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Abstract

Empirical data has shown that bivalent inhibitors can bind a given target protein significantly

better than their monomeric counterparts. However, predicting the corresponding theoreti-

cal fold improvements has been challenging. The current work builds off the reacted-site

probability approach to provide a straightforward baseline reference model for predicting

fold-improvements in effective affinity of dimerized ligands over their monomeric counter-

parts. For the more familiar irreversibly linked bivalents, the model predicts a weak depen-

dence on tether length and a scaling of the effective affinity with the 3/2 power of the

monomer’s affinity. For the previously untreated case of the emerging technology of revers-

ibly linking dimers, the effective affinity is also significantly improved over the affinity of the

non-dimerizing monomers. The model is related back to experimental quantities, such as

EC50s, and the approaches to fully characterize the system given the assumptions of the

model. Because of the predicted significant potency gains, both irreversibly and reversibly

linked bivalent ligands offer the potential to be a disruptive technology in pharmaceutical

research.

Introduction

The basis for expecting success in targeted pharmacological therapies has implicitly rested on

the assumption of the existence of a relatively small, well-defined pocket to which a molecule

with “drug-like” properties can bind. These properties have been statistically analyzed to deter-

mine which ones differentiate drugs from mere chemicals, the most familiar of which is the

Rule-of-5 (RO5) [1]. A molecular weight cut-off at 500 Daltons in the RO5, coupled with the

maximum binding energy gain expected per atom [2–4], implies one can determine how

“druggable” any particular stretch of protein surface is [5, 6]. For certain surfaces, such as pro-

tein-protein interfaces, the predicted druggability is low due to the improbability of finding a

low molecular weight binder of sufficient efficacy [7]. In order to overcome this drawback and

achieve the necessary potencies and selectivities for advancing research against traditionally

more difficult targets, many researchers have begun employing bivalents, molecules with a
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typically flexible tether or connector that joins two ligands, to simultaneously bind distinct

pockets on one or more target molecules [8–11].

Since bivalents have two independent binding elements that are now correlated through dis-

tance constraints, their behavior in assays may diverge, even significantly, from those of mix-

tures of the ligands themselves. Indeed, dramatic improvements in potency against various

biological targets have been observed [8, 11–14]. Several theoretical models have been formu-

lated which describe the effects of binding to irreversibly connected bivalents [15–22], although

mostly in the context of polyvalent antibody interactions. The easiest model to understand fol-

lows the stepwise addition approach [19], which describes the thermodynamics of the formation

of higher order complexes through the thermodynamics of single ligand addition to lower

order complexes. Although very straightforward to describe, an infinite number of complexes

are possible for bivalent ligands interacting with bivalent targets, thus complicating the mathe-

matics involved in detailing the system’s equilibria. An alternative to stepwise addition is the

reacted-site probability approach [18], which describes the various equilibria as a function

of the probability of any particular target site being occupied by a ligand. Although the two

approaches yield essentially identical results [18], the reacted-site probability method is easier to

work with mathematically, but perhaps harder to conceptualize, particularly for polyvalent

ligands interacting with polyvalent targets. Both approaches have focused on non-cyclic struc-

tures whenever the valence is at least two for both ligand and target. Additionally, earlier efforts

focused on determining critical concentrations at which the formation of higher order struc-

tures dominates over the formation of complexes in which the bivalent straddles both sites of

the same target molecule. Using either approach to find the predicted fold improvement due to

avidity is a challenge in most cases.

Predicting the affinity increases of self-assembling bivalents is becoming more relevant, as

click chemistries [23] start with monomers and attempt to create irreversibly connected biva-

lents on the target. Clearly, this approach takes advantage of the relatively fast on-rates of

monomers and of the relatively slow off-rates of bivalents. Nevertheless, the irreversible forma-

tion of dimer dictates that their thermodynamic treatment involves only irreversibly linked

bivalents as described above. Reversible bioorthogonal moieties were reviewed in the literature

[24, 25] and additional ones have been introduced by Barany et al. [26, 27]. Recent work shows

that bivalents employing these reversible moieties in the linkers as part of a reversible linker

technology can also penetrate cells and dimerize to yield significant activity gains [27]. These

reversible linkers require a more complex equilibrium description since several of these chem-

istries are completely reversible under aqueous conditions. None of the earlier thermodynamic

treatments handles such bivalents with dissociable tethers. Hence models which anticipate

reversibly linked monomer-dimer equilibrium behavior, predict fold-improvement of the

effective binding affinity upon dimerization, and compare straightforwardly against equivalent

irreversibly linked bivalents are needed.

In this paper, we describe the predicted avidity effects of reversible covalent interactions

between two identical ligands simultaneously bound to targets such as proteins. We build on

the reacted-site probability approach to describe the scenario in which two identical non-inter-

acting ligands bind two separate sites while including a distance-dependent model for both

irreversibly and reversibly dimerized monomers. The model is related back to experimentally

determinable binding affinities. We find that introducing bivalency increases effective affinity

to targets with two equivalent binding sites by a factor of ten for every halving of the connector

length or for every 100-fold increase in monomer affinity for the binding site. For reversibly

forming dimers, we find that meaningful affinity increases are also predicted, regardless of

ligand affinity, for connectors below a certain length, suggesting the potential high utility of
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both irreversibly and reversibly tethered monomers, especially against traditionally “undrug-

gable” targets.

Reacted site method definitions and terminology

The reacted-site probability approach [18] is reviewed in more detail below, as it provides use-

ful insights in the more complex scenarios. The familiar case of a target with a single binding

site combining with a monovalent ligand provides a basis for treating more complex systems.

Single binding site, monovalent binder

In the reacted-site probability approach, the calculation of thermodynamic quantities, such as

the association constant KA (or dissociation constant KD = 1/KA) between a target T and a

ligand L depends on the probabilities FT that a target binding site is occupied and FL that a

ligand moiety is bound to the target. FT is defined as the ratio of target sites bound to total tar-

get sites available at equilibrium; a similar definition, involving ligands, holds for FL. Given a

starting ligand concentration L0, mixed with a target at starting concentration T0, the govern-

ing equations are, for mass balance,

T0 ¼ Tf þ FTT0 ð1Þ

L0 ¼ Lf þ FLL0 ð2Þ

and for “site occupancy balance”,

FTT0 ¼ FLL0 ð3Þ

where Tf and Lf are the unbound target and ligand concentrations, respectively, after equili-

brating the combined components. For thermodynamic equilibrium,

KA ¼
FTT0

ðTf ÞðLf Þ
¼

FTT0

½T0ð1 � FTÞ�½L0ð1 � FLÞ�
¼

FT
ð1 � FTÞðL0 � FTT0Þ

; ð4Þ

which permits the calculation of the probability of the target site being occupied by L, given L0,

T0 and KA. Typically, the association constant is unknown and needs to be determined, either

through direct or indirect experimental measures of the fraction R of the total target sites occu-

pied by the ligand given the starting concentrations of target and ligand. Finding R permits

theory to be connected to experiment via

R ¼
FTT0

T0

¼ FT : ð5Þ

When R = ½, Eq 4 simplifies to

KA ¼
1

ðL0 � T0=2Þ
ð6Þ

which, when rearranged, produces the more familiar form

L0 � T0=2 ¼ KD; ð7Þ

where L0 is the concentration which yields the experimentally determined 50% binding at a

given T0. We refer to this L0 as the EC50 at T0, or just EC50 for short, but it may be referred to

as an IC50 when employing competition assay formats.
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Multiple binding sites, monovalent binder

When L can bind to more than one available site on T, the descriptions become more complex.

The probability of binding any site on T becomes a function of the affinity of L for each site on

an uncomplexed target, as well as a dependent probability for the binding of L to a partially

complexed target. The most idealized scenario assumes that all sites on the target are equiva-

lent and independent, meaning that affinity of L towards each site is the same and does not

change with the binding of L to any of the other sites, and that the sites are always available to

interact with L, independent of the occupancy of other sites with other copies of L. This sce-

nario is most closely approached when a protein contains multiple copies of a particular

domain or when homo-oligomerization occurs. For example, tryptase forms a dimer of

dimeric functional units, each of which is catalytically competent, independent of the occu-

pancy of the other dimeric unit [28]. Similarly, BRD4 contains a tandem repeat of its bromo-

domain, each of which can equally well bind acetylated lysine independent of the occupancy of

the other [29].

In the reacted-site probability approach, the fraction of ligand bound remains the same

conceptually as in the single binding site model, but now the fractions of singly (FT1) and dou-

bly (FT2) occupied target needs to be considered. Since the sites are independent, the fractions

are simply the products of the fractions for the states of the two sites, scaled by the number of

ways such states may be achieved. Particularly,

FT1 ¼ 2FTð1 � FTÞ and ð8Þ

FT2 ¼ F2

T : ð9Þ

The stoichiometric mass balance equation becomes

T0ðFT1 þ 2FT2Þ ¼ FLL0; ð10Þ

which, when substituted with Eqs 8 and 9, reduces to the expected

2FTT0 ¼ FLL0: ð11Þ

Taking any definition of KD for a single ligand coming off and letting T1 be the concentra-

tion of target with one ligand bound to the first site on the target, one obtains, for example,

KD ¼
Tf Lf

T1

¼
T0ð1 � FTÞ

2L0ð1 � FLÞ
T0FT1=2

¼
ð1 � FTÞL0ð1 � 2FTT0=L0Þ

FT
; ð12Þ

where mass balance equations and substitutions from Eqs 8, 9 and 11 were employed to obtain

12. The left hand side of Eq 11 defines the total number of target sites bound, while 2T0 is the

total number of sites possible. Thus Eq 5 still holds for all targets with two binding sites, and,

in fact, can be shown to hold no matter how many sites exist on a given target, provided the

assumption of independence is retained. Hence, when R = ½, Eq 12 reduces to

L0 � T0 ¼ KD ð13Þ

Since the single and dual binding site models feature the same KD, the relationship between

the EC50,mm from the single binding site model (Eq 7) and the EC50,bm from the dual binding

site model (Eq 13) is

EC50;bm ¼ EC50;mm þ T0=2: ð14Þ
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Typically, the target concentration is much less than the EC50 and both model systems pro-

duce essentially identical results, as expected. Alternately, identical numerical EC50’s can be

obtained by assaying the two binding site system at half the target concentration of that in the

one binding site system.

Single binding site, bivalent binder

Much like when a target contains multiple sites, when a ligand molecule is multivalent, it may

be treated as multiple ligands connected by tethers. The probability of binding a target site

becomes a dependent function of how many ligands are bound, which ligands are bound, and

the steric constraints of that arrangement. The strongest simplifying assumptions one can

make are that the tethers connecting any two ligands do not alter the affinity of the ligand for

its site; that interactions of the tether with the target do not contribute to the affinity of the

ligand for the target; and that the probability of a ligand binding a site remains constant inde-

pendent of what other ligands are bound. For ligands that are known to bind independently

when co-dosed as separate ligands, and when their tethers are “out to solvent”, these simplifi-

cations are well justified and are likely satisfied in designs for, e.g., cIAP bivalent inhibitors for

which it was suggested that only one binding site is involved in the binding of these bivalent

inhibitors[9].

Swapping every T and L for the other in Eqs 8–12 provides the equations for the reacted-

site probability approach for this model. Algebraic manipulation leads to

2L0 � T0=2 ¼ KD; ð15Þ

where the multiplicative factor of 2 comes from the number of ligands present on each mole-

cule. The simplest extrapolation, from Eqs 13 and 15, for a system containing multivalent mol-

ecules with p ligands and targets with s sites, would be the relation pL0 � sT0=2 ¼ KD. As will

be demonstrated, this relation only appears to hold when ligand non-interaction is assumed.

Since the single and dual binding site models feature the same KD, the relationship between

the EC50,mm from the single binding site model (Eq 7) and the EC50,mb from the dual binding

site model (Eq 15) is

EC50;mb ¼ EC50;mm=2: ð16Þ

The factor of two difference in Eq 16 is readily understood based on the fact that two

ligands are present in the bivalent model, while only one is present in the monovalent model.

Within the context of these models, this difference means multivalents with p ligands will have

EC50s p times more potent against single site targets than their monovalent ligand counter-

parts. Thus, if the approximations used in the above derivations can be realized (e.g., minimiz-

ing the interference from the tether), then multivalents which can attain other favorable

properties such as cellular uptake, and possibly oral bioavailability, have great therapeutic

potential.

Results and discussion

Dual binding sites, bivalent ligand

The reacted-site probability approach ignores the potential influence of tethers on the proba-

bility of monomers from the same bivalent ligand binding to the same target when it contains

dual binding sites. A model which takes this influence into account explicitly is expanded

below.
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Let F2u be the fraction of completely unbound target (Fig 1A), F1u the fraction of singly

bound target (Fig 1B), F22 the fraction of target with two bivalents bound (Fig 1D), and F21 the

fraction of target with one bivalent occupying both sites (Fig 1C, the 1:1 state). Clearly their

sum must equal 1. Of the fraction which is not in the 1:1 state, the distribution must behave as

in the single ligand, two site target model, namely

F2u ¼ ð1 � FTÞ
2
ð1 � F21Þ; ð17Þ

F1u ¼ 2FTð1 � FTÞð1 � F21Þ; ð18Þ

F22 ¼ F2

Tð1 � F21Þ; ð19Þ

where FT is the fraction of targets sites not occupied by the 1:1 state but otherwise occupied by

bivalent. Based on this definition then, the total fraction of occupied sites must be

R ¼ F21 þ ð1 � F21ÞFT ; ð20Þ

which implies FT may be related to F21 via

FT ¼
R � F21

1 � F21

: ð21Þ

In order to introduce the tether length dependence and resolve the value for F21, we utilized

a two-step thermodynamic process. In the first step, we permitted all processes of binding

between the bivalent and the target, except the 1:1 state. After equilibrating the system, the

Fig 1. Schematic representation of the possible interactions between a single two site target and

bivalent molecules. The target (brown) may have no ligand (pink) bound (a), only one ligand bound [only one

of the two possible arrangements is depicted] (b), or two ligands bound. For the later scenario, the two bound

ligands could be from the same bivalent molecule (c) or from two separate bivalent molecules (d). Whenever a

ligand is depicted as unbound, it is done so as a convenience, since its binding state is irrelevant to determining

the probability of site occupancy on an individual target molecule.

https://doi.org/10.1371/journal.pone.0188134.g001
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second step permits formation of the 1:1 state. The final fraction of singly bound bivalent to

singly bound target (Fig 1D) after the second step must equal the starting concentration of sin-

gly bound bivalent to singly bound target after the first step, multiplied by the fraction that

does not form a 1:1 complex in the second step. The fraction F1u in Eq 18 lacks a specification

of the state of the bivalent bound. Specifically, the other ligand may be unbound, as illustrated

in Fig 1B, or may be bound to a separate target molecule. This latter scenario cannot lead to

the 1:1 state without first having the separate target molecule dissociate. Therefore, only a sub-

set of the T0F1u molecules has ligands bound to only the one target. Much as in the single bind-

ing site, bivalent binder description, one may write equivalent expressions for the ligand

occupancies by replacing T with L in the subscripts of Eqs 17–20. To avoid confusion, we

denote the fraction of ligand in the 1:1 state (corresponding to F21) as FL,21. Mathematically,

the final fraction from the two-step process appears as

2T0FTð1 � FTÞð1 � F21Þ
2FLð1 � FLÞð1 � FL;21Þ

2FLð1 � FL;21Þ
¼ 2T0FTð1 � FTÞð1 � F21Þð1 � FLÞ; ð22Þ

where FL, the fraction of bivalents bound to target, excluding the 1:1 state, is given by an equa-

tion similar to Eq 21,

FL ¼
T0

L0

R � F21

1 � T0F21=L0

: ð23Þ

Noting that T0<<L0 and that both R and F21 are less than or equal to 1, FL is approximately

0. To find the fraction of targets with singly bound bivalent to singly bound target times the

fraction which does not form the 1:1 state, multiply Eq 22 (in the limit of no 1:1 state possible)

by (1-FT,Dim). The fraction FT,Dim of singly bound target and bivalent which forms a 1:1 com-

plex is further defined below. The limit of no 1:1 state is simply obtained by setting F21 to 0 in

all the above equations. Setting the two parts equal gives

2T0FTð1 � FTÞð1 � F21Þ ¼ 2T0Rð1 � RÞð1 � FT;DimÞ; ð24Þ

which, when solved for FT, yields

FT ¼ Rð1 � FT;DimÞ: ð25Þ

Eq 25 intuitively makes sense, as the portion of the total bound sites which isn’t in the 1:1

state should be given by FT. Equating Eqs 25 and 21 and solving for F21 produces

F21 ¼
RFT;Dim

1 � Rð1 � FT;DimÞ
: ð26Þ

Only the determination of FT,Dim remains. Most treatments assume that the tether is suffi-

ciently long to permit simultaneous occupancy of both target sites by a single bivalent. We also

consider cases where this assumption does not hold, since several experimental attempts, such

as bivalent inhibitors of gyrase[30], have resulted in effectively monovalent inhibition profiles,

either because the selected tether length did not permit bridging between the binding sites or

other constraints prohibited a single bivalent from occupying both of the adjacent binding

pockets. In these cases, the EC50 improves two-fold over the EC50 of the monomeric binder,

single binding site case and closely parallels the bivalent binder, single binding site case and

FT,Dim = 0.

If the connector is long enough, the first ligand will bind to one binding site of the empty

target and permit the second ligand to access the second binding site. The protein, connector,
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and the first bound ligand are all assumed not to interfere with the ability of the second ligand

to find the second binding site. Hence the second ligand can be treated as sampling a sphere

whose radius is the maximum separation distance ρp between the ligands as determined by

fully extending the tether (Fig 2A). This fully extended distance can be estimated by modeling

software and is usually given in angstroms. The effective molar concentration L0,eff of this

ligand in this sphere is given by

L0;eff ¼ 396:4=r3

p; ð27Þ

where ρp is in units of angstroms.

Assuming the macroscopic target concentration is more dilute than the microscopic ligand

concentration, then, the effective concentration of sites within the same sphere is effectively

just the one unoccupied binding site. Hence T0,eff is also given by the right hand side of Eq 27.

In this microcosm, the monomeric ligand, single binding site system is recapitulated, but with

the effective starting concentrations as in Eq 27. Eq 4 therefore holds, with FT in this case

being the fraction of time the second ligand occupies the second binding site, which equals FT,

Fig 2. Significant increases in potency are possible for irreversibly connected monomers over a wide range of tether

lengths. a) Model of the concentrating effect afforded by a tether. The target (brown) has two binding sites with a separation distance

of ρs (blue line). One of the dimer’s ligands (pink) binds one target site while the other ligand is free in space. The fully extended dimer

has a separation length ρp (black) between ligands. The sphere which encloses the space available to be sampled by the free ligand is

grey. b) Semi-log plot of the effective concentration as a function of tether length from Eq 30 with ρp� ρs c) Fraction of total target

molecules which have both sites occupied by a single bivalent ligand (FT,Dim) as a function of tether length and dissociation constant

for the monovalent ligand (KD) from Eq 28. d) Semi-log plot of fold improvement in the predicted EC50 for the bivalent ligand, two site

target model relative to the predicted EC50 from the monovalent, single site target model as a function of tether length and KD.

https://doi.org/10.1371/journal.pone.0188134.g002
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Dim. Solving for FT in Eq 4 yields

FT;Dim ¼ 1 � KD=2L0;eff ½ð1þ 4L0;eff=KDÞ
1=2
� 1�: ð28Þ

Eq 28 confirms that as L0,eff goes to infinity, FT,Dim goes to 1; as L0,eff goes to 0, FT,Dim also

goes to 0. The distance at which the effective ligand concentration equals that of the bulk is

found by setting L0,eff to L0 in Eq 27 and solving for ρp,

rp ¼ 7:346=L1=3

0 ; ð29Þ

suggesting that, for most micromolar affinity or better ligands, an enhancement in second

ligand concentration is achievable for any tether length<100Å, subject to the assumptions of

this model. The effective concentration at which the populations of 1:1 and 1:2 species are

equal (FT,Dim = ½) is given by L0,eff = 2KD. To summarize, FT,Dim is given by Eq 28 with

L0;eff ¼

0;rp < rs

396:4

r3
p

; otherwise
; ð30Þ

8
><

>:

where ρs is the distance between sites. Hence, all variables are now functions of the experimen-

tally determinable R and of FT,Dim, which is a function of maximal spanning tether length, a

constant for a given bivalent.

Regardless of what equilibrium condition for a sequential addition is considered, KD is

given by

KD ¼ 2
1 � FT
FT
ðL0 � T0RÞ: ð31Þ

Using Eq 25, T0<<L0, and R = ½, Eq 31 is well approximated by

KD ¼ 2
1þ FT;Dim
1 � FT;Dim

L0: ð32Þ

Comparison of the EC50s from the monomeric ligand, single site model (Eq 7) and for this

model (Eq 32) produces

EC50;bb � EC50;mmð1 � FT;DimÞ=½2ð1þ FT;DimÞ�: ð33Þ

Fig 2 shows a plot of the relationship between tether length and effective ligand concentra-

tion (Fig 2B), fraction in 1:1 complex (Fig 2C), or the effective fold decrease in EC50 relative to

the monomeric ligand, single site model’s predicted EC50 (Fig 2D). These plots are only appli-

cable when the maximal tether length exceeds the distance between the two sites.

Two immediate conclusions emerge. First, at short tether lengths, very large improvements

in EC50 over the monovalent ligands are possible, provided the connectors can span the two

binding sites. Second, with higher ligand affinity, the multiplier increases for a given tether

length. This makes sense as intuition suggests binding to the two sites might scale as KD
2 and

hence the multiplier should scale as KD. Yet inspection of Fig 2C at Rp = 125Å suggests that two

orders of magnitude change in KD is necessary to effect a one order magnitude change in the

multiplier. In order to understand this phenomenon, consider the scenario when L0,eff>>KD.
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Then Eq 33 becomes approximately

EC50;bb � EC50;mmðKD=L0;eff Þ
1=2
=4; ð34Þ

thus explaining the dependence of the multiplier on the root of KD.

We also evaluated the scenario which allows the dissociation constant K2 for the equilib-

rium between the 1:1 state and the completely unbound ligand and target to scale as KD
2 in

this model. Solving for K2 yields

K2 ¼ KD

1 � F2
T;Dim

4FT;Dim
; ð35Þ

which implies that for K2 to scale as KD
2,

KD �
1 � F2

T;Dim

4FT;Dim
: ð36Þ

Since FT,Dim is nearly 1, set FT,Dim = 1–2 Δ, with Δ<<1, and use an equality in Eq 36 to

obtain the scaling condition

KD � D; ð37Þ

which satisfies the constraints on Δ even for millimolar affinity ligands. But from Eq 28,

KD=2L0;eff ½ð1þ 4L0;eff=KDÞ
1=2
� 1� ¼ 2D � 2KD: ð38Þ

Solving for L0,eff gives

L0;eff �
1

4KD
; ð39Þ

which implies (from Eq 27) that ρp�1.2Å if KD = 10-3M, and even shorter if KD is smaller.

One may interpret this result to say that only a single bond between the ligands permits the

intuitive scaling as the square of the individual ligands, with entropy costs diluting effective

potency. Although it has an alluring qualitative appeal, this interpretation is dangerous because

several of the key assumptions, including lack of influence of one ligand’s binding to the bind-

ing of the other and full sampling of a sphere of such short radius, are almost certainly violated

in practice. Nevertheless, this result implies K2 should never be expected to scale as KD
2 experi-

mentally unless other interactions contribute. To get the general scaling of K2 with respect to

KD for tethers with lengths between 5 and 100Å, we substituted Eq 35 with the definition of FT,

Dim (Eq 28) and took the limit where L0,eff>>KD to find

K2 � ½K
3

D=4L0;eff �
1=2
: ð40Þ

Hence, K2 scales as the 3/2 power of KD and not the second power in this limit.

Fortunately, studies on synthetic bivalent inhibitors of carbonic anhydrase[17] have gener-

ated clean data expected to fall under this model. In this experimental system, the tethers do

not affect the affinity of the ligands. The monovalent ligand “Compound 6” had an observed

ΔG of -9.6 kcal/mol. Based on the scaling arguments above and the affinity of compound 6, the

affinity of the corresponding bivalent should be around -14.4 kcal/mol, which is, in fact, close

to the observed affinity of -15.7 kcal/mol. Further, dependence on chain length was weak—a

rough doubling of the fully extended connector length led to a 1–1.5 kcal/mol loss in affinity,

qualitatively in line with the current model. Finally, the model predicts a 450 to 1600 fold
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improvement in potency, once again in qualitative agreement with the observed 400 to 5300

fold improvement. These experiments show a dip in potency at shorter tether lengths, posited

in the paper to arise from particular interactions of the tether with the protein. Based on the

model described here, deviations from ideality are most likely due to loss of favorable protein

contacts at shorter tether lengths or, less likely, due to gain of favorable protein contacts at par-

ticular tether lengths. Since the protein does not remain rigid but flexes, it may break addi-

tional contacts when constrained by short tethers, influencing the overall affinity.

Similar data was generated in studies of the activity of cGMP homodimers linked with poly-

ethylene glycol (PEG) [31]. When tested against rat olfactory cyclic-nucleotide-gated (CNG)

channels, a 5000Da PEG linker attached to a single cGMP increased activity by two fold over

cGMP itself (1.4 vs. 3.1 μM). Making a bivalent with too short a linker [282PEG-(cGMP)2] only

further improved the activity by a factor of two (0.87 μM), in line with this model. 2000Da of

PEG linker gave the maximal increase in activity (~200-fold), well below the current model’s

prediction (845-fold). Based on the data, the model predicts this maximum to occur around

2200Da of PEG. Though showing the right qualitative trend, the reported decrease in activity

for linkers going from 3400 to 20,000Da of PEG (~21-fold loss) varied from that predicted from

the model (~360-fold loss), suggesting the possibility that 1) more potent inhibitors may exist

with linkers between 2000 and 3400Da and 2) the PEG linker serves to positively increase bind-

ing affinity. When the homodimers were tested against rod photoreceptor CNG channels, their

affinity is predicted to be no better than ~600 nM, since cGMP affinity is only 72 μM. This pre-

diction is in line with the observed ~450 nM for a 1200Da linker and ~550 nM for a 2000Da

linker. The increase in linker from 2000Da to 3400Da results in an observed affinity of ~5μM,

consistent with the predicted lowered affinity of ~2.7 μM.

The model can also be used to provide upper-bound limits on expected activity in a cellular

context. For example, the (6+2) homodimers of JQ-1 showed BRD4 inhibition as low as 220

pM in cellular assays, as compared to ~70 nM activity for JQ-1 in the same cellular assays[12].

Based on the model, a 70 nM inhibition should lead to no more than about 20 pM inhibition

from the dimers. Hence the model implies that either the optimal linker distance was not

found or the dimer struggles to penetrate the cell membrane relative to JQ-1. In another exam-

ple, homodimers of a modified oxytocin (dOTK2-C8) activated the oxytocin receptor dimers

at 0.8 pM concentrations in cellular assays, as compared to 4 nM concentrations for the mono-

mer, dOTK [32]. Based on the model, 4 nM monomer activity translates into ~0.25 pM activity

for the best dimers, in line with their observations.

Similarly, Andersen et al. [33] looked the affinity of homodimers of either serotonin (5HT)

or dopamine (DA) towards either serotonin (SERT) or dopamine (DAT) transporters. Making

this study more interesting, they employed either alkyl or PEG linkers which had differential

effects on the potencies. PEG linkers hardly affected 5HT activity against either transporter,

whereas it improved DA activity towards SERT but damaged activity against DAT. Neverthe-

less, all the dimers with the greatest affinities for a given transporter and ligand came close to

the theoretical “best attainable” values from this model, except for the DA dimer against SERT.

In this case, the activity observed was ~10-fold less than the best predicted, suggesting the

linker could not provide the full enhancement given when only one DA was present. The alkyl

linkers, when attached to either ligand, produced large affinity boosts, which then failed to

translate into extremely more potent dimer affinities when the second ligand was attached.

This result likely indicates membrane incorporation by the linker which facilitates binding to

the transporters. Indeed, the best affinities observed came much closer to those predicted by

the model using the affinities of the ligands alone. These examples warn against blind applica-

tion of this model without consideration of the experimental conditions and how the linkers

may behave under those conditions.
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Dual binding sites, reversibly linked monomers/dimers

One potential benefit of dimerizing monomers over pre-assembled irreversibly linked analogs

is that they can act as monomers with respect to cell penetration and as dimers with respect to

target affinity. In this model, the dimerizing moieties (or linkers) responsible for reversible

tethering are treated as identical single points on the distal end of a completely flexible connec-

tor extending from the ligand. A significant number of species have to be considered in this

case, each of which are illustrated in Fig 3. More compact mathematical descriptions of the

various species may be required for systems of any greater complexity [34, 35].

Let Fu be the fraction of completely unbound target (Fig 3A), F1 the fraction of singly

bound targets (Fig 3B), F21 the fraction of 1:1 state (Fig 3C), and F22 be the fraction of doubly

bound target not in the 1:1 state (Fig 3D). As in the case of irreversibly linked ligands, the spe-

cies depicted in Fig 3B and 3D, feature contributions from both monomeric and dimeric

ligand bound. Further, let Lu be the fraction of unbound monomer (Fig 3E), L1 the fraction of

bound monomer (Fig 3F), Du the fraction of unbound dimer (Fig 3G), D1 the fraction of singly

bound dimer (Fig 3H), D21 the dimer fraction in the 1:1 state (Fig 3C), and D22 the fraction of

doubly bound dimer not in the 1:1 state (Fig 3I). Intuitively, we can group Lu and L1 into the

fraction of monomers, FML. Although a similar grouping is possible for dimer, we wish to

exclude the 1:1 state, as in the dual binding site, bivalent ligand model. Hence, we group only

Du, D1, and D22 into the dimer fraction FDL.

The total number of sites must be conserved both for the targets,

1 ¼ Fu þ F1 þ F22 þ F21; ð41Þ

and for the ligands,

1 ¼ FML þ FDL þ D21: ð42Þ

Much as in Eqs 17–19, of the fraction which is not bound in the 1:1 state, the distribution

must behave as in the monovalent binder, dual binding site model, namely

Fu ¼ ð1 � FTÞ
2
ð1 � F21Þ; ð43Þ

F1 ¼ 2FTð1 � FTÞð1 � F21Þ; ð44Þ

F22 ¼ F2

Tð1 � F21Þ; ð45Þ

where FT is the fraction of targets sites not occupied by the 1:1 state but otherwise occupied by

ligand. FT is related to F21 through a relation identical to Eq 21. Similarly, excluding the 1:1

state, the monomeric fractions and dimeric fractions all behave as in the monovalent binder,

single binding site and bivalent binder, single binding site scenarios, respectively, implying

Lu ¼ ð1 � FL;MÞFML; ð46Þ

L1 ¼ FL;MFML; ð47Þ

Du ¼ ð1 � FL;DÞ
2FDL; ð48Þ

D1 ¼ 2FL;Dð1 � FL;DÞFDL; ð49Þ

D22 ¼ F2

L;DFDL; ð50Þ
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where FL,M and FL,D are the fractions of the monomer and dimer populations, respectively that

occupy binding sites on the target. FL,M and FL,D can be related by comparing the dissociation

constants for completely unbound monomer or dimer binding to completely unoccupied tar-

get,

T0FuL0Lu

ð1=2ÞT0F1L1=ðFL;MFML þ FL;DFDLÞ
¼ KD ¼

T0FuL0Du

ð1=2ÞT0F1ðD1=2Þ=ðFL;MFML þ FL;DFDLÞ
: ð51Þ

Simplifying the right and left hand sides of Eq 51 and substituting in Eqs 46 to 50 permits

reduction to

FL;M ¼ FL;D � FL: ð52Þ

Eq 52 is unsurprising, given that the target cannot distinguish whether the binder is associ-

ated with a monomer or a dimer. FL can be related to R’, the total fraction of monomers

bound to target sites, which itself can be related to R,

R0 ¼ R
2T0

L0

¼ FLð1 � D21Þ þ D21: ð53Þ

Since L0D21 = 2T0F21, Eq 53 may be solved for FL to yield

FL ¼
2T0ðR � F21Þ

L0 � 2T0F21

; ð54Þ

suggesting that, once again, FL is well approximated by 0 whenever L0>>T0. FDL may be

Fig 3. Schematic representation of the possible interactions between two site targets and dimerizing

monomers. The green bar represents the linker (i.e., the dimerization moiety) attached to a ligand (pink). For

calculating target occupancy probabilities, a single target (brown) may have no monomer bound (a), only one

monomer bound (b), or two monomers bound. For the latter scenario, the two monomers could dimerize (c) or

lack any association with each other (d) on a single target. Whenever a ligand is depicted as undimerized in (b)-

(d), it is done so as a convenience, since its dimerization state is irrelevant to determining the probability of site

occupancy on a single target molecule. For calculating ligand occupancy probabilities, occupancies for both the

monomeric and dimeric states must be included. A single monomer may have its ligand bound (f) or not (e). A

single dimer can have no ligands bound (g), one ligand bound (h), or two ligands bound. When two ligands are

bound, they could share the same target (c) or be bound to separate target molecules (i). Whenever a target is

depicted as having an unbound site in (f)-(i), it is done so as a convenience, since the occupancy of its other site

is irrelevant to determining the probability of site occupancy on a single ligand.

https://doi.org/10.1371/journal.pone.0188134.g003
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rendered a dependent variable by recognizing that

KDim ¼ 2L0

F2
ML

FDL
; ð55Þ

where KDim is the dimer dissociation constant for the ligand and the factor of 2 comes from

the fact that the dimer concentration is half that of the monomers which comprise them. Sub-

stitution of Eq 42 into Eq 55 and solving for FDL yields

FDL ¼ 1 � D21 �
KDim

4L0

1þ
8L0

KDim
ð1 � D21Þ

� �1=2

� 1

( )

: ð56Þ

Much as in the bivalent ligand model, the remaining independent variable, F21, can be

resolved by using the two step thermodynamic process. Since the formation of 1:1 state can be

achieved either by dimerization of bound monomeric ligands or by binding of the second

ligand of a preformed dimer which is already bound to one site, one can solve for F21 in the

limit of either extreme and then, for the general case, use a fractional contribution of each to

achieve the desired final expression for F21. The fractions are derived from the portions of

monomeric ligand bound to two binding sites on a single target (the monomeric limit) and of

a dimer bound to one binding site of the target, with the other binding site open and the other

monomer unbound (the dimeric limit). Clearly this solution has the appealing benefits of

being nearly exact when the reversibly linked monomers are either largely monomeric or

largely dimeric in solution and provides an intuitive feel for behavior when the starting con-

centration is within an order of magnitude or so of the dimerization constant.

For the dimeric limit, it is possible to show that all the results from the previous section

apply here, with the understanding that the maximum tether length in the previous section is

twice the length of the monomer connector length and the concentration in the previous sec-

tion is half that of the starting monomeric concentration in this section. In the monomeric

ligand limit, the two step thermodynamic equivalence is

T0F22

L1

FLð1 � D21Þ

� �2

¼ T0R
2 L1

0

FL

� �2

ð1 � FL;DimÞ; ð57Þ

where FL,Dim is the fraction of monomers which dimerize on the target, an expression which

will be derived in more detail below, and L1’ is L1 evaluated in the limit of D21 = 0. Solving for

F21 in Eq 57 produces

F21 ¼ R 1 � R
1 � FL;Dim

2
� R2

1 � FL;Dim
2

� �2

þ ð1 � RÞð1 � FL;DimÞ

" #1=2
8
<

:

9
=

;
: ð58Þ

The derivation of FL,Dim follows closely from the derivation used for the bivalent ligand sce-

nario described earlier. If the linkers between monomers are too short to permit dimerization,

FL,Dim = 0. If the linkers are long enough, we considered first the situation in which both

monomers have bound to a single target. The protein, connectors, and bound monomers are

all assumed not to alter the ability to dimerize. Hence the moieties responsible for dimerizing

can be treated as each sampling a sphere whose radius is half the maximum separation distance

ρp between the ligands. When the separation between ligands is exactly the distance between
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target sites, the effective concentration L0,eff of each dimerization moiety is given by

L0;eff ¼
396:4

ðrp=2Þ
3
¼ 3171:2=r3

p; ð59Þ

where ρp is in units of angstroms. The effective concentration when the maximum separation

is much larger than the separation between target sites is essentially twice that of the right

hand side of Eq 59 since the two spheres nearly entirely overlap. Clearly, between those two

limits features a factor between 1 and 2 to multiply the right hand side of Eq 59. For the current

analysis, Eq 59 will be used regardless of the relative magnitudes between maximum separation

and distance between target sites, provided the maximum separation can at least span the two

sites, in order to focus on the qualitative trends. Using Eq 55 and defining the effective ligand

concentration as in Eq 59 produces the desired expression for FL,Dim,

FL;Dim ¼ 1 �
KDim

4L0;eff
1þ

8L0;eff

KDim

� �1=2

� 1

" #

: ð60Þ

The ratio of the fractions of targets with 2 monomers bound to those having one otherwise

unbound dimer should, in the limit of F21 = 0, provide a reasonable estimate of the proportion-

ate contributions from the two extremes to F21 values given by Eqs 26 and 58. Put another

way,

F21 �
RF2

ML

RF2
ML þ 2ð1 � RÞFDL

R 1 � R
1 � FL;Dim

2
� R2

1 � FL;Dim
2

� �2

þ ð1 � RÞð1 � FL;DimÞ

" #1=2
8
<

:

9
=

;

þ
2ð1 � RÞFDL

RF2
ML þ 2ð1 � RÞFDL

RFT;Dim
1 � Rð1 � FT;DimÞ

: ð61Þ

The relevant expression for KD at R = ½ (see equation S48 in the supplemental material) is

L0

1 � 2F21

¼ KD: ð62Þ

with the denominator of Eq 62 being

1 � 2F21 ¼
ð1 � FDLÞ

2

F2
DL þ 1

1 � FL;Dim
4

þ
1 � FL;Dim

4

� �2

þ
1 � FL;Dim

2

" #1=2
8
<

:

9
=

;

þ
2FDL

F2
DL þ 1

1 � FT;Dim
1þ FT;Dim

 !

: ð63Þ

Substituting Eq 63 into Eq 62 permits evaluation of the fold improvement of the EC50 over

that for the monomeric non-dimerizing ligand, single binding site scenario. Since FDL is a

function of L0, the solutions are too complex for a closed form expression and the data are gen-

erated from solving Eq 62 numerically for L0, given a particular value of KD, KDim, and ρp. Fig

4 illustrates results for a few different scenarios. When the ligands themselves are extremely

weak, the fraction of monomer and dimer is a sensitive function of the dimerization constant.

With very weak dimerization constants (i.e., KDim>KD), the EC50 is influenced primarily by

the presence of monomer, while more potent dimerization constants (i.e., KDim <KD) feature

EC50’s driven primarily by dimer (Fig 4A). Hence the calculation of the fold-improvement (Fig

4B) produces largely overlapping curves when the dimerization constants are much smaller
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than those for the dissociation constant of the ligand-target complex. When the dimerization

and affinity constants are nearly equal, the dependence is a sensitive function of the tether

length. Note that the magnitude of the fold-improvement is almost exactly half that of the

dimer case when the dimer dominates the contribution, since the concentration of dimer

formed from monomer is half the starting concentration of monomer. An experimentally

meaningful difference of 4-fold is detectable even when the dimerization constants are very

weak, namely for ρp<16Å when KDim = 10-2M and for ρp<~40Å when KDim = 10-3M. These

results are encouraging since detection of weak ligands is challenging. Adding reversible link-

ers allows rapid exploration of appropriate linker lengths in small synthetic libraries, while

increasing the ability to detect target modulation through improved potencies. Further, dimer-

izing monomers with relatively short linkers and good dimerization constants permits the

transformation of fragment-based screening hits (with KD�~10-4M) into potential tools for

cell based assays with no further optimization. This aspect was well demonstrated using Myc

inhibitors, in which the ligands had weak activity in cells, even in combination, but their

reversibly linked analogs had low micromolar activities[27].

By the time the ligand affinity reaches that of typical screening hits (KD~10-6M), the major-

ity of the fold improvement is driven by target-associated dimerization of monomers and not

by binding of dimer preformed in solution. Even at KDim = 100nM, ρp would have to extend

Fig 4. Significant increases in potency are possible for reversibly connected monomers over a wide range of tether

lengths and monomer affinities. A) Fraction of monomer in solution at a starting concentration equal to the EC50, as a function of

dimerization constant KDim and tether length ρp, when the KD of the monomer is 1 mM. In the remaining insets, fold improvement in

the EC50 relative to that for a single site target, single ligand system is plotted as a function of the dimerization constant and tether

length with KD = 1 mM B), KD = 1 μM C), or KD = 1 nM D).

https://doi.org/10.1371/journal.pone.0188134.g004
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out to almost 250Å before finding equal contributions from monomer and dimer in solution.

Effectively, for almost any dimerization constant and for all ρp�100Å, an EC50�~25μM is

predicted to have at least 50% contribution from target-driven dimerization of monomers.

Under these conditions, dimerization of micromolar binders allows affinities to be driven into

the low to mid nanomolar range (Fig 4C). In the final scenario of very potent ligands, the fold

improvements are still similar to those observed for weaker ligands (Fig 4D), since monomer

present in solution entirely drives the observed effects.

Conclusion

We have developed computational models to describe the thermodynamics of reversibly and

irreversibly tethered homodimeric molecules binding to targets with dual binding sites. In

these models, we have considered the simplest systems of dimers, connected with completely

flexible tethers that interact with rigid targets containing two identical binding sites. In the

simpler scenario, the tether is irreversibly connected. These irreversibly linked compounds

have been investigated in recent years [15–22]; however, the length dependence of the tether

on compound affinity has not been well treated theoretically. We developed a model to treat

the length dependence and found that short tethers, which enable bivalents to simultaneously

occupy both sites, can induce very significant fold improvements (>10,000x) over their mono-

meric counterparts. Avidity primarily drives these large improvements in effective binding,

with extremely high (molar) effective concentrations of monomers generated for a second site

when a first monomer is bound to a target. The predicted effective concentration follows an

inverse cubic dependence on tether length, implying that roughly an order of magnitude in

effective concentration is lost with each doubling in maximal spanning distance between

ligands. Nevertheless, at a separation of 10Å, the predicted effective concentration is around

0.5M. Hence typical monovalent ligand concentrations (~1 μM) are not seen until >300Å
maximal separation between the ligands of the bivalent. This relatively rapid flattening of the

effective concentration curve suggests that, for all but the weakest monovalent ligands, the fold

improvement in binding of the bivalent to the target only weakly depends on tether length for

most contemplated compounds in pharmaceutical research [17], with the most variation in

fold improvement seen among tethers of shortest length.

The predicted effective scaling of the dissociation constant for bivalent compounds binding

to targets with two binding sites is perhaps somewhat unexpected. Intuition might suggest that

the easiest estimate of the affinity gain should be given by a doubling of the free energy of bind-

ing since each ligand binds independently of the other to each site, thus each contributing the

same free energy of binding in a single molecule. Jenks and others [36, 37] anticipated that this

should never be the case, yet many persist in using this doubling as a “zeroth order” approxi-

mation. Converting free energies into dissociation constants, the predicted effective dissocia-

tion constant should therefore go as KD
2, rather than as the dissociation constant KD for the

monomeric ligand. The same reasoning should apply to the binding of such molecules even

when the tether between them becomes infinitely long. Yet, in this limit, the bivalents should

behave essentially as monomeric ligands, for which the effective dissociation constant is the

actual dissociation constant for the monomer, independent of how many sites are on the tar-

get. Since the concentration of bivalent is half that of the monomer to yield the same EC50, a

mere two fold improvement in effective KD is predicted for bivalents in this limit of infinite

tether length. Our model corrects for this straight additivity problem by explicitly treating the

entropic and energetic changes imposed on the binding of the second monomer by the bind-

ing of the first monomer. Our model suggests the effective dissociation constant should scale

as KD
3/2, whenever tether lengths are sufficiently long (>5Å) but not overly so (typically
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<100Å, above which the effective ligand concentration becomes similar to the monomer dis-

sociation constant).

This prediction of the effective dissociation constant going as the 3/2 power of the ligand

dissociation constant matches the experimental data with bivalent carbonic anhydrase inhibi-

tors [17]. The experimental data in that report imply that the tethers do not influence mono-

mer affinity, making their studies compatible with this analysis. Those bivalents generally grew

weaker with increasing tether length, but only modestly so, and their free energies were

roughly 1.5 times as large as those for the corresponding ligands. Other near ideal experiments

also support this scaling behavior, as illustrated in the cases of cGMP homodimers binding to

various dimeric receptors, homodimers of JQ-1 binding to BRD4, homodimers of a modified

oxytocin binding to the oxytocin receptor, and homodimers of either 5HT or DA binding

either SERT or DAT transporters [12, 31–33]. The 3/2 power scaling of the monomer’s dissoci-

ation constant should be used as the “zeroth order” approximation of the dissociation constant

for most irreversibly linked dimers.

This halving of the free energy contribution from the second ligand may be understood as

the entropic cost of effectively not allowing the second ligand to sample any potential target

sites except for the other binding site on the same target molecule. Once the tethers are suffi-

ciently long, the second ligand can sample more potential target sites but the fractional contri-

bution from the second ligand decreases (down to nearly zero at infinite connector length) due

to the increasingly weak contribution of a single ligand in a large volume of dilute targets.

Although the model also predicts a greater fraction of contribution from the second ligand at

shorter distances (i.e., at maximum tether lengths shorter than 5-10Å), it is likely that the rota-

tional energy constraints on the tether reduce the second ligand’s ability to sample the entire

sphere, resulting in a greater chance of overestimating fold improvement at these shorter

distances.

While this model is simple, it is expected to describe corresponding experimental systems

fairly well. For example, we predict the assumption of rigid target site separation is a weak con-

straint. Most protein active sites move but do not undergo large conformational rearrange-

ments upon ligand binding. Based on this fact, the separation can be recast as the separation

between sites averaged over all low energy protein conformations. If structure is being used to

select tether lengths, a variety of tether lengths around the modeled optimum should be con-

sidered to allow for the protein movement.

We are working on extending this model to include allosteric effects or other asymmetric

affinities for the two sites, especially since the second site can provide a mechanism for selectiv-

ity. Further, this extension of the model is critical as most dual site binding molecules have sig-

nificantly different compositions, as well as affinities, and may be modeled poorly using the

current model. Nevertheless, the current model can be used to provide a guide for expected

changes in effective dissociation constant in most cases where the affinity for the two sites is

similar, regardless of chemical differences. Large deviations from values predicted by the

model suggest significant microscopic interactions, such as sterics or tether cooperativity, are

at play. Taking the ratio between experimental and theoretical fold changes can serve as an

easy guide for understanding microscopic contributions to the experimental data. Alternately,

one may use more complex models[38, 39]. In general, to determine the fold improvements

from this model, one needs the experimentally determined dissociation constant for the

monovalent ligand without any connector as well as a theoretical calculation of the maximal

separation between ligands in a given bivalent. To increase confidence that the model will pre-

dict bivalent behavior, a single ligand with a tether attached can be tested experimentally. Any

changes in effective dissociation constant from tether addition should be included in the mod-

el’s predictions through treating the ligand and tether as a new ligand entity.
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Given the very significant gains in effective target potency (and potentially selectivity) that

bivalents offer, can bivalents represent the future of drug discovery? The current work explores

the interaction of a bivalent molecule with a two-site target. While this is a fairly clean repre-

sentation of what happens in some biophysical or biochemical assays, describing a bivalent’s

ability to interact with cells or living organisms is decidedly more complex. In fact, the Rule of

5 suggests large molecular weight molecules are unlikely to become drugs. Many compounds

which violate the molecular weight rule have difficulty permeating membranes. Those which

do get into cells are typically macrocyclic. Even from those, many have difficulty being

absorbed orally. All these aspects can be overcome, albeit with some effort, as the clinical

agents for BCL-XL attest to [40].

In order to address some of these challenging aspects of irreversibly linked bivalents, mono-

mers with reversible linker moieties may be employed. This work describes the interactions of

such monomers with targets which contain two binding sites. Determination of the key values

for deployment in the model is the same as those for the irreversibly linked bivalents, except

that a dimerization constant for the monomers must be found as well. This constant can be

found from model systems or from the dimerizing pair itself using physical methods such as

NMR, LC/MS, or SPR. The model predicts that these monomers can result in significant

improvements in effective dissociation constants over a broad range of connector lengths as

well as dimerization and monomer-protein dissociation constants.

Although the literature features very little about small molecule monomers that can revers-

ibly link to each other while binding identical target sites, nature frequently uses non-cova-

lently interacting dimeric species to effect various regulatory functions. For example, various

transcriptional factors can interact with DNA to increase transcriptional recruitment in certain

regions. These interactions typically involve significant nuance based on, for example, post-

translational modifications and small-molecule-protein interactions. While the current

approach could, in principle, be applied to these interactions, it lacks the ability to describe the

influence of these other factors which either significantly increase the number of interacting

partners or involve inhibitors to dimer formation. Others [41, 42] have provided a detailed

model for these cases.

Nevertheless, the approach to dynamically creating tethered small molecule monomers in
situ takes advantage of the relatively fast on-rates of the monomers and of the relatively slow

off-rates of bivalents. It allows for the intracellular generation of dimers, well suited for

addressing “undruggable” biological targets, such as those with protein-protein interfaces,

while capitalizing on the drug-like properties of the monomers. In solution, these monomers

present as a rapidly interchanging mixture of monomers and dimers. Membrane permeation

and oral absorption of monomers is generally more likely than their equivalent dimers and Le

Chatlier’s principle suggests that, in the approach to equilibration across the membrane, more

of the dimer will break up on the higher concentration side and reform on the lower concen-

tration side, effectively driving dimer across membranes. Further, both the linkers and connec-

tors can be tuned independently to achieve a desired pharmacokinetic profile. We speculate

that full optimization is likely less critical, however, as the formation of high affinity dimers

binding a specific target should improve the in vivo profile of both monomers when co-dosed,

relative to their individual dosing profiles.

The approach is not altogether conceptual. Monomers based off well-established fragments

and containing reversible linker moieties can serve as the basis of screening libraries, permit-

ting rapid searches of chemical space for modestly potent and selective inhibitors. This enable-

ment was well illustrated in the search for Myc-specific cell active inhibitors [27]. While the

Myc monomers were distinct and targeted different sites, they were largely inactive in cell

based assays. Reversibly linked versions of these monomers, on the other hand, had detectable
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activity correlated with Myc-specific activity. Hence an approach that incorporates reversible

linkers has the potential to transform traditional drug discovery efforts, particularly against

more challenging biological targets.
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