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Supplemental Discussion 

Modeling drug-protein interactions: Single drug-protein interactions in isolation 

 Assuming first-order, single-binding interactions between a drug, A, and a protein, P: 

P+ A → P ⋅ A 

the interaction can be expressed according to the classical mass-action, equilibrium equation: 

𝐾! =
[P ⋅ A]
[P][A] 

For convenience, we will omit brackets ([]) for subsequent equations, assuming all values to be in concentration (by 

convention, molar, but that is not required for this work), and define PA as the concentration of protein-drug complexes, 

[P × A]; Pf as the concentration of free protein, [P]; and Af as the concentration of free drug, [A], such that: 

𝐾! =
𝑃!
𝑃"𝐴"

[1] 

We define A0 as the total concentration of drug within the system, both bound, PA, and unbound, Af, (i.e.: the working 

experimental concentration), and likewise P0 as the total concentration of protein, both bound, PA, and unbound, Af. As 

such, we can define the following mass-balance identities: 

𝐴# = 𝑃! + 𝐴" [2]	

𝑃# = 𝑃! + 𝑃" [3] 

Finally, for this work, we define drug A as only exerting effect through unbound drug, Af, and that the subsequent 

interaction of drug A with its cellular target(s) is free, without significant effect upon the above drug-protein equilibrium, 

and as such has negligible effects. Consequently, under experimental conditions, we make the observation that a specific 

effect (e.g.: IC50) normally observed at a given concentration in the absence of protein binding shifts to a higher 

concentration in the presence of protein binding, according to equation 2 and governed by the equilibrium of equation 1. 

The free drug continues to exert the same effect at the given concentration (Af), but this free-drug concentration is only 

achieved at a higher total drug concentration (A0), leading to an apparent increase in the required drug concentration. This 

apparent increase can be expressed as fold-change, the ratio of total drug to active, free drug: 

∆	=
𝐴#
𝐴"
; 	∆	≥ 1 [4] 
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where ∆ achieves unity in the absence of protein binding. By combining equations 2 and 4, we can also see that the 

concentration of drug-protein complexes, PA, can be empirically measured from the experimental concentration of drug 

and the fold-change, regardless of other experimental conditions: 

𝑃! = 𝐴# 2
∆ − 1
∆ 4 [5] 

Furthermore, this equation contains the first instance of what we will define as the “fold-excess”, e, that is the amount of 

additional drug required to achieve the effect seen in a protein-free environment, expressed as a multiple of the free-drug: 

𝜀 = ∆ − 1 [6] 

This relationship will be used later. 

 If we take the equilibrium equation 1 and substitute in for PA using equation 2 and Pf using equation 3, 

subsequently solving for ∆, we obtain the following: 

∆	= 𝐾!(𝑃# − 𝑃!) + 1 [7] 

From this equation, we can see that, in the absence of additional interactions, when fold-change is plotted as a function of 

free-protein as experimentally measured according to equation 5, the resulting linear relationship has a slope equal to the 

association constant for the drug-protein interaction, KA, and as expected, the fold-change approaches unity as the protein 

concentration goes to zero. This equation is expressed as free-protein (P0 – PA), although this can be reduced to total 

protein P0 if the concentration of bound protein is relatively small (PA << P0). This is a variation on the Schild equation.(1-

3) 

 

Modeling drug-protein interactions: Competitive drug-protein interactions 

 We now introduce inhibitor I of the binding of drug A and protein P. This agent is defined to be a competitive 

inhibitor of the interaction, and as such is itself in equilibrium with protein P, according to: 

P+ I → P ⋅ I 

Consequently, we also have: 

𝐾$ =
[P ⋅ I]
[P][I] 

rewritten here as: 

𝐾$ =
𝑃$
𝑃"𝐼"

[8] 

Note, inhibitor I does not interact directly with drug A. Instead, through competition for free protein P, it shifts the P × A 

equilibrium through Pf, common to equations 1 and 8. To define this relationship, we will also define the terms I0, If, PI 

analogously as above: 
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𝐼# = 𝑃$ + 𝐼" [9] 

Additionally, we will now expand the mass balance equation 3 to reflect the competition for and simultaneous binding of 

protein P by drug A and inhibitor I:	

𝑃# = 𝑃! + 𝑃$ + 𝑃" [10] 

Finally, we define a new term, the apparent free-protein, t: 

𝜏 = 𝑃# − 𝑃! [11] 

This term reflects the fact that under the experimental conditions, inhibitor-protein interactions cannot be measured 

directly. While equation 5 is still valid for measuring drug-bound protein, it is agnostic to differentiating Pf and PI. Thus, we 

have both experimentally fixed or measurable terms (P0, A0, I0, Af, PA, KA), and unmeasurable terms (Pf, P, If), with a 

potentially calculable unknown (KI). Note, that KA must be independently measured using the approach outlined above in 

order to measure KI; however, the empiric measurement of KI is not the goal of this work, and will not be addressed here. 

 The differentiation of known and unmeasurable terms directs the subsequent algebraic manipulations, with the 

goal of ultimately defining fold change ∆ as a function of apparent free-protein concentration t. To that end, we begin by 

using equations 9 and 10, to remove the unmeasurable terms If and PI from equation 8, substituting in t according to 11, 

and rearranging: 

𝐾$𝑃"𝐼# = @𝜏 − 𝑃"A@𝐾$𝑃" + 1A [12] 

We combine 1 and 6 to show that: 

𝑃" =
𝜀
𝐾!

[13] 

which is substituted into equation 12: 

𝐾$
𝜀
𝐾!
𝐼# = 2𝜏 −

𝜀
𝐾!
4 2𝐾$

𝜀
𝐾!
+ 14 [14] 

When either the condition I0 = 0 (no inhibitor) or KI = 0 (non-interacting inhibitor) is applied, equation 14 can be reduced to: 

0 = 𝜏 −
𝜀
𝐾!

 

This can be recognized as the equation 7, consistent with drug A interacting freely with protein P in the absence of 

competition from inhibitor I. To understand the relationship of e with t, we distribute terms and re-write equation 14 in 

quadratic form: 

𝜀% B
𝐾$
𝐾!%
C + 𝜀 B

1 + 𝐾$(𝐼# − 𝜏)
𝐾!

C − 𝜏 = 0 [15] 

Using the following identities: 

𝛾 = 𝐾$𝐼# + 1 [16]	
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𝛽 = 𝐾$𝜏 [17] 

We can solve for e: 

𝜀 =
𝐾!
2𝐾$

F𝛽 − 𝛾 + G(𝛽 − 𝛾)% + 4𝛽H [18] 

The solution with a negative radical is not valid as e is always non-negative. 

 Examining equation 18 reveals multiple aspects of this model. As was demonstrated above with equation 14, as I0 

goes to zero, the relationship collapses back to equation 7. Additionally, we can see that at first approximation, the 

relationship of e with t remains dominated by the ratio equal to KA. However, as the inhibitor becomes a greater 

interacting part of the system either through increasing concentration (I0) or affinity (KI), the result is a reduction of e 

through the g term. 

 Further examination of the first derivative: 

𝜀& =
𝐾!
2 B1 +

𝛽 − 𝛾 + 2
G(𝛽 − 𝛾)% + 4𝛽

C [19] 

demonstrates that at low protein concentrations, the g term, which is dependent only upon the inhibitor-protein interaction, 

plays a significant role in shaping (and thus flattening) the response curve. However, as the concentration of protein t  

becomes arbitrarily large relative to the inhibitor, the derivative converges to: 

lim
'→)

𝜀& = 𝐾! [20] 

similarly, as the protein concentration approaches zero, the derivative converges to: 

lim
'→#

𝜀′ =
𝐾!

𝐾$𝐼# + 1
[21] 

Paralleling the relationship in 7, we can see that e’ is the “apparent” KA valid over small ranges of t, and as such, at lower 

protein P concentrations, with excesses of drug A and inhibitor I, equation 21 becomes the Cheng-Prusoff approximation 

(3, 4): 

𝐾!,+,, =
𝐾!

𝐾$𝐼# + 1
, 𝑃# ≫ 𝐼# + 𝐴# [22] 

This is consistent with the biochemical mechanism of action, whereby at low protein conditions, the drug and inhibitor are 

in competition for a limited binding pool; however, as the concentration of protein increases, and the pool subsequently 

increases, the relatively small perturbations in free-protein caused by inhibitor binding have minimal effect upon drug 

binding, and consequently, drug-protein interactions are controlled primarily by the equilibrium constant (equation 1). 

These results are modeled in Supplemental Figure 4A. 
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 As KI increases, the shift from the competitive regime to non-competitive regime becomes increasingly sharp, with 

the extreme case of a non-competitive, irreversibly-bound inhibitor forming the asymptote for all curves: 

lim
-!→)

𝜀 = O
0, 𝜏 ≤ 𝐼#

𝐾!(𝜏 − 𝐼#), 𝜏 > 𝐼#
[23] 

that is, no drug binding (e = 0, PA = 0, t = P0, Af = A0) until all of the inhibitor is protein-bound (P0 = PI = I0, If = 0, Pf = 0), 

beyond which, drug-protein interactions are exclusively driven by KA (Figure 5A). For less tightly bound inhibitors, the 

point of maximal change at which the regime shift occurs can be identified as the maximum of the second derivative: 

𝜀&& =
𝐾$𝐾!
2 𝑣.

/
%(1 − 𝑢%𝑣./), 		𝑢 = 𝛽 − 𝛾 + 2, 	𝑣 = (𝛽 − 𝛾)% + 4𝛽 [24] 

which is the only real root of the third derivative: 

𝜀&&& =
3
2𝐾$

%𝐾!𝑢𝑣.
0
%(𝑢%𝑣./ − 1) [25] 

and can be solved as: 

𝜏1234" = 𝐼# −
1
𝐾$

[26] 

 Using an iterative perturbation method, it is possible to independently simulate the competition of an idealized 

drug-inhibitor pair for binding to a protein (Supplemental Figure 4B). These results, using only the mass-action equilibria 

for the drug-protein and inhibitor-protein bindings agree with the exact calculations obtained from equation 18. 

Furthermore, the simulation and exact methods yield results that reflect experimental results obtained from cell-based 

methodologies (Figure 5E). 
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Supplemental Figures 
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Supplemental Figure 1: FLT3 TKI are inhibited by AGP. Cells were cultured for 24 hours under either standard culture 

conditions (10% FBS) or with 1.0 mg/mL AGP in the presence of low (10 nM) or high (100 nM) concentrations of TTT-

3002 or CEP-701 and analyzed by flow cytometry. (B) Apoptosis was measured by Annexin V and 7-AAD staining. (B) 

Cell cycle distribution was measured by propidium iodide staining, imputing populations by standard algorithms (FlowJo). 

(C) Proliferation of MOLM-14 cells after 48 hours of gilteritinib or midostaurin exposure in the presence or absence of 50% 

human plasma or 50 mg/dL AGP was assessed by colorimetric methods (MTT). 

  



8 Overcoming plasma protein inhibition of TKI 

 

Supplemental Figure 2: FLT3 inhibitors bind AGP with differential affinity.  Demonstration of principle for the 

highly inhibited CEP-701. MOLM-14 cells were co-cultured in a range of concentrations of AGP (31 µg/mL – 2 mg/mL) 

and treated with increasing doses of the FLT3 TKI, CEP-701. Proliferation was measured by MTT after 48 hours. 
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Supplemental Figure 3: TTT-3002 has the greatest predicted in vivo anti-FLT3 activity despite AGP binding. 

MOLM-14 cells were co-cultured in a range of concentrations of human AGP and treated with various staurosporine-

derived FLT3 TKI. The IC50 was calculated and plotted as a function of AGP concentration. The predicted in vivo IC50 

(based upon an average AGP plasma concentration of 100 mg/dL) was extrapolated and shown in the table insert. 
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Supplemental Figure 4: Modeling two-drug competition for AGP. (A) Protein-binding associated fold-change 

increases for drug with a binding constant of KA = 10 µM–1 was calculated in the presence of a protein-binding inhibitor. 

Shown are the response curves plotted as a function of free-protein concentration (µM). Shown is the control simulation of 

no inhibitor (I0 = 0 µM), and the addition of an inhibitor of equal affinity with a concentration of the same (I0 = 10 µM, KI = 

10 µM–1). Simulated was the effects of increasing (I0 = 20 µM) and decreasing (I0 = 5 µM) the concentration of the inhibitor 

while maintaining the same affinity (KI = 10 µM–1), as well as increasing (KI = 40 µM–1) or decreasing (KI = 2 µM–1) the 

affinity of the inhibitor while maintaining the same concentration (I0 = 10 µM). (B) Competition of an idealized drug (KA = 

10 µM-1) and inhibitor (KI = 10 µM–1, I0 = 10 µM) pair for binding to a protein was calculated using an iterative, perturbation 

method. For each cycle, the active drug (Af) was set as 10 nM, and the bound drug (PA) was calculated based upon the 

mass action equilibrium for drug-protein binding alone to determine total drug necessary (A0), fold-change (∆), and 

apparent free-protein concentration (t). These results were then used to perturb the inhibitor-protein equilibrium, which in 

turn determined the amount of protein available for drug binding in the next cycle. The cycle was repeated at least 40 
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times until convergence (error ≤ 10-16-fold) of ∆ was obtained. Plotted are simulations for P0 = 20 µM, 15 µM, 10 µM, 5 

µM, 2.5 µM and 0 µM. The exact curves obtained from equation 18 were plotted for comparison. For each simulation, the 

results differed from the calculated fold-change by less than 10–14-fold. 


