMPS and
MMPs and MT-MMPs quantitatively support this suggestion.
For example, TIMP-2 binds to MMP-2 and MMP-9 with K;
values of 7.2 and 43.4 nM, respectively (25). In contrast,
TIMP-2 binds with much greater affinity to MT-1 MMP and
MT-3 MMP, displaying K; values of 0.07 and 0.17 nM,
respectively (26). Among these four enzymes, the residence
times varied from 7 min (for MMP-9—TIMP-2) to 1.4 h (for
MT-1 MMP—TIMP-2). Different TIMPs also appear to
regulate different MT MMPs based on variations in residence
time among the complexes. Zhao et al. (26) compared the
binding of TIMP-2, TIMP-3, and TIMP-4 to MT-1 MMP
and MT-3 MMP. TIMP-2 was found to be the highest-affinity
inhibitor of MT-1 MMP, with a K; value of 0.07 nM, while
TIMP-3 was the best inhibitor of MT-3 MMP (K; = 0.008
nM). Among the six combinations of enzyme and inhibitor
pairs, the values of k., were virtually indistinguishable,
ranging only from 1.27 to 3.41 x 10 M~!s7! (i.e., a range
of <3-fold). What distinguished these complexes from one
another were the residence time values, which ranged from
0.46 to 9.7 h. The residence time differences noted in this
paper led the authors to suggest that TIMP-3 is the most
likely candidate to act as an MT-3 MMP inhibitor under
physiological conditions.

Processivity in Biosynthetic Polymerase Reactions. The
synthesis of a biopolymer (e.g., proteins and nucleic acids)
requires multiple steps of covalent bond formation to produce
a polymeric chain from individual components. Reactions
of this type require high fidelity and specificity to ensure
that the resulting polymer has the correct ordering of
components along the polymer. Additionally, these reactions
are inherently disfavored, due to the large entropy loss
associated with polymer formation. Hence, enzymes that
catalyze these reactions must not only confer the appropriate
level of specificity of reaction but also energetically com-
pensate for the entropic cost of reaction. One enzymatic
mechanism for overcoming this cost is termed processivity.
Processive enzymes catalyze multiple rounds of reaction
while retaining the substrate in a quasi-stable binary complex.
In the case of polymerases, this means that the nascent
polymer chain is built up, one unit at a time, while com-
plexed to the polymerase enzyme. This requires the poly-
merase enzyme to form a stable complex with
the nascent polymer, but at the same time be sufficiently
dynamic to accommodate the changing specificity of reaction
required for chain extension. To facilitate this delicate
balance between complex stability and reaction dynamics,
polymerases are often found to be composed of multiple
protein complexes, in which different proteins confer dif-
ferent characteristics to the overall catalytic mechanism.

The bacteriophage T4 DNA polymerase exemplifies well
many of these concepts. The replication of duplex DNA
requires a multistep enzymatic pathway that involves as-
sembly of a functional enzyme complex for DNA synthesis,
unwinding of a double-stranded DNA template and its
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coupling to synthesis of complementary RNA primers on
the ssDNA lagging strand, and DNA synthesis on leading
and lagging strand templates (27). These enzymatic reactions
have all the requirements described above for catalysis of
polymerase reactions with a high degree of fidelity but also
require highly processive DNA synthesis on the leading
strand with concurrent discontinuous synthesis of small DNA
fragments (Okazaki fragments) on the lagging DNA strand.
The enzyme complex from T4 bacteriophage has been
characterized in detail by Benkovic and colleagues (27) and
is known as the T4 replisome. It is composed of eight types
of proteins: polymerase (gp43), clamp (gp45), clamp loader
proteins (gp44 and gp62), helicase (gp41), helicase accessory
protein (gp59), primase (gp61), and ssDNA binding protein
(gp32) (28). The polymerase holoenzyme, composed of
clamp protein and polymerase, catalyzes DNA synthesis. In
the current model, during DNA replication the T4 replisome
contains two polymerase holoenzymes, each simultaneously
catalyzing either leading or lagging strand DNA synthesis
(29).

To achieve the required processivity for DNA replication,
the polymerase holoenzyme bound to the DNA leading strand
has a residence time of 8—16 min [consistent results reported
by Benkovic (28, 30) and Alberts (37)], similar to the time
required to replicate the entire 172 kb T4 genome, which is
approximately 15 min (32). If the holoenzyme—template
residence time were substantially longer than the time for
T4 genome replication, DNA replication would be less
efficient. Alternatively, if the residence time were shorter, it
would diminish processivity, require additional energy, and
could compromise fidelity. Catalysis by T4 polymerase alone
is distributive; the protein—DNA complex freely dissociates
and is recruited from solution during DNA replication with
a residence time of <1 s (33). Hence, the long residence
time required for processivity is provided by the second
protein in the holoenzyme, the clamp, which interacts with
the polymerase and tethers it to the primer—template
junction. Similar to other polymerase reactions, the clamp
does not possess an unchanging set of binding interactions
with the template but rather moves along the template without
dissociating after each round of nucleotide incorporation. The
movement of the holoenzyme along the template without
clamp dissociation has been termed “dynamic processivity”
(30). The second polymerase holoenzyme in the T4 replisome
catalyzes lagging strand DNA synthesis. This holoenzyme
possesses the same inherent processivity observed with
the leading strand holoenzyme. However, it must dissociate
rapidly from and reassociate with the DNA template repeat-
edly to allow for efficient Okazaki fragment synthesis.
Interestingly, it has been shown that the clamp dissociates
rapidly from the lagging strand DNA template and exogenous
clamp is recruited for a new round of Okazaki fragment
synthesis, whereas the same polymerase is recycled for
multiple rounds of lagging strand synthesis (34). The
resulting shorter residence time of the clamp involved in
lagging strand DNA synthesis is required for a rate of lagging
strand DNA synthesis similar to that on the leading strand.

RESIDENCE TIME IN DRUG—TARGET
INTERACTIONS AND PHARMACOLOGY

The preceding discussion demonstrates the impact of
residence time on the biological function of protein—protein
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Table 2: Residence Times for Selected Pharmacological Agents (Ligands) on their Target Receptors

receptor ligand residence time (7)¢ refs indication
enoyl-acyl carrier protein reductase, E. coli triclosan 14h 46 bacterial infection, topical
ribosome complex, E. coli erythromycin 1.6 min 47 bacterial infection, systemic
josamycin 92 min
HIV-1 protease nelfinavir I.1h 37 human immunodeficiency virus
lopinavir 1.7h type 1 (HIV-1) infection
darunavir >340 h (> 14 days)
histamine H1 receptor desloratidine >8.7h 48 allergic conditions
(antihistamine)
angiotensin AT1 receptor candesartan 2.7h 49 hypertension
telmisartan 19h
M3 muscarinic receptor tiotropium 11 h (1) 50 (1) chronic pulmonary disease
48 h (2) 51(2)
dipeptidyl peptidase IV vildagliptin 6.6 min 41, 42 type 2 diabetes
saxagliptin 306 min (5.1 h)
thrombin hirudin 14 h 52—54 thrombosis for patients with
lepirudin 16 h heparain-induced
argatroban 3s thrombocytopenia, deep
melagatran 528 venous thrombosis,
thromboprophylaxis in atrial
fibrillation
serotonin S2 receptor ritanserin 39h 55 bipolar disorder, anxiety,
depression
D2 dopamine receptor haloperidol 58 min 44, 56 schizophrenia
chlorpromazine 58 min
clozapine 0.7 min
quetiapine 0.4 min
epidermal growth factor receptor (EGFR) lapatinib 7.2 h 57 HER2+ breast cancer
heat shock protein 90 (Hsp90) geldanamycin 6.6 h 58 melanoma, breast, prostate,
hematologic, and thyroid
cancers (close analogues in
clinical trials)
neurokinin 1 receptor aprepitant 3.6h 59 chemotherapy-induced nausea
and vomiting
steroid Sa-reductase finasteride >43 days (type 1 enzyme), 60 benign prostatic hyperplasia,
20 days (type 2 enzyme) prostate cancer, and
androgenetic alopecia
gonadotropin-releasing hormone receptor (GnRH) sufugolix 40h 61,62 endometriosis, benign prostatic
hyperplasia
NBI 42902 62h

“ Residence times were calculated from values of kg or £;,%55, reported in the literature, using the equations defined in Table 1. Note that the units or

“approximately” residence time vary among the entries in this column.

complexes, and this suggests that residence time can serve
as an important optimization criterion for biopharmaceuticals,
such as antibodies, soluble receptors, and the like. Similarly,
the residence time of a small molecule drug with a specific
target macromolecule represents an important metric for drug
optimization, both in terms of duration of efficacy in vivo
and target selectivity (/0). It is worth noting in this context
that the process of small molecule ligand dissociation from
a protein can be considered to be a special case of localized
protein unfolding and like other protein folding—unfolding
processes will require the system to overcome a sizable
energy barrier to attain the unfolding transition state (35).
For ligand dissociation, this energy barrier is likely to be
almost exclusively enthalpic, as the dissociation requires
increased mobility for the protein and ligand and will thus
be associated with a favorable entropy component. Thus,
enhancing the enthalpic contributions of protein—ligand
interactions would likely favor slower dissociation and,
hence, a longer residence time. Enthalpic contributions to
protein—ligand interactions are familiar to medicinal chemists
and often dominate the development of structure—activity
relationships during the iterative process of drug optimization.

As the application of residence time to drug optimization
has recently been reviewed, we will restrict our discussion
here to some of the key advantages of long residence time

drugs in human medicine. Table 2 provides a representative
list of drugs, for various clinical indications, for which long
residence time has been associated with biological and/or
clinical benefit.

HIV protease inhibitors were first approved in 1995 and
have been an essential component of antiretroviral therapy
that has resulted in a dramatic decline in morbidity and
mortality associated with human immunodeficiency virus
type 1 (HIV-1) infection (36). HIV protease inhibitor drugs,
as exemplified by nelfinavir and lopinavir, have been
determined to possess moderately long residence times of
~1 h (37). Despite the effectiveness of these agents, the
emergence of multidrug resistant HIV that is cross-resistant
to multiple HIV protease inhibitor drugs may limit the future
utility of these agents (38). Darunavir is the most recently
FDA-approved HIV protease inhibitor drug, receiving ac-
celerated approval in 2006. This agent has been reported to
be distinct from other HIV protease inhibitor drugs because
of its excellent antiviral activity against both wild-type and
protease inhibitor-resistant HIV and its very high genetic
barrier to the development of resistance in cell culture (39).
Another distinguishing feature of darunavir is its extremely
long enzyme—inhibitor residence time of >14 days, es-
sentially irreversible as a pharmacological agent (37). The
resultant long durability of target inhibition, well beyond its
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15 h plasma half-life in patients, is proposed to be an
important factor in the high genetic barrier to resistance
development.

Another type of pharmacological agent, exemplified in
Table 2, is the group of human dipeptidyl exopeptidase IV
(DPP 1V) inhibitors. DPP IV inhibitors are a promising new
class of drugs for the treatment of type 2 diabetes, two of
which, vildagliptin and sitagliptin, have been recently ap-
proved (40). Both drugs are reversible, competitive inhibitors
of human dipeptidyl exopeptidase. Vildagliptin has been
described as a slow-binding inhibitor, though it possesses a
relatively short residence time of 6.6 min (4/) (the inhibition
kinetics of sitagliptin have not yet been reported). More
recently, saxagliptin entered phase III clinical trials for type
2 diabetes treatment. This latter drug is a competitive,
covalent, slowly reversible inhibitor of DPP IV and has been
reported to possess a much longer residence time of 5 h (42).
Notably, it was reported that saxagliptin demonstrates an
extended duration of action in a rodent model measuring
pharmacodynamic and functional end points (43). The
authors speculate that this may be due in part to the kinetics
of binding of saxagliptin to DPP IV, though it remains to be
demonstrated that this observation will translate into a clinical
benefit.

Effect of Residence Time on Pharmacodynamic—Pharma-
cokinetic Relationships. In the closed systems that are
commonly used to study receptor—ligand interactions in the
laboratory, the equilibrium dissociation constant serves as a
useful measure of the affinity of the receptor—ligand
complex. This thermodynamic value is directly influenced
by the value of ko, as described in Table 1, so that in
situations where k,, is relatively invariant, there is a strong
correlation between Ky (or Kq*) and k.. In the open system
of the human body, however, efficacy and the duration of
efficacy (pharmacodynamics) are no longer dependent on
affinity, per se, but continue to be influenced by the residence
time of the binary complex, along with the temporal
dependence of drug concentration in systemic circulation
(i.e., pharmacokinetics), its tissue distribution and absorption,
and other physiological factors.

When an oral drug is ingested, it is absorbed from the
intestines into the blood over some time course, typically
reaching maximal exposure (Cy,x) Within 30 min to several
hours. The concentration of the drug in the blood diminishes
over time as the drug is distributed to the tissues and is
metabolized and eliminated from the body. Figure 2 il-
lustrates a simplified pharmacokinetic time course for
systemic exposure to an orally dosed drug. In this illustration,
the drug is absorbed and reaches a Cyux of 500 nM ~1 hr
after dosing. From this point, the systemic concentration of
drug declines in a monoexponential manner, with an
elimination half-life of 5 h. Over this time course, the
pharmacological efficacy of the drug will depend on the
fractional occupancy of the target receptor at each time point.
As pointed out by Vauquelin and Van Liefde (6), the time
course of receptor fractional occupancy by drug will parallel
that of the systemic drug concentration for drugs with
residence times that are short relative to their pharmacoki-
netic half-life. When, however, the residence time of the
drug—target complex is long, a significant level of receptor
occupancy, and hence pharmacological efficacy, can be
sustained even at time points when the systemic level of drug
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FIGURE 2: Simulated pharmacokinetics and fractional receptor
occupancy as a function of time after oral dosing for three drugs
that bind, via a two-step, induced-fit mechanism (mechanism B in
the text), with different residence times to a common target receptor.
The filled circles represent the concentration of each drug in
systemic circulation at the indicated times after oral dosing. The
empty circles represent the fractional receptor occupancy, at the
indicated times after oral dosing, for a drug with a residence time
of 116 days. The squares represent the fractional receptor oc-
cupancy, at the indicated times after oral dosing, for a drug with a
residence time of 2.8 h. The triangles represent the fractional
receptor occupancy, at the indicated times after oral dosing, for a
drug with a residence time of 17 min. Other values used in these
simulations are as described in the text.

has diminished significantly. To illustrate this, we have
simulated the time course of receptor occupancy for three
drugs in Figure 2. For this simulation, we assume that all
three drugs have identical pharmacokinetic properties (vide
supra) and that all three inhibit their common target by a
two-step, induced-fit mechanism. For such a mechanism, the
fractional occupancy of the receptor at any given time ([fo],)
will depend on the concentration of drug available at that
time point ([I];) and on the kinetic rate constants k;—k, as
follows (10):

I
[fo],= L,

(1, +

2

In our simulation, we have fixed the values of k;—k3 for all
three drugs at 1 x 10° M~! s7!, 1 s7!, and 6 x 1073 s71,
respectively. The only parameter that differs among the three
drugs in this simulation is the value of the reverse isomerization
rate constant, ks, which was set at 1 x 107°, 1 x 1074, and 1
x 1073 7! for the three drugs, respectively. These values yield
residences times of 116 days, 2.8 h, and 17 min, respectively.
The impact of these changes on the duration of the effect of
the drug is clearly illustrated in Figure 2. Of course, this
simulation is a gross oversimplification of the complex, mul-
tifactorial nature of drug pharmacokinetics and efficacy in vivo.
Nevertheless, these simulations demonstrate clearly the potential
clinical advantages of long residence time drugs for durable
pharmacological efficacy.

Residence Time and Drug Selectivity and Safety. Drug
optimization involves more than optimization of molecular
interactions between the drug and its macromolecular target.
While these interactions are assumed to be the basis of
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pharmacological efficacy, an equally important consideration
in drug development is safety. Much, but certainly not all,
drug toxicity can be attributed to collateral modulation of
macromolecules other than the intended target of the drug;
such adverse effects are commonly called off-target toxicity.
Hence, target selectivity is commonly viewed as a critical
component of preclinical drug optimization. Target selectivity
is commonly quantified by the ratio of the ICs, or Ky values
of a drug for a collateral target to the value for the primary
target of interest [e.g., Kuccolawera/Kdgareen]. However, this
quantitation of target selectivity is only adequate in the
context of a closed system; it does not reflect the temporal
changes in primary and collateral target occupancy that occur
in an open system. Returning to the simulations presented
in the preceding section, we now consider that these
simulations no longer reflect three distinct drugs acting on a
common target but instead a single drug interacting with three
different receptors. We can immediately appreciate from
Figure 2 that target selectivity is not a static value in vivo
but rather evolves with time over the course of treatment,
depending on the residence time of the drug complexed to
its primary and collateral receptors. The best measure of true
target selectivity, then, would need to reflect the ratio of the
integrated receptor occupancy over time for the collateral
and primary receptors. Stated differently, in vitro kinetic data
on residence time for a drug complexed to the primary and
collateral targets provide a better understanding of the
behavior of the pharmacological agent in an open biological
system. A drug that displayed a long residence time for its
primary target and short residence times against collateral
receptors would have a high degree of target selectivity over
the course of dosing, and this would likely translate into a
better safety profile. On the other hand, a drug that displayed
a long residence time against a collateral receptor could result
in significantly more safety issues. This latter point may be
particularly important in assessing the potential for drug—drug
interactions in patients due to the collateral inhibition of drug-
metabolizing enzymes, such as the cytochrome P450 family
(10).

CONCLUDING REMARKS

In this brief review, we have introduced the concept of
residence time for receptor—ligand complexes and provided
quantitative definitions that can form the basis of laboratory
determinations of residence time. We have described the
physiological and pharmacological importance of residence
time for receptor—ligand complexes in the context of the
open systems that constitute in vivo biology. Much of our
discussion has focused on the advantages of a long residence
time for a receptor—ligand complex that can translate into a
durable biological effect on receptor function. However, a
long residence time is not a universally desired effect in
biology or pharmacology. We have described, for example,
how a long residence time for a collateral receptor can lead
to safety concerns for a candidate drug. Thus, long residence
times against collateral receptors are to be avoided in an
effort to ameliorate off-target-based toxicity. Not all toxicity,
however, is due to collateral modulation of nontarget
receptors. In some cases, engagement of a single receptor
can lead both to pharmacological activity and toxic effects,
and sometimes, the difference between efficacy and toxicity
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can be linked to sustained ligand occupancy and, hence,
residence time. This is the case, for example, for antagonists
of the D2 dopamine receptor which are used clinically as
antipsychotics (see Table 2). Early examples of this drug
class, such as haloperidol and chlorpromazine, are high-
affinity antagonists of the receptor with residence times in
excess of 30 min. In addition to their pharmacological
efficacy, these drugs elicited a number of side effects,
including extrapyramidal (Parkinson-like) symptoms and
prolactinemia. More recently, D2 receptor antagonists have
been introduced with much shorter residence times (16—30
s), and this appears to have been an important mechanism
for attenuating the negative side effects of these drugs [for
more details, see Kapur (44) and Seeman (45)].

Whether long residence time is a desirable or undesirable
characteristic of a receptor—ligand pair will depend ulti-
mately on the effect of ligand engagement on biological
activity and the physiological context of the receptor—ligand
system. In either case, a quantitative assessment of this
parameter is an important part of the overall evaluation of
receptor—ligand interactions throughout biochemistry and,
perhaps particularly, in drug discovery and pharmacology.

ACKNOWLEDGMENT

We thank Dr. Jingsong Yang for helpful discussions and
review of the manuscript. We thank Rachel Tummino for
assistance with figures.

NOTE ADDED AFTER ASAP PUBLICATION

This paper was published ASAP on April 16, 2008 with
an incorrect version of Table 1. The correct version was
published on April 23, 2008.

REFERENCES

1. Hanahan, D., and Weinberg, R. A. (2000) The hallmarks of cancer.
Cell 100, 57-70.

2. Gupta, P. B., Mani, S., Yang, J., Hartwell, K., and Weinberg, R. A.
(2005) The evolving portrait of cancer metastasis. Cold Spring
Harbor Symp. Quant. Biol. 70, 291-297.

3. Hetts, S. W. (1998) To die or not to die: An overview of apoptosis
and its role in disease. JAMA 279, 300-307.

4. Klionsky, D. J., and Emr, S. D. (2000) Autophagy as a regulated
pathway of cellular degradation. Science 290, 1717-1721.

5. Copeland, R. A., Pompliano, D. L., and Meek, T. D. (2006) Drug-
target residence time and its implications for lead optimization.
Nat. Rev. Drug Discovery 5, 730-739.

6. Vauquelin, G., and Van Liefde, I. (2006) Slow antagonist dis-
sociation and long-lasting in vivo receptor protection. Trends
Pharmacol. Sci. 27, 356-359.

7. Vauquelin, G., Fierens, F., and Van Liefde, 1. (2006) Long-lasting
angiotensin type 1 receptor binding and protection by candesartan:
Comparison with other biphenyl-tetrazole sartans. J. Hypertens.
24, S23—S30.

8. Swinney, D. C. (2006) Can binding kinetics translate to a clinically
differentiated drug? From theory to practice. Lett. Drug Des.
Discovery 3, 569-574.

9. Copeland, R. A. (2000) Enzymes. A Practical Introduction to
Structure, Mechanism, and Data Analysis, Wiley, New York.
10. Copeland, R. A. (2005) Evaluation of Enzyme Inhibitors in Drug
Discovery. A Guide for Medicinal Chemists and Pharmacologists,

Wiley, New York.

11. Koshland, D. E. (1958) Application of a Theory of Enzyme
Specificity to Protein Synthesis. Proc. Natl. Acad. Sci. U.S.A. 44,
98-104.

12. Van Aller, G. S., Nandigama, R., Petit, C. M., DeWolf, W. E., Jr.,
Quinn, C. J., Aubart, K. M., Zalacain, M., Christensen, S. B.,
Copeland, R. A., and Lai, Z. (2005) Mechanism of time-dependent



Current Topics

13.

14.

15.

16.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

inhibition of polypeptide deformylase by actinonin. Biochemistry
44, 253-260.

Halford, S. E. (1971) Escherichia coli alkaline phosphatase. An
analysis of transient kinetics. Biochem. J. 125, 319-327.

Fersht, A. (1999) Structure and Mechanism in Protein Science,
pp 132—168, Freeman, New York.

Janin, J., and Chothia, C. (1990) The structure of protein-protein
recognition sites. J. Biol. Chem. 265, 16027-16030.

Katsamba, P. S., Navratilova, 1., Calderon-Cacia, M., Fan, L.,
Thornton, K., Zhu, M., Bos, T. V., Forte, C., Friend, D., Laird-
Offringa, 1., Tavares, G., Whatley, J., Shi, E., Widom, A., Lindquist,
K. C., Klakamp, S., Drake, A., Bohmann, D., Roell, M., Rose, L.,
Dorocke, J., Roth, B., Luginbuhl, B., and Myszka, D. G. (2006)
Kinetic analysis of a high-affinity antibody/antigen interaction
performed by multiple Biacore users. Anal. Biochem. 352, 208—
221.

. VanCott, T. C., Bethke, F. R., Polonis, V. R., Gorny, M. K., Zolla-

Pazner, S., Redfield, R. R., and Birx, D. L. (1994) Dissociation
rate of antibody-gp120 binding interactions is predictive of V3-
mediated neutralization of HIV-1. J. Immunol. 153, 449-459.

. Foote, J., and Eisen, H. N. (1995) Kinetic and affinity limits on

antibodies produced during immune responses. Proc. Natl. Acad.
Sci. U.S.A. 92, 1254-1256.

. Cho, S., Swaminathan, C. P., Yang, J., Kerzic, M. C., Guan, R.,

Kieke, M. C., Kranz, D. M., Mariuzza, R. A., and Sundberg, E. J.
(2005) Structural basis of affinity maturation and intramolecular
cooperativity in a protein-protein interaction. Structure 13, 1775—
1787.

Guermonprez, P., England, P., Bedouelle, H., and Leclerc, C. (1998)
The rate of dissociation between antibody and antigen determines
the efficiency of antibody-mediated antigen presentation to T cells.
J. Immunol. 161, 4542—-4548.

Margulies, D. H., Corr, M., Boyd, L. F., and Khilko, S. N. (1993)
MHC class I/peptide interactions: Binding specificity and kinetics.
J. Mol. Recognit. 6, 59—-69.

Boniface, J. J., Reich, Z., Lyons, D. S., and Davis, M. M. (1999)
Thermodynamics of T cell receptor binding to peptide-MHC:
Evidence for a general mechanism of molecular scanning. Proc.
Natl. Acad. Sci. U.S.A. 96, 11446-11451.

Krogsgaard, M., Prado, N., Adams, E. J., He, X. L., Chow, D. C.,
Wilson, D. B., Garcia, K. C., and Davis, M. M. (2003) Evidence
that structural rearrangements and/or flexibility during TCR binding
can contribute to T cell activation. Mol. Cell 12, 1367-1378.
Vincent, J. P., and Lazdunski, M. (1972) Trypsin-pancreatic trypsin
inhibitor association. Dynamics of the interaction and role of
disulfide bridges. Biochemistry 11, 2967-2977.

Olson, M. W., Gervasi, D. C., Mobashery, S., and Fridman, R.
(1997) Kinetic analysis of the binding of human matrix metallo-
proteinase-2 and -9 to tissue inhibitor of metalloproteinase (TIMP)-1
and TIMP-2. J. Biol. Chem. 272, 29975-29983.

Zhao, H., Bernardo, M. M., Osenkowski, P., Sohail, A., Pei, D.,
Nagase, H., Kashiwagi, M., Soloway, P. D., DeClerck, Y. A., and
Fridman, R. (2004) Differential inhibition of membrane type 3
(MT3)-matrix metalloproteinase (MMP) and MT1-MMP by tissue
inhibitor of metalloproteinase (TIMP)-2 and TIMP-3 rgulates pro-
MMP-2 activation. J. Biol. Chem. 279, 8592-8601.

Benkovic, S. J., Valentine, A. M., and Salinas, F. (2001) Replisome-
mediated DNA replication. Annu. Rev. Biochem. 70, 181-208.
Kaboord, B. F., and Benkovic, S. J. (1995) Accessory proteins
function as matchmakers in the assembly of the T4 DNA
polymerase holoenzyme. Curr. Biol. 5, 149-157.

Morris, C. F., Sinha, N. K., and Alberts, B. M. (1975) Reconstruc-
tion of bacteriophage T4 DNA replication apparatus from purified
components: Rolling circle replication following de novo chain
initiation on a single-stranded circular DNA template. Proc. Natl.
Acad. Sci. U.S.A. 72, 4800-4804.

Yang, J., Zhuang, Z., Roccasecca, R. M., Trakselis, M. A., and
Benkovic, S. J. (2004) The dynamic processivity of the T4 DNA
polymerase during replication. Proc. Natl. Acad. Sci. U.S.A. 101,
8289-8294.

Schrock, R. D., and Alberts, B. (1996) Processivity of the gene 41
DNA helicase at the bacteriophage T4 DNA replication fork.
J. Biol. Chem. 271, 16678-16682.

Mathews, C. K. (1994) in Molecular Biology of Bacteriophage
T4 (Karam, J. D., Ed.) pp 1—8, American Society for Microbiology,
Washington, DC.

Capson, T. L., Peliska, J. A., Kaboord, B. F., Frey, M. W, Lively,
C., Dahlberg, M., and Benkovic, S. J. (1992) Kinetic characteriza-

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Biochemistry, Vol. 47, No. 20, 2008 5491

tion of the polymerase and exonuclease activities of the gene 43
protein of bacteriophage T4. Biochemistry 31, 10984—-10994.
Trakselis, M. A., Roccasecca, R. M., Yang, J., Valentine, A. M.,
and Benkovic, S. J. (2003) Dissociative properties of the proteins
within the bacteriophage T4 replisome. J. Biol. Chem. 278, 49839—
49849.

Chilkoti, A., Boland, T., Ratner, B. D., and Stayton, P. S. (1995)
The relationship between ligand-binding thermodynamics and
protein-ligand interaction forces measured by atomic force mi-
croscopy. Biophys. J. 69, 2125-2130.

Palella, F. J., Jr., Delaney, K. M., Moorman, A. C., Loveless, M. O.,
Fuhrer, J., Satten, G. A., Aschman, D. J., and Holmberg, S. D.
(1998) Declining morbidity and mortality among patients with
advanced human immunodeficiency virus infection. HIV Outpatient
Study Investigators. N. Engl. J. Med. 338, 853-860.

Dierynck, 1., De Wit, M., Gustin, E., Keuleers, 1., Vandersmissen,
J., Hallenberger, S., and Hertogs, K. (2007) Binding kinetics of
darunavir to human immunodeficiency virus type 1 protease explain
the potent antiviral activity and high genetic barrier. J. Virol. 81,
13845-13851.

Richman, D. D., Morton, S. C., Wrin, T., Hellmann, N., Berry, S.,
Shapiro, M. F., and Bozzette, S. A. (2004) The prevalence of
antiretroviral drug resistance in the United States. AIDS 18, 1393—
1401.

De Meyer, S., Azijn, H., Surleraux, D., Jochmans, D., Tahri, A.,
Pauwels, R., Wigerinck, P., and de Bethune, M. P. (2005) TMC114,
a novel human immunodeficiency virus type 1 protease inhibitor
active against protease inhibitor-resistant viruses, including a broad
range of clinical isolates. Antimicrob. Agents Chemother. 49, 2314~
2321.

Pratley, R. E., and Salsali, A. (2007) Inhibition of DPP-4: A new
therapeutic approach for the treatment of type 2 diabetes. Curr.
Med. Res. Opin. 23, 919-931.

Brandt, I., Joossens, J., Chen, X., Maes, M. B., Scharpe, S., De
Meester, 1., and Lambeir, A. M. (2005) Inhibition of dipeptidyl-
peptidase IV catalyzed peptide truncation by Vildagliptin ((2S)-
{[(3-hydroxyadamantan- 1-yl)amino]acetyl}-pyrrolidine-2-carbon-
itrile). Biochem. Pharmacol. 70, 134—143.

Kim, Y. B., Kopcho, L. M., Kirby, M. S., Hamann, L. G., Weigelt,
C. A., Metzler, W. J., and Marcinkeviciene, J. (2006) Mechanism
of Gly-Pro-pNA cleavage catalyzed by dipeptidyl peptidase-IV and
its inhibition by saxagliptin (BMS-477118). Arch. Biochem.
Biophys. 445, 9—-18.

Augeri, D. J., Robl, J. A., Betebenner, D. A., Magnin, D. R.,
Khanna, A., Robertson, J. G., Wang, A., Simpkins, L. M., Taunk,
P., Huang, Q., Han, S. P., Abboa-Offei, B., Cap, M., Xin, L., Tao,
L., Tozzo, E., Welzel, G. E., Egan, D. M., Marcinkeviciene, J.,
Chang, S. Y., Biller, S. A., Kirby, M. S., Parker, R. A., and
Hamann, L. G. (2005) Discovery and preclinical profile of
Saxagliptin (BMS-477118): A highly potent, long-acting, orally
active dipeptidyl peptidase IV inhibitor for the treatment of type 2
diabetes. J. Med. Chem. 48, 5025-5037.

Kapur, S., and Seeman, P. (2000) Antipsychotic agents differ in
how fast they come off the dopamine D2 receptors. Implications
for atypical antipsychotic action. J. Psychiatry Neurosci. 25, 161—
166.

Seeman, P. (2006) Targeting the dopamine D2 receptor in
schizophrenia 1. Expert Opin. Ther. Targets 10, 515-531.

Ward, W. H., Holdgate, G. A., Rowsell, S., McLean, E. G., Pauptit,
R. A., Clayton, E., Nichols, W. W., Colls, J. G., Minshull, C. A.,
Jude, D. A., Mistry, A., Timms, D., Camble, R., Hales, N. J.,
Britton, C. J., and Taylor, I. W. (1999) Kinetic and structural
characteristics of the inhibition of enoyl (acyl carrier protein)
reductase by triclosan. Biochemistry 38, 12514-12525.

Lovmar, M., Tenson, T., and Ehrenberg, M. (2004) Kinetics of
macrolide action: The josamycin and erythromycin cases. J. Biol.
Chem. 279, 53506-53515.

Anthes, J. C., Gilchrest, H., Richard, C., Eckel, S., Hesk, D., West,
R. E., Jr., Williams, S. M., Greenfeder, S., Billah, M., Kreutner,
W., and Egan, R. E. (2002) Biochemical characterization of
desloratadine, a potent antagonist of the human histamine H(1)
receptor. Eur. J. Pharmacol. 449, 229-237.

Maillard, M. P., Perregaux, C., Centeno, C., Stangier, J., Wienen,
W., Brunner, H. R., and Burnier, M. (2002) In vitro and in vivo
characterization of the activity of telmisartan: An insurmountable
angiotensin II receptor antagonist. J. Pharmacol. Exp. Ther. 302,
1089-1095.



5492  Biochemistry, Vol. 47, No. 20, 2008

50.

S1.

52.

53.

54.

55.

56.

57.

58.

Dowling, M. R., and Charlton, S. J. (2006) Quantifying the
association and dissociation rates of unlabelled antagonists at the
muscarinic M3 receptor. Br. J. Pharmacol. 148, 927-937.

Disse, B., Reichl, R., Speck, G., Traunecker, W., Ludwig Rominger,
K. L., and Hammer, R. (1993) Ba 679 BR, a novel long-acting
anticholinergic bronchodilator. Life Sci. 52, 537-544.

Karlsson, R., Katsamba, P. S., Nordin, H., Pol, E., and Myszka,
D. G. (2006) Analyzing a kinetic titration series using affinity
biosensors. Anal. Biochem. 349, 136—-147.

Stone, S. R., and Hofsteenge, J. (1986) Kinetics of the inhibition
of thrombin by hirudin. Biochemistry 25, 4622—4628.

Taketomi, T., Szlam, F., Vinten-Johansen, J., Levy, J. H., and
Tanaka, K. A. (2007) Thrombin-activated thrombelastography for
evaluation of thrombin interaction with thrombin inhibitors. Blood
Coagulation Fibrinolysis 18, 761-767.

Leysen, J. E., Gommeren, W., Van Gompel, P., Wynants, J.,
Janssen, P. F., and Laduron, P. M. (1985) Receptor-binding
properties in vitro and in vivo of ritanserin: A very potent and
long acting serotonin-S2 antagonist. Mol. Pharmacol. 27, 600-
611.

Seeman, P. (2005) An update of fast-off dopamine D2 atypical
antipsychotics. Am. J. Psychiatry 162, 1984-1985.

Wood, E. R., Truesdale, A. T., McDonald, O. B., Yuan, D., Hassell,
A., Dickerson, S. H., Ellis, B., Pennisi, C., Horne, E., Lackey, K.,
Alligood, K. J., Rusnak, D. W., Gilmer, T. M., and Shewchuk, L.
(2004) A unique structure for epidermal growth factor receptor
bound to GW572016 (Lapatinib): Relationships among protein
conformation, inhibitor off-rate, and receptor activity in tumor cells.
Cancer Res. 64, 6652—6659.

Gooljarsingh, L. T., Fernandes, C., Yan, K., Zhang, H., Grooms,
M., Johanson, K., Sinnamon, R. H., Kirkpatrick, R. B., Kerrigan,
J., Lewis, T., Arnone, M., King, A. J., Lai, Z., Copeland, R. A.,
and Tummino, P. J. (2006) A biochemical rationale for the

59.

60.

61.

62.

63.

Current Topics

anticancer effects of Hsp90 inhibitors: Slow, tight binding inhibition
by geldanamycin and its analogues. Proc. Natl. Acad. Sci. U.S.A.
103, 7625-7630.

Hale, J. J., Mills, S. G., MacCoss, M., Finke, P. E., Cascieri, M. A.,
Sadowski, S., Ber, E., Chicchi, G. G., Kurtz, M., Metzger, J.,
Eiermann, G., Tsou, N. N., Tattersall, F. D., Rupniak, N. M.,
Williams, A. R., Rycroft, W., Hargreaves, R., and Maclntyre, D. E.
(1998) Structural optimization affording 2-(R)-(1-(R)-3,5-bis(tri-
fluoromethyl)phenylethoxy)-3-(S)-(4-fluoro)phenyl-4-(3-oxo-1,2,4-
triazol-5-yl)methylmorpholine, a potent, orally active, long-acting
morpholine acetal human NK-1 receptor antagonist. J. Med. Chem.
41, 4607-4614.

Bull, H. G. G.-C. M., Andersson, S., Baginsky, W. F., Chan, H. K.,
Ellsworth, D. E., Miller, R. R., Stearns, R. A., Bakshi, R. K.,
Rasmusson, G. H., Tolman, R. L., Myers, R. W., Kozarich, J. W.,
and Harris, G. S. (1996) Mechanism-Based Inhibition of Human
Steroid 50-Reductase by Finasteride: Enzyme-Catalyzed Formation
of NADP-Dihydrofinasteride, a Potent Bisubstrate Analog Inhibitor.
J. Am. Chem. Soc. 118, 2359-2365.

Kohout, T. A., Xie, Q., Reijmers, S., Finn, K. J., Guo, Z., Zhu,
Y. F., and Struthers, R. S. (2007) Trapping of a nonpeptide ligand
by the extracellular domains of the gonadotropin-releasing hormone
receptor results in insurmountable antagonism. Mol. Pharmacol.
72, 238-247.

Sullivan, S. K., Hoare, S. R., Fleck, B. A., Zhu, Y. F., Heise, C. E.,
Struthers, R. S., and Crowe, P. D. (2006) Kinetics of nonpeptide
antagonist binding to the human gonadotropin-releasing hormone
receptor: Implications for structure-activity relationships and
insurmountable antagonism. Biochem. Pharmacol. 72, 838-849.
Fersht, A. (1985) Enzyme Structure and Mechanism, pp 150—151,
Freeman, New York.

BI8002023



