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Abstract: Protein tyrosine phosphatases (PTPs) play a vital role in intracellular signaling pathways associated with cell transformation, growth,
and proliferation. Among various carboxylic acid derivatives, aurintricarboxylic acid (ATA) has been identified as the binder with the highest
affinity for Yersinia PTP (YopH). Herein, the underlying specificity of ATA, as a competitive inhibitor of several PTPs (YopH, PTP1B, TCPTP, HePTP,
CD45, VHR, and Cdc25A), is explored. By observing each PTP as a primary target receptor and the rest of them as simultaneous secondary
receptors, the specificity factor, as a function of free ligand concentration ([ATA]), shows at lower [ATA] (between 107* and 10° M) a 23 to
500-fold specificity in favor of YopH versus the other PTPs, indicating that the ATA-YopH interaction is the most specific. Near [ATA] = 108 M,
the specificity factor = 1 is associated with equal occupancy of the primary receptor YopH and the set of secondary receptors. When observing
YopH as a primary receptor relative to every other single PTP as a secondary receptor at [ATA] € (10712, 107° M), the specificity to YopH is larger
nearly 6, 25, 25, 40, 100, and 120 times than that to PTP1B, HePTP, CD45, TCPTP, Cdc25A, and VHR, respectively. The relative contribution to
the binding free energy of each individual YopH residue located in the active site (403-Cys-Arg-Ala-Gly-Val-Gly-Arg-Thr-410) and in the proximal
WPD loop (352-Gly-Asn-Trp-Pro-Asp-GIn-Thr-Ala-Val-Ser-361) was estimated using alanine scanning mutagenesis. The so-called "hot spots" of
binding affinity that dominate the interaction are mostly Trp354 and Thr358. Although YopH has no homolog in Staphylococcus aureus, off-
target effects of ATA cannot be ruled out. Considering the ability of ATA to bind to the Staphylococcus aureus serine/threonine phosphatase
STP1 directly, the specificity factor indicates a roughly 100-fold preference for YopH over STP1. Whereas the biggest issue for identifying
phosphatase inhibitors is the lack of specificity, this work helps to conceptualize the ATA structure as a pharmacophore for designing new
inhibitors capable of achieving specificity against phosphatases. Based on a two-layer QM/MM (SCC-DFTB-D/AMBER) approach, the
conformational relationship between the L7 loop (384-Glu-Ser-Lys-Gly-Ser-Ser-Ala-Val-Ala-392) and the WPD loop in substrate (pTyr)
recognition was characterized by constructing a binding isotherm log(f/1-f)-log[substrate concentration], where f denotes the fraction of the
YopH receptors occupied by the substrate. The observed positive association suggests that L7 is an allosteric site in the YopH structure.
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INTRODUCTION

A PHOSPHATASE is a subcategory of hydrolases that
catalyzes the hydrolysis of its substrate by using water
to cleave a phosphoric acid monoester into a phosphate ion
and an alcohol.l! Phosphorylation by protein tyrosine
kinases (PTKs) and dephosphorylation by protein tyrosine
phosphatases play a variety of roles in cellular regulation
and signaling.l?l In other words, PTKs and PTPs are in charge

with a post-translational modification being essential to the
cell's regulatory network.l3! Regulation of vital cellular
processes, which control growth, proliferation, motility,
apoptosis, metabolism, angiogenesis, inflammation, etc.,]
is associated with reversible protein tyrosine phosphoryl-
ation catalyzed by the balanced action of PTKsl>®! and
PTPs.l10.11] Thys, the aetiology of some human diseases,
including diabetes, cancer and immune dysfunctions, is
associated with the perturbed balance between PTK[1213]
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aurintricarboxylic acid (ATA)

Figure 1. (Left) The tertiary structure of apo (ligand-free)
YopH (PDB ID: 1YPT) consists of seven alpha helices (al—a7,
black), eight beta sheets (B1-f8, gray), and ten loops
(L1-L10, white). (Right) The chemical structure of ATA.
Among structurally diversified carboxylic acid derivatives, ATA
has been identified using both experimental methods(2®!
and biomolecular modeling!?®! as a direct binder of the
largest affinity to YopH.

and PTPI415] activities. It means that signaling pathways
regulated by protein tyrosine phosphorylation represent an
abundant source of possible targets for novel drug design
and development, ¥ thereby making PTKs!1216] agnd PTPs[17.18]
attractive enzymes for pharmaceutical research.[19.20

YopH is a very active PTP involved in cell transfor-
mation, growth, and proliferation. In the context of the
virulence of the bacterium Yersinia pestis, which caused
serious pandemics by infecting humans and some
mammals in the past,[222] YopH is capable of breaking
down signal transduction mechanisms in immune cells and
inhibiting the immune response. Because vaccines2324 and
antibiotics[?°] are not effective treatments, search for new
antibacterial agents that selectively inhibit the activity of
YopH (Figure 1, Left) is of certain biomedical priority.
Aurintricarboxylic acid (ATA, Figure 1, Right) is a small
molecule with well-recognized ability to inhibit nucleases
and nucleic acid-binding enzymes.[26271 Among structurally
diversified carboxylic acid derivatives, ATA was identified
using both experimental methods2®! and biomolecular
modeling[?! as a binder of the largest affinity to YopH,
associated with a submicromolar ICso value of 0.01 uM. 28]
The biggest challenge for phosphatase inhibitor identif-
ication is the achievement of specificity.

The structural diversity of PTPs and their localization
to different cellular compartments mean that each enzyme
may be involved in different signaling pathways.3%
Numerous cloned cDNAs indicated a homologous (circa
260-residue) catalytic domain characteristic of PTPs,
which includes the active site consensus sequence -
HisCysXXGlyXGlyArgThr/Ser (loop L8, Figure 1, Left).[31 The
underlying specificity issue of ATA, as a competitive

inhibitor of several mammalian PTPs (YopH, PTP1B, TCPTP,
HePTP, CD45, VHR, and Cdc25A), is addressed in this study.
Noteworthy is that the direct binding of ATA with the
Staphylococcus aureus serine/threonine phosphatase STP1
(ICso = 1.03 uM) was reported.B2 Considering the lack of the
Yersinia pestis YopH homolog in Staphylococcus aureus, the
off-target effects of ATA cannot be neglected.2 Therefore,
ATA preference for YopH over STP1 is investigated here. The
experimental identification of a second substrate binding site
(loop L7, Figure 1, Left) highlighted the need for a more
comprehensive understanding of the structure of YopH in
substrate recognition,33] which has been characterized by
both experimental34-3¢l and computational®”! means. Some
progress, which is appropriate for the specific research
context, is elaborated here.

METHODS

Theoretical Concepts
Theoretical concepts[*3-49 uysed to characterize the specif-
icity of ATA against phosphatases are briefly presented in
this section.
The binding equilibrium between the ligand (L) and
the primary receptor (PR) is given by:
PR:L <> PR+L (1)

The strength of this interaction is characterized by
the dissociation constant, Kp pr:

(2)

If the ligand can bind to a set of N secondary
receptors, SR;, in addition to the primary one, PR, then the
binding equilibrium for each of these interactions is given
by:

SRi:L<>SR; +L (3)

The dissociation constant for each of these interac-

tions is given by:
SR;][L
Koss, = [SR;][L]
[SR; : L]

(4)
In  structure-based  inhibitor  design  and
development, the presence of PR and SR; in the same
sample means that the free (equilibrium) ligand
concentration, [L], is identical in equations 2 and 4 being
satisfied simultaneously. Thus, the specificity factor, a, can
be defined3? as the ratio of the concentration of ligand
bound to the primary receptor, PR, to the total
concentration of ligand bound to all of the secondary
receptors, SR;:

[PR:L]
N
ISR : L]
=1

(5)
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It is convenient to express a in terms of the
dissociation constants and the ligand concentration. For
the primary receptor, PR:

[PRltotal = [PR]+[PR : L] (6)
so:

[PR] = [PR]total —[PR : L] ()

Rearranging equation 2 gives:

Koper[PR : L]

PR] =
[PR] 0

(8)

Substituting the expression for [PR] from equation 8
into equation 7 gives:

[PR:L] = 7[PR]/;°‘3' (9)
14 D,PR
L]
For the secondary receptor, SR;:
[SRiltotal = [SRi] +[SR; : L] (10)
so:
[SR;] = [SRi]total = [SR; : L] (11)

Rearranging equation 4 gives:

Ko,sr, [SR; @ L]

[SRi] =
(L]

(12)
Substituting the expression for [SR;] from equation
12 into equation 11 gives:

[SR,‘ . L] — [SRi]total (13)
Kp,sr,

(Ll

Equation 13 is valid for each of the secondary
receptor-ligand interactions separately.

Putting the relationships from equations 9 and 13
into equation 5 gives:

[PR]totaI
Kp,pr

a-— (14)

X [SRi]totaI
= Kb,sr,

(L]

If the dissociation constants are known, the free
ligand concentration and the total concentrations of PR and
SR;, equation 14 enables to calculate the specificity. A high
value of a, which shows how much of the ligand is bound
to a specific receptorb compared to others, suggests that
the primary receptor is preferentially bound over the
secondary receptors.[39

1

The activity of a receptor is usually seen through
whether a ligand is bound to it or not. It is useful to describe
the specificity in terms of fractional occupancy. The
fractional saturation or fractional occupancy, f, is the extent
to which the binding sites on a receptor are filled with
ligand. If itis assumed that each receptor molecule can bind
to one ligand molecule, then fis the ratio of the number of
receptor molecules that have ligand bound to them to the
total number of receptor molecules.?8 For the primary
receptor, PR, in terms of concentrations, f can be given by:

[PR: L] [PR:L]
= = 15
T = PRI+ (PR~ PRI (s
Based on equation 2, it follows:
[PR:L]= [PRI[L] (16)
Kp,pr

Substitution of the expression for [PR:L] from
equation 16 into equation 15 gives:

o [PR] [L]
" [PR] [L]
Kp,pr ( [PR] +——— j

Kp,pr

(17)

Rearranging the right-hand side of equation 17 gives:

[L]
Kb,pr
for = —2% (18)
1+ —[L]
Kp,pr
or
[L]
— il N 9
s Kpper +[L] (19

For the secondary receptor, SR; the fractional
occupancy, f, can be expressed as:

[SRi:L]  [SR;:L]

- - (20)

T = ISR+ 1SR U (SR o

Based on equation 4, it follows:

[SR; : L] = S0} (21)
Ko,sr,

Substitution of the expression for [SRi:L] from
equation 21 into equation 20 gives:

[SR] [L]
[SR1[L] )

Kb,sr;

fse, =

(22)
Ko,sr, [ [SRi]+

Rearranging the right-hand side of equation 22 gives:
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Kb sr
for, = ——5— (23)
1+ [L]
Ko,
or
[L]
= — 24
o Ko,se, +[L] 24

Based on equation 5, the specificity factor, a, can be
expressed in terms of the fractional occupancies, fpr and
fsri, and the total concentrations, [PRliotar and [SRiltotal, by
means of:

a = fPR [PR]total (25)

N
D fir, [SRiJtota
i=1

A large fractional occupancy of the target receptor,
PR, and a low fractional occupancy of off-target receptors,
SR;, corresponds to high specificity.

Using equations 18 and 23, a can be expressed as:

jon

K
% [PR]totaI
1+——

o= ’E&PR (26)
N
Kb,sR; )
>, O (SR o

i=1 1+ —
Kp,sr;

Using equations 19 and 24, a can be written as:

(L]

I — [PR]totaI
o= Ko,er +[L] (27)

> sy
& KD'SR’ N [L] i Jtotal

If the dissociation constants and total concentrations
PR and SR; are known, equation 27 is convenient for
examining the specificity factor, a, as a function of the free
ligand concentration, [L], and for observing trends in
specificity by comparing different ranges of [L] against the
values of Kppr and Kp sri.

A plot of fractional occupancy, f, as a function of
ligand concentration, determined at constant temperature,
is known as a binding isotherm or binding curve. The value
of the dissociation constant, Kp, corresponds to the
concentration of free ligand, [L], at which the receptor is
half saturated. For a binding curve to be meaningful, all
measurements have to be made at constant temperature.
f at a given concentration of free ligand depends on Kp as
given by equations 19 and 24. The value of Kp depends on
temperature according to the relationship:

AGging = RTInKp (28)

where AGging is the standard free-energy change upon
complex formation, that is, the change in free energy when
1 mole of receptor binds to 1 mole of ligand under standard
conditions (1 molar solution of each), R is the gas constant
(1.9872 x 1073 kcal K1 mol-1), and T is the absolute tem-
perature. It means that Kp is a constant only if T is main-
tained at a constant value. If Tis allowed to fluctuate while
making binding measurements, the results will not make
sense. 38l

Computational Background

Alanine scanning mutagenesis is an effective tool for
determining specific protein residues that make the most
dominant contributions to ligand-protein binding inter-
actions. To identify so-called “hot spots” of binding,
residues in the ATA-YopH interface (active site and WPD
loop) were individually mutated to alanine by applying the
PyMol mutagenesis tool to the wild-type (wt) receptorin a
backbone-dependent manner.[*!] The experimental struc-
ture of wt YopH in the closed conformation was used
(PDB ID: 1YTN, with the ligand removed). The universal
force field (UFF) molecular mechanics (MM) method,
implemented in the ArguslLab 4.0.1 software package,*
was used for initially cleaning up the structure of every
receptor. 1000 steepest descent minimization steps with a
gradient convergence of 1072 kcal mol-! A= and MM non-
bonded cutoffs of 8 A (start) and 10 A (end) were used in
order to eliminate potential clashes and bad contacts. The
relative change in binding free energy (AAG) was calculated
for each single-point mutant relative to wt YopH (AAG =
AGmutant — AGwt) using docking experiments. The geometry
of ATA was optimized using Gaussian 98 at the B3LYP/6-
31G level of theory.l3] Flexible docking of ATA in the
receptor active site was performed using the
AScore/ShapeDock protocol from Arguslab 4.0.1.142]
AScore is an empirical scoring function based on the
decomposition of the total free energy of protein-ligand
binding into physically interpretable components. The
various contributions account for van der Waals (VDW)
interactions between ligand and protein, hydrophobic
effects, hydrogen bonding between ligand and protein,
hydrogen bonding involving charged donor and/or
acceptor groups, deformation effects, and translational
and rotational entropy loss effects in the binding process,
respectively. The intra-ligand van der Waals energy is
included in the total VDW term. The ShapeDock engine
provides an approximate alternative to the complicated
search problem and explores all energy minima. Flexible
ligand docking is incorporated by describing the ligand as a
torsion tree. Groups of bonded atoms that do not have
rotating bonds are nodes, while torsions are the bonds
between nodes. The topology of the torsion tree is a
decisive factor for efficient docking. In the case of ATA, the
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active site-adapted docking box had a size of 11.5 A x 16.5
A x 10 A with a grid resolution of 0.25 A. From each docking
experiment, the physically relevant pose was selected, i.e.
the one with the lowest binding free energy in the finally
refined cluster of poses that bind to the correct binding site.
This particular protocol has previously been shown to be
consistent for docking small ligand molecules in crystal
structures of viral proteins, yielding binding free energies
that correlated well with experimental inhibitory
concentrations.[*4! The average thermochemical accuracy
(2 kcal mol?) associated with molecular modeling of
various systemsl4>-301 suggests that empirical scoring
functions may be applicable to predictions of binding
affinity in structure-based drug design.[>1-54]

To investigate the involvement of the WPD loop and
the L7 loop in substrate (phosphorylated tyrosine - pTyr)
recognition, it was necessary to estimate the dissociation
constants of the two substrate binding sites in the YopH
structure. A two-layer quantum mechanics/molecular
mechanics (QM/MM) approach was used to calculate the
binding affinity of pTyr for YopH. This means that a small
structural part of the biomolecular complex is treated with
the higher-level QM method, while the rest of the structure
is treated with the computationally less demanding MM
method. This approach accounts for changes in the
electronic structure in critical regions of enzyme function,
thereby overcoming the limitations of MM simulations,
which cannot capture interactions associated with charge
transfer. The chosen approach is essentially the one
previously used in the case of ATA binding, in which the QM
region consists of the active site, the WPD loop, and ATA.[2°]
For the reported AGging of —11.3 kcal mol-1,129 equation 28
gives a Kp value of about 5.8 nM, which is in reasonable
agreement with the experimental value of 5 nM.[28]

The geometry of pTyr was optimized using Gaussian
98 at the B3LYP/6-31G level of theory.[*3] Initial structures
of the complexes were generated by docking pTyr into the
two substrate binding sites in the closed conformation of
wt YopH (PDB ID: 1YTN) using ArguslLab 4.0.1.1421 The closed
conformation of the WPD loop located near the active site
in the YopH structure characterizes a more relevant
receptor, in terms of quantitative correlation of calculated
binding free energies with experimental data, than does
the open one.[?] The method described below is quite
insensitive to the specific choice of the experimental
structure of the receptor in the closed conformation
because the initial structure is subjected to a series of
different minimization steps (steepest descent, conjugate
gradient, and QM/MM), which ultimately yield almost the
same result. The lower affinity binding site is the L7 loop,
while the higher affinity binding site encompasses the
active site and the WPD loop. Flexible docking of pTyr in the
L7 loop was performed using the same protocol described

above, with the only exception that the binding box
adapted to the binding site had a size of 17.5 A x 11.9 A x
10 A with a mesh resolution of 0.25 A. Similarly, for flexible
docking of pTyr in the active site and WPD loop, the binding
box had a size of 22.7 A x 16.6 A x 17 A with a mesh
resolution of 0.25 A. Before QM/MM calculations were
performed, molecular complexes were prepared using the
Amber 11 suite of programs.[55¢] The solute was included
in the calculations using the Amber 11 utility, tLeap, with
the macromolecular force field ff99sb.57] Since Amber 11
does not recognize ligands as part of the solute by default,
the atom types, charges, and connectivity in the pTyr
structure were parameterized to include pTyr in the
calculations. The atomic charges in the substrate were
assigned using the restrained electrostatic potential (RESP)
fitting technique,58 implemented in AmberTools 1.5,55.56]
which was applied to the pTyr ESP obtained with Gaussian
98 at the HF/6-31G level of theory.*3l The assignment of
other parameters was performed using the general Amber
force field (GAFF),[5%601 which is compatible with the ff99sb
force field used for YopH.!*”] Solute solvation was simulated
using a 10 A pad of about 14000 TIP3P water molecules. A
two-step geometric minimization was performed using the
Sander module of Amber 11 to eliminate potential
collisions and bad contacts.[>>5¢1 The positions of the solute
atoms were initially fixed, while the positions of the water
atoms were minimized by reducing the initial harmonic
constraint of 2 kcal mol-* A2 on all nonhydrogen, nonwater
atoms using 2500 steepest descent and 2500 conjugate
gradient minimization steps. Consequently, the entire
system was minimized without constraints by performing a
total of 10000 steps - 5000 steepest descent and 5000
conjugate gradient minimization steps.

The central part of the complex was treated using
the QM method - the self-consistent charge density-
functional tight-binding (SCC-DFTB) method[6%62 with
dispersion correction (D),!83 as implemented in Amber
11.164651 An electron temperature of 100 K was set to
accelerate the convergence of SCC in the SCC-DFTB-D
calculations. An empirical correction that takes into
account the dispersion energy has been added to SCC-DFTB
to provide a more balanced description of interactions
within the system.[®6] Density functional theory (DFT) based
on empirical density functionals has been recognized for its
decent computational cost and inability to properly
describe dispersive forces within unconventional
biomolecular systems.[67.68] Extended DFT with dispersion
correction (DFT-D) has enabled energy minimization and
vibrational analysis of extended molecular systems with
hundreds of atoms.[69.70] Being several orders of magnitude
faster than DFT-D,[49.66.71-73] SCC-DFTB-D is an optimal
choice for performing quantum chemical simulations of
extended molecular systems.[¢¢] Therefore, in the case of
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the lower affinity state, the QM region encompassing the
L7 loop and the substrate was treated using SCC-DFTB-D. In
the case of the higher affinity state, the QM region
containing the catalytic binding site, the WPD loop and the
substrate was treated using SCC-DFTB-D. The remaining
parts of the complexes were treated at the MM level using
the Amber force field ff99sb.l5”] Atoms in the MM layer
bonded to atoms in the QM layer were replaced by
hydrogen atoms during the higher-level part of the
calculations. The free energy of binding was calculated as
the difference in free energy between the bound and
completely unbound states. Since enthalpy calculation is
often impractical and difficult to converge,!74 enthalpy was
estimated using the molecular mechanics-generalized Born
solvent-accessible surface area (MM-GBSA) modell’s! in
single-point energy calculations on optimized geometries
performed by the Sander module under Amber 11 for the
complex, substrate, and receptor, respectively.5>5¢ To
determine the entropy and the different entropy
contributions (translation, rotation and vibration), the normal
mode analysis’®! was based on frequency calculations
performed by the Nmode module of Amber 11.05556]
All calculations were performed using a computer with a
dual-core Intel Core i3 processor (2 GHz), a 64-bit
Windows 10 Pro operating system, and 8 GB of RAM. The
generated substrate binding conformations are shown in
Figures S1 and S2, while all contributions to the binding
free energy are given in the captions (Supplementary
Information).

RESULTS AND DISCUSSION

Although it is tempting to define the specificity factor by
considering all targets to which a ligand could bind, such an
approach has some practical limitations: it is almost
impossible to know all the biological targets to which a

04

03

ligand could bind, the concentrations of the targets
(secondary receptors), and the corresponding dissociation
constants. The selection of specific mammalian PTPs for
study here is based on available experimental values from
the literature,l28! both the dissociation constants of the
ATA:PTP complexes and the total concentrations of PTPs,
which allows the analysis of the specificity factor, @, as a
function of the free ligand concentration, [L], using
equation 27. Although these mammalian PTPs are distinct
proteins with different functions, and their expression and
activity can be studied in different cellular and biochemical
contexts, it is quite feasible and common to encounter
them in the same experimental sample, either in a cellular
lysate, a homogeneous tissue, or a purified protein mixture.

The specificity of ATA is examined here under the
assumption of experimental conditions under which the
binding process between ATA and PTP was previously
examined.[28 All measurements were performed at pH 7
and constant temperature (303 K), using p-Nitrophenyl
phosphate (oNPP) as a substrate. The total concentration
of each PTP was kept at 10 nM. The ICso value was
measured at fixed substrate concentration that is equal to
the experimentally determined value of the Michaelis
constant (Km) for each PTP. Although kinetics and
enzymology were not the focus of that study, in the case of
YopH, ATA was shown to be a competitive inhibitor.[28]
Reported dissociation constants, Kp, are 5, 30.5, 125, 125,
200, 500, and 600 nM for YopH, PTP1B, CD45, HePTP,
TCPTP, Cdc25A, and VHR, respectively.[28]

The specificity factor, a, as a function of the
logarithm of free ATA concentration for each PTP being
primary receptor, while all the other PTPs are simultaneous
secondary receptors, is shown in Figure 2. At [ATA]
between 101 and 10° M, a has an approximately constant
value, which is about 3.5, 0.15, 0.03, 0.03, 0.02, 0.01 and
0.007 for YopH, PTP1B, CD45, HePTP, TCPTP, Cdc25A and

— — PTP1B vs other PTPs
- - - - TCPTP vs other PTPs
— - —HePTP or CD45 vs other PTPs
,7 >\ " VHRvs other PTPs
/ \ ———Cdc25A vs other PTPs
Y

YopH vs other PTPs
— — -PTP1B vs other PTPs
- --- TCPTP vs other PTPs
3 — - —HePTP or CD45 vs other PTPs
B = -+ 'VHR vs other PTPs
> ———Cdc25A vs other PTPs
S .
=
(%
[}
Qo
[
1
Py SSE—— ESIOCu R s
-1 -10 9 -8 7 -6 -5 -4

log [ATA] (M)

-10 -9 -8 7 6 -5 -4

log [ATA] (M)

Figure 2. (Left) The specificity factor (a) vs. log [ATA] for each PTP as a primary receptor vs. all the other ones as simultaneous
secondary receptors, indicating the greatest specificity of the ATA-YopH interaction. (Right) The adjusted scale of & makes the

plots for PTP1B, TCPTP, HePTP, CD45, VHR, and Cdc25A visible.
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Figure 3. The specificity factor (@) = 1 at [ATA] around 1078 M (Left) is associated with equal occupancy of the primary receptor

YopH and the set of secondary receptors (Right).

VHR as the primary receptor, respectively. This 23 to 500-fold
specificity in favor of YopH versus the other PTPs indicates
that the ATA-YopH interaction is the most specific. When
[ATA] >> Kppr and Kpsri, €.8. [ATA] > 10~ M, equation 27
approximately gives a =~ [PR]otal Z:.V:l[SR,-]wm , Which
means that the specificity factor converges to 1/6 =~ 0.167
for equal total concentration of each PTP (Figure 2).

The theoretical basis described in the previous
section is based on two conditions that must be met for
specific binding. First, the dissociation constant for the
primary target receptor must be smaller than or equal to
the ligand concentration. Second, the dissociation
constants for secondary or off-target receptors must be
larger than or equal to the ligand concentration.[3]
Equation 27 shows that the value of a is large when the
numerator is large but the denominator small. If the
primary (PR) and secondary (SR;) receptors are present at
the same concentration, o will be large when Kppg < [L] <
Kb,sri- In this range PR is occupied substantially, but SR; (i =
1,N) are not. This range of [ATA] is only satisfied by the
dissociation constants when YopH is PR and the other PTPs
are SR;. As the ATA concentration increases above 107° M,
an increasing amount of ATA binds to the secondary
receptors, and the specificity of ATA against YopH
decreases (Figure 3, Left). At [ATA] circa 10~8 M, the value
of a of unity (Figure 3, Left) is associated with equal
occupancy of the primary receptor YopH and the set of
secondary receptors (Figure 3, Right).

To further dissect ATA specificity issue, the case in
which there are just two receptors, YopH as PR and every
other single PTP as SRy, has been considered. The value of
o as a function of free ATA concentration is graphed in
Figure 4. At low ligand concentration, the primary receptor
prevails in terms of fractional occupancy and the specificity is
high. Note the values of a at [ATA] between 10711 and 10° M:
6, 25, 25, 40, 100, and 120 for YopH vs. PTP1B, HePTP,
CD45, TCPTP, Cdc25A, and VHR, respectively (Figure 4).
These particular values are essentially the reciprocal values
of those obtained via dividing the dissociation constant for
PR by the dissociation constants for SR;, respectively. An

explanation is based on equation 27 that, in case of the
presence of only two receptors - PR and SR;, becomes:
L]

Koer +[L]
L]

Kok, +[L]

[PR]totaI

o= (29)

[SRl]totaI

At the same total concentrations of PR and SRj,
[PR]total and [SR1ltotal, €quation 29 gives:
1
_ Koer +[L]
1
Ko,sr, +[L]

(30)

At low ligand concentration, [L] << Kp srz, O is approx-
imately:

_ Kogsr,

ax (31)

Kp,pr

Therefore, at [ATA] between 10711 and 10° M, the
dissociation constant for PR, Kp,pr = Kp,yopt = 5 NM divided
by the dissociation constant for SRi, Kpsr: (30.5 nM for
PTP1B, 125 nM for HePTP, 125 nM for CD45, 200 nM for
TCPTP, 500 nM for Cdc25A, and 600 nM for VHR), gives the
reciprocal values of a, respectively (Figure 4). As the ligand
concentration increases, an increasing amount of ATA
binds to SR;, and the specificity decreases.

20— ~.. — —-YopH vs PTP1B
110 ‘\ ---- YopH vs TCPTP
AN — - —YopH vs HePTP or CD45
100 +—— \, —---YopH vs VHR
90 \ YopH vs Cdc25A
3 N
> 80 NN

20 A

S \\

= \"

‘C 50 \\

8_ 40 +---

@ s \

log [ATA] (M)

Figure 4. The specificity factor (a) vs. log [ATA] for YopH as
a primary receptor vs. every other single PTP as a secondary
receptor.
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Figure 5. The free energy distribution of binding at the ATA-
YopH interface (active site and WPD loop) was determined
by alanine scanning mutagenesis. The usual cutoff value of
4.184 kJ mol™t (1 kcal mol1) in AAG indicates that Trp354
and Thr358 dominate the ATA-YopH interaction.

PTPs are, most likely, the first enzyme family known
that executes the same reaction at highly different rates
modulated by differences in their conformational
dynamics, as shown by comparing the protein dynamics of
YopH to that of PTP1B.[”71 Molecular dynamics (MD)
approach and related metrics revealed characterization of
the YopH activity by the closure of the so-called “WPD
loop” (L6: 352-Gly-Asn-Trp-Pro-Asp-GIn-Thr-Ala-Val-Ser-
361, extending between B7 and a4, Figure 1, Left) upon
ligand binding,37.77] thereby speaking in favor of a previous
indication that the Asp356-containing loop movement
appears critical for YopH catalysis.3% Since the co-crystal
structure of ATA:YopH has not yet been determined, the
binding mechanism was investigated using biomolecular
modeling. MD simulations showed that ATA binds stronger
to the active site (L8: 403-Cys-Arg-Ala-Gly-Val-Gly-Arg-Thr-
410, extending between B8 and a5, Figure 1, Left) than
does the natural substrate such as pTyr, indicating the
ability of ATA to inhibit YopH activity competitively.[78.7°]
Sophisticated QM/MM insights into molecular basis of the
binding mechanism confirmed that the ATA-induced open-
closed conformational change of WPD loop is associated

& YopH vs STP1

specificity,

with YopH inhibition.[2®! Therefore, herein, the relative
binding free energy contributions of all residues, located in
both the active site and its proximal WPD loop, are
evaluated using alanine scanning mutagenesis.

In order to determine hot spots of binding free
energy in the ATA-YopH interface, interfacial residues were
mutated individually to alanine and the change in binding
free energy was calculated for each single-point mutant
relative to wt YopH as described in the Methods section. A
cutoff value of 4.184 kJ mol? (1 kcal mol) in AAG is
commonly used to distinguish between alanine mutations
that significantly affect protein function or binding and
those that do not. Figure 5 illustrates that the hot spots of
binding affinity that dominate the ATA-YopH interaction
are Trp354 and Thr358. This is in agreement with the
nature and atomic details of the recognition between ATA
and YopH.?l The importance of the conformational
flexibility of the Asp356-containing (or WPD) loop for YopH
catalysis means that variability in its amino acid sequence
might affect its dynamics influencing the catalytic rate.[%
Figure 5 shows that Ser361 from the WPD loop is slightly
prone to destabilizing the ATA:YopH complex. Although the
specific effect of Ser361 is energetically below 1 kcal mol-1,
this indication should not be underestimated, as the
stability of the WPD loop in the closed, active conformation
is essential for YopH function. Therefore, some
experimental studies based on isothermal titration
calorimetry could determine which residues of the WPD
loop weaken the interaction, thereby proving whether
Ser361 plays a vital role in ATA binding or not. Replacing Ser
with another amino acid, such as Asp, Thr or Ala, can
drastically change the structure and stability of the protein
because these new residues have different chemical
properties, including size, acidity and hydrogen bonding
ability. In the case of Ser361, a Ser/Thr substitution might
be most likely, as it occurs in the consensus sequence
(402-HisCysXXGlyXGlyArgThr/Ser-410) of the PTP active
site at position 410.131

.............................. 05

'log Kp,vopH
.

fractional occupancy, f

-1 -10 9 7 -6 5 4

Iog- [ATA]> (M)

i Y
log [ATA] (M)

Figure 6. (Left) The specificity factor (a) vs. log [ATA] for YopH as a primary receptor vs. STP1 as a secondary receptor.
At [ATA] between 1071 and 10° M, «a is about 103, which is the reciprocal value of that obtained by dividing the dissociation
constant for YopH (5 nM) by the dissociation constant for STP1 (515 nM). (Right) The fractional occupancies of YopH and

STP1 vs. log [ATA].
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The biggest issue for phosphatase inhibitor
identification is the lack of specificity. For example, by
comparing the crystal structure of the Yersinia pestis
protein Tyr phosphatase - YopH (PDB ID: 1YPT) to that of
the Staphylococcus aureus Ser/Thr phosphatase - STP1
(PDB ID: 5F1M), there is no base to claim that ATA can
inhibit STP1 because of its ability to inhibit YopH. Although
YopH and STP1 are distinct proteins with different functions
and origins, they can be present in the same sample if, for
example, a sample is derived from a mixed culture of
Yersinia and Staphylococcus aureus or if both proteins are
purified and combined in a biochemical experiment, which
is often one of the common procedures in the drug design
and development process. ATA is a mixed-type inhibitor of
PTP and STP1,32 so caution is needed regarding the
assumption that the ICso value is twice the equilibrium
dissociation constant of the ATA:PTP complex, which was
not tested in the original study.[?8] Given that ATA is capable
of directly binding to STP1 and that the co-crystal structure
of ATA:STP1 has not yet been determined,!32] the inhibitory
mechanism has been studied at the molecular level using
MD and related metrics that predict mechanistic details of
the ATA-STP1 interaction[®l] that are consistent with the
mechanistic details of the ATA-YopH interaction.[?°]
Although there is no YopH homolog in Staphylococcus
aureus, the off-target effects of ATA cannot be
precluded.32l Thus, at free ATA concentration between
1011 and 10-° M, the specificity factor, a, as a function of
log [ATA] indicates a roughly 100-fold preference for YopH
over STP1 (Figure 6, Left). At low free ATA concentration,
most of ATA are associated with the primary receptor,
YopH, and the specificity is high (Figure 6, Right). As free
ATA concentration increases, an increasing amount of ATA
binds to the secondary receptor, STP1, and the specificity
decreases, reaching a value of 1 at high free ATA concen-
tration. This can be seen through the ratio of Kpyopn to
Kp,ste1, Which is circa 1072 (Figure 6, Right), meaning that the
affinity of the primary receptor is much higher than that of
the secondary receptor. If the difference between the
affinities is not so large, that is, if the values of Kpgr and
Ko,sri are of the similar order of magnitude, then it is not
possible to observe high specificity, unless off-target
receptors are only present at very low concentration.

This work aids in understanding the potential of
structural changes in ATA. If such a structural modification
improves the steric fit of ATA to the primary receptor, or
enhances the charge complementarity to it, then the
affinity of ATA for PR will increase, or Kppr will become
smaller. Such a change may result in an increase in
specificity if the altered interactions do not also increase
the affinity of ATA for the secondary receptors by an equal
amount. The structural modifications of ATA that widen the
gap between Kppr and Kpsri and enhance specificity are

more preferable than those that reduce this gap and lower
specificity. However, the feasibility of such structural
changes is not likely, because ATA structure modifications
presumably lead to reduction of inhibitory properties
against YopH and higher cytotoxicity.”! Caution is needed
regarding these indications, as only two structural analogs
of ATA, pararosaniline and eriochrome cyanine R, have
been considered,” although they can be considered
representative examples of structurally diverse ATA
analogs to a large extent. Thus, the present study speaks in
favor of the ability of ATA to display some structural
features of phosphatase inhibitor that are recognized at
receptor site and responsible for inhibitory activity. It
means that ATA structure may be viewed as a
pharmacophore for identification of phosphatase inhibitor
candidates capable of achieving specificity.

Crystallographic experiments have shown that the L7
loop region in the YopH structure represents a second
substrate binding site.[®3] Experimental understanding of
the basis of the L7 loop region's involvement in promoting
substrate recognition at the catalytic active site has been
hampered by the fact that the second substrate binding site
is far from the catalytic binding site, and the underlying
conformational changes could not be inferred from static
crystal structures.33 However, MD simulations revealed
that the most extensive conformational changes occur in
the L7 loop region extending to helix a4 (Figure 1, Left), and
the ordered helix a4 was found to correlate with the
closure of the WPD loop (L6 in Figure 1, Left), indicating a
significant coupling of the conformational flexibility of the
L7 loop with the movements of the WPD loop.53”] In other
words, MD simulations suggest that substrate binding at
the second substrate binding site may induce a more
ordered shape in helix o4, thereby stabilizing the
movement of the WPD loop in the closed, active
conformation.7]

To quantitatively characterize the association
between the L7 and WPD loops in substrate (pTyr)
recognition, the binding free energies for the two substrate
binding sites were calculated using the QM/MM (SCC-DFTB-
D/AMBER) strategy described in the previous section and
converted to Kp; and Kp, values using equation 28. The
calculated values of —4.9 and —10.1 kcal mol~! (Supplemen-
tary Information) correspond to values of approximately
Kb1 = 0.3 mM and Kp, = 46.7 nM for the lower affinity site
(L7 loop) and the higher affinity site (active site and WPD
loop), respectively.

It is convenient to denote the higher-affinity site as
the “relaxed” or R state of the system and the lower-affinity
site as the “tense” or T state of the system. A binding
isotherm is a plot of the fractional occupancy as a function
of the free ligand concentration at constant temperature.
The T- and R-state binding isotherms, based on equation

DOI: 10.5562/cca4168

Croat. Chem. Acta 2025, 98(4), 231-245



240 P. M. MITRASINOVIC: Aurintricarboxylic Acid Specificity vs. Phosphatase

ROATICA
CT
A

08 Active site and WPD loop:
high-affinity site
R state (Kp, = 46.7 nM)

Loop L7: low-affinity site
T state (Kp; = 0.3 mM)

e
2

fractional occupancy, f
°
@

Y log Kot

fractional occupancy, f
°

" ” ? ? ! log [;] (M) ® * ? ? !
Figure 7. (Top) Binding isotherms for substrate (S: pTyr)
recognition by YopH in the low-affinity or T state (loop L7:
384-Glu-Ser-Lys-Gly-Ser-Ser-Ala-Val-Ala-392) and  high-
affinity or R state (active site (L8: 403-Cys-Arg-Ala-Gly-Val-
Gly-Arg-Thr-410) and WPD loop (L6: 352-Gly-Asn-Trp-Pro-
Asp-GIn-Thr-Ala-Val-Ser-361)). (Bottom) The net sigmoid
binding isotherm for allosteric system is a combination of
the T- and R-state isotherms.

19, are shown in Figure 7 (Top). Substrate concentrations
at which YopH is half saturated correspond to the values of
Kp1 and Kpy. If the binding of one ligand molecule in the T
state does not affect the binding of the others in the R
state, then the binding events are considered to be
independent. However, when the T and R states do not
follow a graded response associated with a simple binding
equilibrium, but are rather prone to an ultrasensitive response,
YopH occupancy f rises from 0.1 to 0.9 over a substrate
concentrations range of less than 100-fold (Figure 7,
Bottom). In other words, the T and R states tend to switch
from the unbound - off to the bound - on state (from 10 %
to 90 % of the maximum response) for a change in substrate
concentration of less than 100-fold.

When the binding of a ligand to a receptor is
ultrasensitive, the binding is cooperative. It means that, if
more ligand molecules bind to the receptor, then the
saturation of the receptor increases more sharply than
would be expected for a normal binding event. A sigmoid
rather than a hyperbolic binding curve results from
cooperativity in binding events. Cooperative binding, in
principle, does not always cause conformational changes in
the receptor or the ligand.* A binding curve as a

combination of the T- and R-state isotherms is based on the
following model of two sequential equilibria:

PR+L < PR:L (32)
Kp1
PR:L+L < PR:L, (33)
K2

The fractional occupancy of protein is given by:

[PR:L]+2[PR:L,]

= 34
Jor 2([PR]+[PR:L]+[PR:L,]) 34
Based on equation 32, it follows:
[PR: L] = [PRIIL] (35)

Kp1
Based on equation 33, it follows:
PR : L,] = PRI (36)
Kp2

Substitution of the expression for [PR:L] from
equation 35 into equation 36 gives:

[PRILL] [L]

Kp1 Kbz

[PR:L,] = (37)

By using equations 35 and 37, equation 34 becomes:

(PRI[L] , , [PRI[L] [L]

+2
Kb1 Kpi Kp2
fPR = (38)
2((pR] + PRI [PRITL [L]
D1 Kpr Koz

Rearranging the right-hand side of equation 38 gives:

W,

s 0 )
242042 =
Kp1 Ko1 Kp2

When PR = YopH, L =S (pTyr), Kp1 = 0.3 mM and Kp2
=46.7 nM, equation 39 defines a sigmoid binding isotherm
that is a combination of the T- and R-state isotherms
(Figure 7, Bottom). The possibility of transmitting the
conformational change from one binding site to another is
an example of allostery in a receptor. The activity of an
allosteric protein is modulated by interactions that occur at
a distance from the active site. In addition to the catalytic
center or active site (Kpz), an allosteric protein has another
allosteric site (Kp1) where a ligand binds and modifies the
protein structure through covalent interactions and/or
other types of interactions. In this sense, the sigmoid
binding curve shown in Figure 7 (Bottom) points to L7
as the allosteric site where pTyr binds and modifies
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the YopH structure, mainly through electrostatic interac-
tions (Figure S2, Supplementary Information).

The value of f usually changes from low to high over
concentration range that is relatively narrow, so that the
most representative data points are quite often crowded
together on the left side of the f vs. [L] graph, and thus
make it difficult to read off the value of f by visual
inspection of the binding isotherm. To expand this region
of the graph, it is convenient to observe the ratio of the
fraction of protein that is bound to the fraction that is
unbound. Using equation 19 gives:

[L]
Kopr +[L]  _ [L] (40)

fraction of unbound PR 1— for = 1 _( L J Koer
Koer +[L]

fraction of bound PR fPR

The logarithm of both sides of equation 40 gives:

log [fpk] =log (K[L]] = log[L] — log Kp,er (41)

1- fer D,PR

For L = S(pTyr), plotting log (f/ 1) as a function of
log[S] yields a linear plot with a slope of unity. If the receptor
is half saturated, then (f/1-f) = 1, that is, log (f/ 1—f) = 0.

6
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Figure 8. (Top) Binding isotherms for the T and R states are
shown as a log (f/1—f) — log [S] plot, where f denotes the
fraction of YopH receptors occupied by the substrate
(S: pTyr). (Bottom) As the S concentration increases, the
binding isotherm switches from the T state isotherm to the
R state isotherm. When log (f/1-f) = O at intermediate
substrate concentration, the slope of the resulting binding
isothermis > 1.

Therefore, the intercept of the straight line on the
horizontal axis is equal to log Kp. The binding isotherms for
the T and R states are shown as a log (f/1—f) —log[S] plot in
Figure 8 (Top). The slope of the log-log binding isotherm at
the point when the receptor is half saturated with ligand is
known as the Hill coefficient. If the actual binding isotherm
is not linear (Kp1 # Kp2), or has a slope different from unity,
then this is an indication of more complex binding process
due to some other factors such as allostery. Based on
equation 39, the combination of the T- and R-state binding
curves gives:

W, UL

fraction of bound PR fer rm Kp1 Koz

= = (42)
fraction of unbound PR 1 — fig 24 H
Kp1
The logarithm of both sides of equation 42 gives:
w,,uun
log (fPR =log Kor  Koi Koz | _
— fer 54 [
Kor (43)
= Iog[ﬂ + Zﬂﬂj - Iog(z + Ej
Kp1 Kp1 Kp2 Kp1

When PR = YopH, L = S (pTyr), Kby = 0.3 mM and
Kpa = 46.7 nM, equation 43 defines a resulting binding
isotherm that is no longer linear (Figure 8, Bottom). As the
S concentration increases, the binding isotherm switches
from the T state isotherm to the R state isotherm. When
log(f/1—f) =0 at intermediate substrate concentration (bet-
ween 1076 and 10~> M), the slope (Hill coefficient) of the
resulting binding isotherm is > 1. The expression that
quantifies the Hill coefficient!4? is mathematically derived
in the Supplementary Information and is given by:

dlog [11‘) 5
W et ¥ S (44)

dloglL] 1 (K
evaluatedat 1+ = =
f=05 Ko1

Therefore, the Hill coefficient for the resulting
binding isotherm turns out to be about 1.98, indicating
positive cooperation between the T and R states in subs-
trate recognition.

The paucity of available experimental data on the
catalytic efficiency of enzyme substrates often means that
a more complete understanding of the actual substrate
preferences is difficult to achieve. The present work,
together with some previous studies, 297182 j||ustrates how
additional experiments can be stimulated by biomolecular
modeling to better understand the kinetics of ligand/
enzyme recognition for further research or therapeutic
product development.[83]

DOI: 10.5562/cca4168

Croat. Chem. Acta 2025, 98(4), 231-245



242 P. M. MITRASINOVIC: Aurintricarboxylic Acid Specificity vs. Phosphatase

ROATICA
CT
A

CONCLUSIONS

Among structurally diversified carboxylic acid derivatives,
aurintricarboxylic acid had been identified using both
experimental methods(?8 and biomolecular modeling!?°! as
a direct binder having the largest affinity to YopH. In this
study, specificity issue, associated with the competitive
inhibition of some protein Tyr phosphatases (YopH, PTP1B,
TCPTP, HePTP, CD45, VHR, and Cdc25A) by ATA, was
addressed.

By observing each PTP as a primary target receptor
and the other ones as simultaneous off-target receptors,
the specificity factor, as a function of free ATA concen-
tration, demonstrated a 23 to 500-fold specificity in favor
of YopH versus the other PTPs at [ATA] between 101! and
10-° M, meaning that the ATA-YopH interaction is the most
specific. At [ATA] around 1078 M, the specificity factor = 1
was lined up with equal occupancy of the primary receptor
- YopH and the set of accessory receptors. When YopH was
considered as a primary receptor with respect to every
other single PTP as a secondary receptor at [ATA] € (10711,
10-° M), the specificity to YopH was larger nearly 6, 25, 25,
40, 100, and 120 times than that to PTP1B, HePTP, CD45,
TCPTP, Cdc25A, and VHR, respectively.

By applying alanine scanning mutagenesis to YopH
residues in the active site (403-Cys-Arg-Ala-Gly-Val-Gly-Arg-
Thr-410) and in the proximal WPD loop (352-Gly-Asn-Trp-
Pro-Asp-GIn-Thr-Ala-Val-Ser-361), it was found that the
spots of binding that dominate the ATA-YopH interaction
are Trp354 and Thr358 to a greatest extent.

The biggest issue for phosphatase inhibitor
identification is the lack of specificity. For example, by
comparing the crystal structures of the protein Tyr
phosphatase YopH (PDB ID: 1YPT) and the Ser/Thr
phosphatase STP1 (PDB ID: 5F1M), there is no base to claim
that ATA can inhibit STP1 because of its inhibition of YopH.
However, the direct binding of ATA to STP1 had been
observed experimentally.32] Thus, the specificity factor
indicated an approximately 100-fold preference for YopH
versus STP1. It speaks in favor of the ability of ATA to
display some structural features of potential phosphatase
inhibitor that are recognized at receptor site and
responsible for inhibitory activity. In other words, the
present study comes up with the ATA structure as a
pharmacophore for identifying phosphatase inhibitor
candidates capable of achieving specificity.

The Hill coefficient of the binding isotherm
log (f/1-f)—log[S], where f denotes the fraction of the YopH
receptors occupied by the substrate, indicated a positive
cooperation between the L7 loop and the WPD loop in pTyr
recognition, suggesting that L7 is an allosteric site in the
YopH structure.
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A View of the Inhibition Specificity of Aurintricarboxylic Acid Toward
Protein Tyrosine Phosphatases: Implications for Structure-Based
Phosphatase Inhibitor Design
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QM

SCC-DFTB-D

active site:
403-Cys-Arg-Ala-Gly-Val-Gly-Arg-Thr-410
WPD loop:
352-Gly-Asn-Trp-Pro-Asp-GIn-Thr-Ala-Val-Ser-361
substrate:
pTyr

Figure S1. (Top) A two-layer QM/MM (SCC-DFTB-D/AMBER) model was used to investigate the higher affinity
interaction between pTyr and wt YopH (PDB ID: 1YTN). (Bottom) Interactive conformation of pTyr relative to the
substrate binding site with ten polar contacts (dashed line). The calculated values of thermodynamic quantities are:
free energy - AG = -10.1 kcal mol!, enthalpy - AH = -23.7 kcal mol!, entropy - TAS = -13.6 kcal mol!, and entropic
contribution, translational - TAS¢ans = -8.1 kcal mol-!, rotational - TAS.o = -9.6 kcal mol-!, vibrational - TASyi, = 4.1
kcal mol-..

Sl





oM

SCC-DFTB-D

L7 loop:
384-Glu-Ser-Lys-Gly-Ser-Ser-Ala-Val-Ala-392
substrate:
pTyr

ALAL392

Figure S2. (Top) A two-layer QM/MM (SCC-DFTB-D/AMBER) model was used to investigate the lower affinity

interaction between pTyr and wt YopH (PDB ID: 1YTN). (Bottom) Interactive conformation of pTyr relative to the

substrate binding site with two polar contacts (dashed line). The calculated values of thermodynamic quantities are:

free energy - AG = -4.9 kcal mol’!, enthalpy - AH = -16.5 kcal mol'!, entropy - TAS = -11.6 kcal mol-!, and entropic

contribution, translational - TAS¢ans = -8.1 kcal mol-!, rotational - TAS.o = -9.6 kcal mol-!, vibrational - TASyi, = 6.1
kcal mol .
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Derivation of the Hill coefficient given by equation 44 in the main text

d log(l_ff]

e d 10g[L] evaluated at £=0.5

Based on equation 43 from the main text:

/o [L] [L] [L] | [L]
) d log(l_f] i d (log(KDl +2 K., KDJ log(2 + K., J) )

T dlogll] d log[L]
d log L] +2 (L] [L] d log 2+E
Ko Kpi Kpa ) Ko _
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L L
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(1 L j w
Kb, Kpi Kpy _ Kpi

(1 +2 [L] J (2+[L]j
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L], , (L] [L]
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Based on equation 39 from the main text, /= 0.5 means that
2+2

L], L] L] 2

D1

, 1.e.





g Iy IV L] o 5 [E) o [RY LT i gives [L]=

KD] KDI KDZ KDI KDI D2

For [L]=+/Kp,Kp, , the Hill coefficient becomes:
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Kp Kp, 4 _ 2
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Ky, Kp 2\ Kp,
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