A comprehensive kinetic model for ternary complex catalysis

Eugene F. Douglass Jr.;"* Chad J. Miller?

'Pharmaceutical and Biomedical Sciences, University of Georgia, 250 W. Green Street, Athens, GA 30602,

USA.
2Department of Biochemistry & Institute for Protein Design, University of Washington, Seattle, WA

98195, USA.
*corresponding author (eugene.douglass@uga.edu)



Abstract

Ternary-complex directed enzyme
catalysis underlies a vast array of biological
processes and several clinical therapies
including growth hormones, interferon, and
heparin. Recently, interest in ternary-
catalysis drugs has increased significantly with
the rapid expansion of research new
technologies such as bispecific antibodies and
proteolysis targeting chimeras (PROTAC's).

Here, we derive a general model for ternary-
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complex catalysis that defines the timescales of these diverse processes in familiar terms from classical
enzyme theory. This was accomplished by solving for the maximum velocity (Vinax) and adapting an
underappreciated strategy within Michaels and Menten’s original publication: integration of the velocity
equation. Critically, these equations are simple, conceptually accessible, and enables rapid estimation
timescales that are consistent with a wide range of published literature. Finally, we have combined these
equations with “big data” from new thermodynamic and kinetic databases to build interactive online tools
that enable non-computational investigators to graphically simulate their own systems:

e htips://douglasslab.com/Btmax_kinetics/

Overall, this work is part of a general trend to reconceptualize pharmacodynamics from classical binding-
equilibria (e.g. Langmuir-Hill equation) to a kinetic processes with a characteristic timescale.



Ternary-complex directed Enzyme Catalysis (TEC) underlies a wide range of biological and
clinical processes. TEC is mediated by a bifunctional molecule (B) that simultaneously binds and an
enzyme or effector (E) and a target (T), forming a ternary complex that directs enzymatic modification of
the target (Figure 1). This mechanism underlies inter-cellular signaling of most cytokines and hormones
and is ubiquitous in the intra-cellular signaling of MAP-kinase cascades, calcium signaling and several
stress-response pathways."? In addition to natural processes, several clinical drugs employ TEC
including several biologicals such as heparin, interferon, growth hormones and monoclonal antibodies.*
8 Finally, the efficacy of several natural and synthetic small molecules has been shown to be dependent
on the formation of a ternary complex including: rapamycin, cyclosporine and lenalidomide.®

Recently, interest in developing A
synthetic ternary complex-based drugs has : Keat
increased  significantly.>'®  Prominent
examples include both biological and
chemical agents such as bispecific
antibodies (bsAbs) and PROteolysis
TArgeting Chimera’s (PROTACS),
respectively.®'" BsAbs can simultaneously
bind the CD3 receptor of T-cells and tumor
antigens on cancer cells; this colocalization
directs anticancer immune responses in the
absence of classical T-cell activation or TCR
specificity. PROTACs simultaneously bind
E3 ubiquitin ligases and oncogenic proteins, (@1 (M) [@~-e]; ("M)
causing ubiquitination and degradation of F!gqre 1. The k'inetics of bipary and ternary systems are
farget profeins. BsAbs frst entered the dlinic ~ gi=inct, A Classica Enyme nelcs assmes Vot re eniyme
in 2009, and now over 40 different bsAb’s are  yinetics involved a third molecule (B) that indirectly links the enzyme
currently in clinical development.®'2In 2019,  (E) and its downstream target (T) C. In binary systems, increasing
PROTACs began initial clinical validation, the substrate concentration increases the rate of the reaction, up to
and it has been estimated that 15 new Vmax, which equals kca,[E],ip classical Michaelis-Menten kinetics D.
PROTAC-based clinical trials will begin by Irgsteor::éycusr\llié, the reaction rate follows a bell-shaped dose-
the end of 2021." Overall, this new clinical P '
focus on synthetic ternary-complex mediated catalysis has renewed interest in the kinetic models that
underly TEC.
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Classical Models of Enzyme Kinetics

Michaelis and Menten first quantitatively described enzyme catalysis in 1913 (Figure 1A)."*"°
Classical kinetic models assume that the enzyme (E) binds directly to its substrate (S) with a binding
affinity K4 (Figure 1A). This binary complex mechanism is responsible for the familiar “saturation dose-
response curves” where excess substrates bind all available enzyme (Figure 1C). Critically, the
Michaelis-Menten model was derived by assuming that the initial substrate concentration was in excess
of the total enzyme concentration ([S]o >> [E]).

[S]
[S]+ Kq (1)

This initial model was later updated by Briggs and Haldane in 1925"® and Morrison in 1969 to cover a
comprehensive set of conditions.'” Over the past 100 years, these binary models and saturation behavior
has provided the conceptual foundations for investigators studying enzymatic processes ranging from
intracellular signaling to clinical pharmacokinetics.'®'?

velocity = k.qt[E]:

Simplified Models of Ternary Enzyme Catalysis

Ternary enzyme catalysis, on the other hand, has proven more difficult to quantitatively define to due to
the combinatorial complexity of enzyme/target binding (Figure 1B).?° First, two binding events are



necessary, as the bifunctional molecule must simultaneously bind the enzyme (Kesg) and the target (Kasr)
to facilitate enzymatic modification of the target. Second, physical interactions between the enzyme and
target must be described by an additional energetic parameter called cooperativity (o). This interaction
can be either stabilizing (o > 1) or destabilizing (o< 1), depending on the complementarity of any enzyme-
target interactions (Figure 1B).2" As a result, most attempts to mathematically model ternary complex
kinetics have been based on numerical simulations or simplifying assumptions. For example, models of
inter-cellular signaling have generally assumed that the bifunctional molecule (e.g. cytokine, hormone) is
in excess of cell-surface receptor concentrations ([B] > [E], [T]).?> Another common assumption is that
the target is the limiting reagent ([E],[B] >> [T]), which has been used to model the anticoagulated effects
of heparin and sandwich immunoassays.*% Finally, the assumption that both the enzyme and target are
present in very high concentrations has been used in recent models of scaffold proteins kinetics ([E],[T]
>> [B]).?2 These simplified models provide insights in specific systems, but these assumptions limit the
scope of each mathematical model to a subset of biological processes.

Bell-Shaped Dose-response curves

In addition to this mathematical complexity, titrations of bridging molecule (B) result in a non-intuitive
“bell-shaped dose-response curve” (Figure S1-S2) that is distinct from saturation behavior of classical
enzyme kinetics (Figure 1C-D).?' This is a major conceptual difference between binary and ternary
systems, as many ternary systems can only reach a fraction of the theoretical maximum enzymatic flux
(keat[E]r)- Critically, this means that ternary complex based drugs will have an intrinsic maximum effect
dose ([B]:max), and that at this dose the fraction of possible ternary complex formed may not saturate the
enzyme. This inherent phenomenon of TEC can limit the efficacy (y-axis magnitude) of bifunctional drugs
(Figure 2A). This autoinhibitory behavior has been directly observed for several clinical therapies
including: growth hormones, cytokines, monoclonal antibodies, heparin, and most recently PROTAC’s
and bispecific antibodies.?*?®

Ternary Complex Equilibrium Models

In 2013, we published the first exact equilibrium model for ternary complex equilibria.?" A critical finding
of this work was that the weakest binding affinity (Kweax) is generally most important binding parameter
for increasing the fraction of ternary complex that forms at equilibrium. More specifically, improving Kuweax
can improve both the potency (x-axis) and efficacy (y-axis) properties of a drug’s dose-response curve,
whereas improvements in Ksiong Only improves the potency of the drug (Figure S3). This prediction has
been borne out experimentally from our work designing synthetic antibodies (Figure S4).2"?° In addition,
optimizing Kweak has been noted by several other investigators to be critical to improving other ternary-
complex therapies including: cytokines, heparin and antibody-based therapeutics.*°30-33

Manuscript Summary

Though an important advance, this “Hill equation” for ternary complex equilibria is not sufficient to
describe the kinetics of ternary-complex therapeutics which redirect enzymatic activity. Here we extend
these equilibrium models to derive general “Michaelis-Menten” equations (Figure 2A) for ternary-
complex mediated catalysis (Figure 2B-C). These equations provide a simple conceptual framework for
understanding the timescales of ternary complex mediated catalysis and reconciles a diverse array of
experimental literature on the kinetics of TEC-based therapeutics.



Results and Discussion
Vmax of Scaffolded Enzyme Catalysis

The velocity of ternary-complex mediated enzymatic reactions is proportional to rate constant for the
enzymatic process (kca) and the A, Integrated Michaelis-Menten Equation:

concentration of ternary complex in Enzyme << Substrate In(2) 8]
solution ([EBT]): = oo ~ (Km e )
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In addition, the maximum velocity of
ternary-catalysis (Vmax) should occur B. Quadrant Framework for Relative Conditions of Ternary Complex Maxima
under conditions where maximum Enzyme >> Target Enzyme << Target

ternary complex forms ([EBT]max):
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many natural and most synthetic Figure 2. Integrated kinetic models of Vi.x ternary-complex mediated
systems.?’ Indeed, two recent kinetic  catalysis. A. The integrated Michaelis-Menten equation can be understood

analyses of PROTACs concluded that s having two parts: an intrinsic “speed limit" determined by the

: _ P concentration and intrinsic rate of the enzyme and a targeting efficiency term
they were in a pre equilibrium o jescribes the fraction of enzyme bound. B. The integrated form of the
regime” . Assum!ng pre-equilibrium,  ternary Vmax equation has a very similar form with differences depending
it has been previously shown that on whether or not E>>T or E<<T (Michaelis-Menten assumes E<<S).
[EBT]max can be calculated with
equation 4:?'

[X]e

[EBT|inax = [L]: X7, + Ko/ (4)

Where [L]: and [X]: represents the concentrations of limiting and excess terminal species (E or T) and
Kweak represents the weaker of the two binding affinities (Kes or Ksr). Equation 4 may appear overly
abstract, but has classical precedent in the Langmuir-Hill equation where the receptor is assumed to be

limiting [L]: and the ligand is assumed to be in excess ([X];):***"
_ [X]e
[LX] = [L] X, + K, (5)

At [EBT]max, the equilibrium can be conceptualized as a binary complex (either EB or BT) searching for
the (weaker binding) third partner (Figure 2B). As detailed in the supporting information, at [EBT]max,
the stronger binding side of B will be predominately bound while the weaker binding will predominately
be unbound. This physical picture of [EBT]max Can be separated into a four-quadrant framework defining
the 4 possible combinations of limiting reagents and weaker binding affinities (Figure 2B). Quadrants |
& Il capture experimental conditions when the enzyme is in excess of the target, while quadrants Il and
IV capture conditions when the target in in excess of the enzyme (most analogous to Michaelis-Menten



assumption). Overall, equation 4 can be conceptualized as a preformed dimer is searching for the third
— weaker binding — partner scaled by the cooperativity in forming the complex (Kweax/ ).

Timescale of Ternary-complex mediated catalysis

Replacing the [EBT]max term in equation 4 we obtain a general equation for Vmax for ternary
complex catalysis:
[X]e

Vinax = KeaelL]e X, + Koorr /@ (6)

Equation 6 has a similar form to classical Michaelis-Menten kinetic equation (equation 1), but is
more general as the enzyme can be either limiting ([L];) or in excess ([X];). While this differential equation
can be useful for mathematical modeling, solving for the half-life of catalysis can provide a more intuitive
way to understand the system. This approach was pioneered by Michaelis and Menten in their original
1913 publication (equation 7) but has gotten surprisingly little attention within the scientific literature

(Figure 2A):"538
In (2) X<Km+ [STo )

he=E: e T2 m@ (7)

Inspired by Michaelis-Menten’s original paper, we integrated equation 6 with respect to time and the
concentration of target (T). As [T]o can be in excess ([X];) or limiting ([L])), it is necessary to integrate
equation 6 for both conditions (Figure 2C), as is detailed in the supporting information(Figure S5-6).
When target concentration is higher than the enzyme concentration ([T]o >> [E];), the half-life can be
approximated by equation 8 (Figure S5, eq S69):
min _ In (2) Kweak [T]O
b2 = et ( 7 T (2)) (8)

When the enzyme concentration is higher than the target concentration ([T]o << [E]:), the half-life can be
approximated by equation 9 (Figure S6, es S77):
i In (2) Kweak
ty = ( + [E )
1/2 keat[E]e a [E]e ®)

Strikingly, equations 7-9 all have a similar form. The left side represents a kinetic “speed limit” equal to
the time-scale of catalysis when an enzyme is saturated. The right hand-side can be interpreted as the
“targeting efficiency”, or fraction of enzyme bound to target/substrate at any given time (Figure 2A). As
detailed in the supporting information, both equation 8 and 9 can be simplified to the same form if one
assumes pseudo-first order conditions (i.e., neither E or T are saturated) to yield equation 10:

min In (2) x (Kweak>

VS Bl <\ Ta (10)

As discussed below, equation 10 provides a simple conceptual framework to reconcile a wide variety of
literature on the timescales of ternary-complex mediated catalysis.

Heparin-mediated deactivation of Thrombin

One of the most well characterized ternary-complex therapeutics is heparin, which acts as an
anticoagulant by forming a ternary complex with antithrombin (E) and thrombin (T) to drive covalent
modification and deactivation of Thrombin (Figure 3A). The high affinity heparin parameters are Ker =
10 nM, Ksr =100 nM, o. = 1, and ke.:= 5 s™' (Figure 3B), which results in faster catalysis than lower affinity
variants where Ker = 10,000 nM, Kgr = 1,000 nM and ke.:= 5 s™ (Figure 3C).* Unlike many clinical TEC
therapeutics, numerous examples of bell-shaped dose-velocity curves have been measured for this
system.>* providing a unique opportunity to directly assess the utility of our kinetic models, as Viax can
be directly inspected from these curves (Figure 3B-C).



A. Heparin Kinetics in vitro: pseudo-first order pre-equilibrum
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Figure 3. Reconciliation of Diverse Scientific Literature on Ternary Complex Mediated catalysis. A. Mechanism of High
affinity Heparin’s anti-Thrombin activity B. High affinity heparin is expected to have a Vmax time-scale of approximately 1 s when
the Antithrombin(E) concentration is 20nM.* C. Low affinity heparin is expected to have a time-scale of approximately 100 s
when the Antithrombin concentration is 20nM.# D. Mechanism of PROTAC-mediated proteolytic degradation of target proteins
E. PROTAC activity timescales depend on cellular context (i.e. protein expression).®® F. PROTAC activity timescales depend
on PROTAC dose*® G. PROTAC activity timescales depend on target affinity3*



Encouragingly, we find a striking concordance between the predictions of equation 10 and dose-
velocity data presented in Figure 3B-C.* For example, parameterizing equation 10 with known values for
heparin, we would expect a time-scale for deactivation of thrombin of approximately 1 second:

min 0@ (Kwea"> L@ (100nM> ~1s (11)

t ~ =~
Y2 keaclEl a 5s-120nM 1

Inspection of Figure 3B reveals that this almost exactly corresponds to the effective timescale observed
at Vimax (k925, ~ 1/t1}3'). In addition, for Low affinity Heparin the only parameter in equation 11 which

would change would be Kueax Which changes 100x from 100 nM to 10,000 nM. This should correspond to
a 100x reduction in Kops Which is exactly what is observed in Figure 3C. Interestingly, this correlation
between Kueax and the relative rates of reaction was directly noted by the authors of this study as well as
other kinetics studies on the signaling of interferons.*3? Overall, our new theory provides a physical
rationale for the previously empirical observation that Kueax best correlates with catalytic time-scales.

Timescale of synthetic molecule mediated ternary-catalysis

As mentioned above, the recent successes of PROTAC’s and bispecific antibodies has driven an
expansion in interest in synthetic molecules which engineer new modes of ternary complex catalysis.
Unlike natural products, these molecules have a wide range of binding affinities and target
concentrations, and so we have sought to define the normal range of affinities and concentrations by
collected data from several large
databases (Figure 4). For a. Normal equilibrium values: Kqand protein concentration
example, the ChEMBL database
has begun to define the typical 0257
range of drug-target Kis by 020 03]
curating >60,000 medicinal
chemistry studies (Figure 4a), !
demonstrating that normal affinities il
tend to be centered around 100
nM.*"  In  addition, recent 000 =R L 0 e
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quantitative proteomics work has
identified the average intracellular
protein concentration as around
~10 nM (Figure 4a).*>*? In addition
to this thermodynamic data, 030 10-
several datasets on kinetic i
parameters exist as well. For >020.
example, the BRENDA database 2
has catalogued over 33,000
enzymatic rate constants (Kcat), l 02|
eastablinging mean enzymatic oo 0
turnover emerges as around 10x T001 01 1 10 100 100 10+ 32 10 s 100 316
per second (Figure 4b).44 Enzyme Keaf's (s™) Protein Half-lives (hours)

By combining our pre- Figure 4. Reasonable ranges for parameter values can be estimated based

equilibrium model with literature on databases. a. Normal range of dissociation constants and protein
concentrations compiled from medicinal chemistry studies and quantitative
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values and typlca! physiological proteomics. b. Normal range of enzymatic rate constants and protein half-lives
values, we can estimate the half- compiled from the biochemistry literature and quantitative proteomic study.
life of a “normal” PROTAC target.

Typical saturated ubiquitination kinetics for E3 ligases occurs with a rate constant (kcat) of approximately
0.1 s71.% Conservatively assuming the E3 ubiquitin ligase is expressed at 1 nM and the PROTAC Kueax
~ 1uM, we would expect a ubiquitination time-scale on the order of approximately 3 hours or 180 minutes:



min In(2) Kyear
~ X ~ —
1/2 0.1s"!1nM

keat[E]e ¢4

In(2) (1,000nM

- ) ~ 10,000 s ~ 180 min (12)

This half-life is consistent with recent kinetic studies on PROTAC kinetics (Figure 3 E-G).3*3%3940 |
addition, these three studies demonstrate sensitivity of timescales to enzyme concentration, bifunctional
molecule dose and target affinities (Figure 3E-G), providing further support for the validity of our
mathematical model. Critically, this ~3 hour time-scale is 16x faster than the than the typical rate of protein
turnover (~48 hours, Figure 4b)** which explains why PROTAC's can exhibit efficacy even with modest

binding affinities (Ky~ 1uM).

Timescales of antibody-based drugs

While the above models are only directly relevant to ternary enzyme catalysis, they still reconcile a wide
variety of literature on the molecular determinants of antibody-based drug efficacy (Figure 5). For
example, antibody-dependent cellular cytotoxicity (ADCC) is generally dependent on the formation of a

ternary complex between a
bifunctional antibody (B) and Fc-
Receptors on an effector cell (E)
and antigens on a target cell (T).
Upon formation of a ternary
complex between the effector and
target cell, cell-kiling has been
shown to be initiated a time-scale
of approximately 1 hour (Figure
5A).*” For monoclonal antibodies,
Fc-receptor affinity can be
generally taken as Kueax as it has
been shown that FcR/IgG affinity is
approximately ~1uM while affinity
maturation has typically results in
IgG/Target affinities ~1nM.*34° This
would indicate that — at Vimax — the
target cell should be saturated with
antibody (i.e. opsonized) while
effector cells should remain largely
unbound and thus free to engage
multiple types of pathogenic cells.
This provides a  functional
explanation for the relatively low
antibody/FcR affinity as it prevents
effector cells from being saturated
by a wide variety of IgG present in
serum. As predicted by our model,
modification of antibodies that
increase the FcR affinity (Kweak)
have been shown to significantly
increase ADCC across multiple
studies.>%%0

A critical feature that
distinguishes ADCC from the TEC
model presented above is multi-
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Figure 5. Reconciliation of scientific literature on the molecular
determinants of ATCC of monoclonal and bispecific antibodies. A.
Expected mechanism of ADCC for monoclonal antibodies B. Antigen
expression dependence of ADCC for a bispecific antibody across 97 cell lines
C. Maximum rates of cytotoxicity estimated by taking the limit of positive
cooperativity D. At high E:T ratios the time-scale of cytotoxicity is approximately
equal to 1 hour*® E. At high E:T ratios mAb’s exhibit a bell-shaped dose
response?®

valent antibody binding across the effector/target contact site (Figure 5A). At sufficiently high receptor
densities, this “zippering” can significantly increase the time-scale of cellular adhesion.®"*? In fact, one



recent study demonstrated that ADCC is not possible less than 10,000 receptors/cell (Figure 5B).%%%

Within the context of this model, these additional E-T interactions represent a dimensionless stabilization
energy and can be conceptually interpreted as an additional stabilizing cooperativity.>?> While others have
calculated this stabilizing/destabilizing energy directly,*” here we can obtain a rough time-scale for ADCC
for target cells with >10,000 antigens by taking the limit of equations 8 and 9 as cooperativity increases
to obtain expressions for ADCC time-scales when the effector to target ratio (E:T) is greater than or less
than 1 (Figure 5C). When the E:T >> 1, the target will be modified on approximately the same time-scale
as Keat (~1 hour):

m_ v (@) (Kueax In(2) (13)

tiyt = lim X ( + [E ) =
1/2 a— (kcat[E]t a [ ]t kcat

On the other hand, when E:T << 1, the time-scale of cytotoxicity will be scaled up by the

target/effector ratio:
(14)

min _

. In (2) Kweak [T]O _ 1 [T]O
tijz = lim (kcat[E]t X ( o 2k (2))) = ontlEls ( 2 )

While an over simplification, these equations provide a kinetic rationale for the E:T variability of ADCC in
the context of in vitro assays. In addition, time-scale of approximately 1 hour are consistent with multiple
studies that have both monitored cytotoxicity over time and employed large E:T ratio of approximately
50:1 (Figure 5E-F). 25465

Discussion

Over 100 years ago Langmuir and Hill laid the foundation for modern pharmacology with their
derivation of the equilibrium binding of a ligand and its receptor (equation 5).%¢*"%® The key conceptual
insight from their work was that titrations of ligand exhibit S-shaped dose-response curves as a result of
saturation of their target receptor (Figure S1). Shortly after, Michaelis and Menten extended this
“saturation” conceptual framework to enzyme kinetics, laying the conceptual foundation for quantitative
biochemistry and clinical pharmacokinetics (equation 1)."*'® Since then, an increasing number of
biological processes and clinical therapies have been shown to operate via indirect interactions between
an enzyme and its target via an intermediate bridging species (B). These systems include: most
cytokines, several MAP-kinase cascades, and several immune-responses. >®  Unfortunately, the
mathematical complexity of these systems has prevented the development of a single unified model
(analogous to Michaelis-Menten) to quantitatively define these processes.

Here, by focusing on Vmax and adapting an underappreciated insight of Michaelis and Menten
(integration of the velocity equation),*® we have derived a general model that reconciles a wide variety of
literature on ternary-complex mediated enzyme catalysis (TEC). This model identified the enzymatic rate
constant (kca), the enzyme concentration ([E];)), and the weakest binding affinity (Kweax) as the most
important parameters to engineer ternary-complex mediated catalytic timescales.

Today, the need for such models is particularly urgent given the increasing interest in the
development of bifunctional drugs that redirect or “rewire” various enzymatic and immune functions to
treat disease. The analysis presented here predicts that there are several ways to increase the rate of
TEC for therapeutics. First, a bifunctional drug must be dosed in the high velocity range (near Vimax). Our
previous work discusses in detail how to predict the concentration of B that will produce the most ternary
complex, and thus approach Vmax for the system.?! Second, improving the Kueax of the bifunctional drug
should increase the SEC rate by increasing the theoretical fraction of ternary complex that forms, allowing
the system to approach the theoretical kinetic ceiling of kcar[E]: (Figure 1D). Third, choosing a more
abundant or efficient enzyme can improve TEC rate by raising that kinetic ceiling itself (Figure 1D). As
noted by several recent PROTAC reviews, this provides an opportunity for tissue selectivity.""?® For



example, if the E3 ligase targeted by a PROTAC is at much higher concentration in a tissue, then the
target will be degraded much more efficiently in that tissue than those with lower enzyme concentration."
Similarly, targeting more abundant immune effector cell types (i.e. E:T ratio) has been shown to increase
the rate of ADCC.%®

Given the combinatorial complexity of possible experimental conditions (Figure 2B) we have
designed a webtool to automate the time-scale analysis described throughout this paper:
https://douglasslab.com/btmax_kinetics/. This tool is designed to streamline the logical flow for non-
computational investigators by enabling (1) graphical entry of experimental conditions (2) automatic
assignment of appropriate half-life equation to those conditions. To limit the error in the half-life estimate
in the online application, we have replaced Kueax With @ more precise estimate of ternary affinity

(,/KEB + 1/KBT)Zas detailed in our original equilibrium modeling work.?' For example, equation 10 would
be more precisely approximated by equation 15.%'

_ @ (Kes +Kar) (15)

o
12 keat[E]e a

For the online applications, we chose to place the system concentrations and Kgs on the same
logarithmic scales and in the same units (nM) to emphasize how their relative values affect the ternary
system(Figure S7). We have confined these values to reasonable ranges from the literature values
(Figure 4). Overall, this tool combines first principles-based kinetics models, with “big data” knowledge
of affinities, concentrations and rate constants to enable non-computational investigators to apply the
conceptual framework described here.

This mathematical framework is based on similar underlying assumptions as Michealis-Menten
kinetics and will likely have similar scope (and limitations). Encouragingly, examination of the literature
on TEC has demonstrated a surprising amount of correspondence with these simple equations and direct
kinetic measurements (Figure 3). More generally, we hope that this work will bring more attention to the
power Michaelis and Menten’s initial insight to integrate their velocity equations to characterize the time-
scales of kinetic processes (Figure 2A). In fact, this integrated approach is already employed by clinical
pharmacists to conceptualize the [largely] enzymatic clearance (CL) of drugs from the body’s volume of
distribution (V):'8

Lo
2 = =g X (16)

We believe, that a wider appreciation of the integrated Michaelis-Menten equation (Figure 2A) will put
the tools of enzyme kinetics into the hands of a much wider range of investigators than the differential
model alone (equation 1).%

Overall, this work represents a reconceptualization of pharmacodynamics from a static (Langmuir-
Hill equation) to a dynamic process based the same concepts that underly pharmacokinetics. While
most drugs act as inhibitors, an increasing number of biological and small molecule therapies act as
agonists, inducing a therapeutic phenotype with a characteristic time-scale. While our work focuses on
ternary-complex based agonists, we believe it is part of a general trend to reconceptualize drug-
mechanism from a static to kinetic process which requires new conceptual frameworks that describe
drug-mechanism as more than simple binding to a target.
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