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ABSTRACT: Fragment-based lead discovery is a usual strategy in drug discovery to identify innovative lead compounds. The suc-
cess of this approach strongly relies on the capacity to detect weak binders and characterize their binding site. NMR and X-ray
crystallography are the conventional technologies used to tackle this challenge. However, their large protein consumption and the
cost of equipment reduce their accessibility. Here, an affinity capillary electrophoresis methodology was developed that enables the
detection of mM binders, the determination of dissociation constants, and the characterization of the fragment binding site. On the
basis of multiple equilibrium theory, dissociation constants in the uM-mM range were determined and a new methodology is proposed
to establish graphically if two fragments bind the same protein pocket. The applicability of this methodology was demonstrated
experimentally on coagulation factor Xlla by evaluating pairs of fragments with expected behavior. This study reinforces the signif-
icance of using affinity capillary electrophoresis to gather valuable information for medicinal chemistry projects.

In drug discovery, biophysical techniques are commonly
used to analyze the binding of a compound to a target. Each
technique has its own characteristics regarding the information
generated, the requirements, and the ability to detect low affin-
ity. The selection of the appropriate technique is based on the
questions arising during drug discovery projects.! In the early
phases, the main preoccupations concern the discovery of hits
and the characterization of their binding site. During hit discov-
ery, the technique has to determine the affinity for the target
inside the desired dynamic range. Binding site characterization
aims to locate the zone where the compound binds on the tar-
get.2 Compared to high-throughput screening (HTS), the frag-
ment-based lead discovery (FBLD) approach screens com-
pounds of lower size (< 300 g/mol). These fragments have
weaker affinity but explore more efficiently the chemical space.
Hence, FBLD projects work successfully with libraries of 1000-
2000 fragments. The biophysical method used to discover frag-
ment hits requires sensitivity at the uM to mM levels.®* Several
techniques can reach low mM affinity, such as X-ray crystal-
lography, microscale thermophoresis, and NMR methods.
However, they require either or both high concentration of frag-
ments and high consumption of protein.! Therefore, screening
methods with low demand on fragment solubility are still
needed to expand the diversity of fragments that can be
screened.* Besides, X-ray crystallography and NMR ap-
proaches require expensive instruments.

In this context, indirect affinity capillary electrophoresis
(iIACE) should be considered as a valuable microfluidic bio-
physical technique for use in FBLD projects. Affinity capillary
electrophoresis (ACE) records the change in electrophoretic
mobility of an analyte upon interaction with the target. The
methodology works without target modification in near-physi-
ological media. Interestingly, it supports impure samples and
the analysis of targets lacking biological activity.>® These

characteristics explain its increasing use for the validation of
HTS results.” However, compounds have to form a ligand-tar-
get complex with distinctive electrophoretic mobility.® To over-
come this constraint, an indirect mode, known as competitive
ACE, was applied for dissociation constant (Kp) determination
and screening purposes.®*® In this configuration, the effect of
the analyte is indirectly evaluated by measuring the displace-
ment of a known binder, called the reporter.'?

This paper outlines experimental procedures to screen frag-
ments, estimate Kp, and determine the mutual effect of two frag-
ments on the target. The dynamic range of affinity accessible
by iIACE was investigated. Moreover, the multiple equilibrium
theory was applied to those experimental conditions to gather
valuable information for medicinal chemists.

In this work, coagulation factor Xlla (FXIla) was selected as
the target protein to illustrate this iACE methodology. FXIlla is
a S1A serine protease implicated in coagulation, inflammation,
and immunity.** This protease is the target of our ongoing me-
dicinal chemistry program®-'’. The potential indications of
FXIlla inhibitors include artificial surface-induced thrombosis,
hereditary angioedema, Alzheimer’s disease, and multiple scle-
rosis.* Currently, our primary screening is a chromogenic as-
say. The results of the newly developed iACE method were
compared to the ones obtained with this biochemical assay.

EXPERIMENTAL SECTION

Materials

Benzamidine (BZM), pentamidine isethionate, diminazene
aceturate, poly(ethylene oxide) (PEO) (Mv 200,000), N-(pyri-
dine-4-ylmethyl)guanidine (compound 2), 3-chlorobenzyla-
mine (compound 4), L-arginine (compound 5), 4-guanidinoben-
zoic acid hydrochloride (compound 6), 4-(aminomethyl)piperi-
dine (compound 7), cis-cyclohexane-1,4-diamine (compound
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16), and L-pipecolic acid (compound 20) were purchased from
Sigma-Aldrich (Saint-Louis, MO). Para-aminobenzamidine
(PABZM), nitric acid compound with N ”-phenylguanidine
(2:1) (PhGu), 1-benzothiophene-3-carboximidamidine hydro-
chloride (NAMFrag66), and L-prolinamide (compound 13)
were sourced from Acros Organics (Fair Lawn, NJ). 4-Amidi-
nobenzamide hydrochloride (NAMFrag60) and 6-amidino-2-
naphthol methanesulfonate (NAMFrag56) were acquired from
TCI Europe (Zwijndrecht, Belgium). Life Chemicals (Ontario,
Canada) provided 2-phenylacetamidoxime (compound 3). Phe-
nobarbital (compound 9) was purchased from Fagron (Naza-
reth, Belgium). Piperidine-1,3-dicarboxamide (compound 10)
was sourced from Vitas-M Laboratory, Ltd. (Causeway Bay,
Hong Kong). BBV-93483954 (compound 1) and EN300-
152798 (compound 15) were acquired from Enamine (New Jer-
sey, USA). (2R,4R)-4-Methylpiperidine-2-carboxylic acid
(compound 18) was obtained from ABCR GmbH (Karlsruhe,
Germany). Compounds 8, 11, 12, 14, 17 and 19 were obtained
from the chemical library developed within the Namur Medi-
cine and Drug Innovation Center. Human plasma B-factor Xlla
(FXI1a) in solution at 1.12 mg/mL was purchased from Molec-
ular Innovations (Novi, MI). The physicochemical properties of
the fragment library, such as aqueous solubility and global
charge at pH 7.4, were computed by MarvinSketch 19.27 (Che-
mAXxon Ltd., Budapest, Hungary).

Chromogenic FXlla Assay

The chromogenic FXlla assay and its data analysis were per-
formed as reported by Davoine et al.5 The assay was previously
validated based on the requirements described by the National
Center for Advancing Translational Sciences.®

Capillary Electrophoresis

A Hewlett Packard three-dimensional capillary electrophore-
sis system from Agilent Technologies (Waldbronn, Germany)
operated by Agilent OpenLab CDS C.01.07 (27) software was
used for this study. The method was adapted from Davoine et
al.® Capillary electrophoresis was carried out using a buffer
made of 21 mM Tris, 21 mM N-(2-hydroxyethyl)piperazine-N'-
ethanesulfonic acid (HEPES), 81 mM NaCl, 1.6 mM sodium
acetate, and 100 uM ethylenediaminetetraacetic acid (EDTA)
(pH 7.4) at a constant voltage of —3 kV (generating a current of
approximately 49 pA) with on-column detection at 262 + 2 nm
(using a reference wavelength at 360 = 50 nm). EDTA sup-
pressed the false-positive signal of metal-contaminated sam-
ples. The capillary (75 um i.d.), provided by Polymicro Tech-
nologies, Inc. (Phoenix, AZ), was 33 cm in total length (8.5 cm
from injection to detection) and PEO-coated.® FXlla (15 pM)
was introduced in the capillary by vacuum injection at —-80 mbar
for 0 or 12 s. Then, pentamidine (the reporter, 10 pM) was in-
jected at —20 mbar for 5 s, followed by a short plug of back-
ground electrolyte (BGE).

Sample Preparations

The stock solution of FXlla was 2.5-fold diluted with Tris-
HEPES buffer (35 mM Tris, 35 mM HEPES, 35 mM NacCl, 167
MM EDTA, adjusted at pH 7.4 with 0.1 M phosphoric acid) con-
taining 0.05% Tween 20 to reach the final concentration of 15
MUM. Fragments were prepared at 20 mM in methanol and kept
at—80°C. Methanol was evaporated at 35 °C until dryness using
a Centrivap concentrator connected to a cold trap (Labconco,
Kansas City, MO). The residue was dissolved in the Tris-
HEPES buffer at an adequate concentration. The latter solution

was used to introduce the fragment(s) in the BGE and the
FXlla-diluting buffer.

Data Treatment

The data treatment was similar to the study by Davoine et al.5
The migration time was determined by CEVal software version
0.6h9%° using the Haarhoof-Van der Linde fit to take into ac-
count peak distortion. The shift inhibition (%) was calculated
by equation 1, which was derived from Fargas et al.*® Compared
to the latter, equation 1 introduces the migration time of the re-
porter in the fragment-containing BGE without the loaded pro-
tein (Mgrg).

. y Sy s _ (Mt,(: - Mt,Fg >
Shift inhibition = (1 —|———+—=]].100 (Eq.1)
( Mt,T - Mt,BGE

where Mt is the migration time of the reporter with the
loaded protein in pure BGE (min), M is the migration time of
the reporter with the loaded protein in the fragment-containing
BGE (min), M;gce is the migration time of the reporter without
the loaded protein in pure BGE (min), and M;gq is the migration
time of the reporter without the loaded protein in the fragment-
containing BGE (min).

Statistical analysis was made with Microsoft Office Excel
2016 (Microsoft, Redmond, WA). The equations used for the
Kp estimation and mutual effect determination are discussed in
the text. Regressions (linear and non-linear) were performed by
GraphPad Prism version 9.0.0 (121) (San Diego, CA).

RESULTS AND DISCUSSION

Previously, a partial-filling direct ACE method with FXlla as
the target was developed by our team and confirmed its applica-
bility for Kp determination and hit cross-validation.® This
method is limited to binders in the uM range that are positively
charged and UV-vis absorbent.®> The present project aimed to
design an indirect version of the latter to expand fragments’ di-
versity and detect weaker interactions.

Optimization of the iIACE Method

First, the reporter molecule was selected based on the follow-
ing criteria: (1) low uM affinity, (2) fast equilibrium behavior,
(3) UV-vis absorbance, and (4) stability in solution for at least
5 h. Pentamidine meets all these criteria and has an absorption
maximum determined at 262 nm. In the initial settings, an im-
portant shift of 20.0 + 0.1 min was observed when a FXlla plug
of 19.6 cm was applied. To reduce the analysis time and im-
prove the reporter’s signal, short-end injection was performed
and the method was adapted.?®° With a short FXlla plug of 5.6
cm, a shift of 6.7 + 0.1 min was observed and considered suffi-
cient. The BGE buffer capacity was also enhanced to support
the incorporation of mM concentrations of additives (See Table
S1). Indeed, insufficient buffer capacity associated with low
volume reservoirs (200 pl) favor the change of pH in the anodic
reservoir by anion accumulation during electrophoresis.?* Al-
terations of the pH can affect the migration times, the binding,
and the PEO coating.?

Applicability of iACE for Fragment Hit Discovery

To evaluate the assay performances, six reference com-
pounds were first selected across the uM-mM range of affinity
based on our previous study. Then, the lowest detectable affin-
ity was estimated according to the fragment concentration
(150-600 puM) added in the BGE (See Figure 1 and Table S2).
PhGu was also evaluated at a higher concentration (3000 pM)
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to determine if such a low-affinity binder can be detected (esti-
mated K; = 7.3 £ 0.3 mM). Figure 1 depicts their respective shift
inhibition percentage. The critical point was to set the threshold
in shift inhibition percentage that was necessary to tag the com-
pound as a binder or not. Relative standard deviation (RSD) of
the shift inhibition percentage was calculated at 6.2% using Eq.
1; considering the variability of the control runs with (24
measures, RSD 2.4%) and without FXlla (308 measures, RSD
2.9%), two thresholds were set at 12.4% (2-fold the RSD value;
Th;) and at 18.6% (3-fold the RSD value; Thy). The tested com-
pounds were considered as potential binders or binders when
above 12.4 or 18.6%, respectively. As shown in Figure 1, higher
fragment concentration in the BGE allowed the detection of
weaker interactions. Consequently, for screening applications,
the desired detectable affinity range can be easily adapted by
changing the fragment concentration in the BGE. Interestingly,
a significant displacement of the reporter occurred at a lower
concentration than their respective Kp. Indeed, to attain Thy or
Th,, the fragment concentration in the BGE has to be 0.3-fold
or 0.4-fold the Kp, respectively. So, even a low occupancy of
the protein binding sites allows the detection of the binding, as
it is the case in NMR.! This characteristic is an asset compared
to methods that need a fragment concentration around or over
the Kp, such as most of the biochemical assays (around the Kp),
X-ray crystallography (over the Kp), and microscale thermo-
phoresis (5-10 times the Kp).1*
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Figure 1. Shift inhibition (%) of the references at different
concentrations. Kp: dissociation constant, NT: not tested, Th;:
threshold for potential binders (12.4%), and Th,: threshold for
binders (18.6%).

In a screening context, the analysis throughput is an im-
portant parameter that could limit the size of the tested library.
To improve the throughput of our iIACE method, the screening
of fragments in mixtures could be considered. The potential im-
pact of those mixtures on the current and on the measured shift
inhibition for each fragment had to be investigated. According
to Chu et al.,® the total concentration of additives that can be
added to the BGE is usually 10% of the buffer’s concentration.
An overall concentration of fragments at 3 mM concentration
was used for the assay in mixtures. Three known binders (PhGu,
BZM, and NAMFrag66) with different affinity levels and 17
nonbinders displaying various ionization states were selected
(Table S4). A nonbinder was defined by an inhibition inferior
to 5% at 1 mM or 10% at > 3 mM in the chromogenic FXIla
assay. The concentrations for the fragments were 600 uM, and
each tested mixture contained one binder and four nonbinders.

The first set of experiments (mix 1) was designed as a worst-
case scenario with five fully charged fragments. As can be seen
in Table S3, no significant change in pH, current, and shift in-
hibition was noticed. Indeed, only a slight increase of 0.2, 4.0,
and 1.8% was observed for PhGu, BZM, and NAMFrag66, re-
spectively. The impact of various nonactive fragments pos-
sessing different charge states (see Table S4, mix 2—4) was also
evaluated by preparing random mixtures containing four non-
binders and one binder. In all cases, screening in mixtures did
not generate false negatives or significant change in the current
or shift inhibition measurement (see Table S3). No impact of
the charge state of the fragments on the results was observed
under the optimized conditions, allowing the analysis of posi-
tively, negatively, and noncharged compounds. It is worth not-
ing that the number of compounds that can be included in a mix-
ture depends on the overall concentration of fragments and thus
on the desired lowest detectable affinity.

Determination of Dissociation Constants

Screenings are usually performed at a single concentration.
However, to determine Kp and to validate that the hits behave
adequately in a dose-dependent manner, several concentrations
have to be tested. To calculate the Kp of the tested fragments by
iACE, a general equilibrium binding model was used (see
Scheme 1). Accordingly, the macromolecule (E) is allowed to
form a complex with the reporter (R), the fragment (Fg), or
both, leading to E-R, E-Fg, or E-R-Fg, respectively. The model
assumed that R-Fg is not formed, that no other type of interac-
tion takes place, and that the binding stoichiometry is 1:1. For
binary complexes, Kp’s are symbolized as K with the compound
that dissociates as a subscript. The Kp’s of the ternary complex
are symbolized as K’ with the compound that dissociates as a
subscript.

K
E sE-R
Keg 1 I K'sg
E-Fg=E-R-Fg
K‘R

Scheme 1. Equilibria among the Protein Species in the Pres-
ence of the Reporter and a Fragment

Under rapid-equilibrium conditions, the reporter’s bound
fraction (r) for the above mechanism can be described by Eq.

2_22
[Fg]
) R] (1 + K,f-g>
B [Fg] Fay 0P
KR(1+K_Fg)+ [R]<1+K_1;g>

where r is the reporter’s bound fraction, [R] is the reporter
concentration, [Fg] is the fragment concentration, Ky is the dis-
sociation constant of the reporter, K, is the dissociation con-
stant of the fragment, and K, is the dissociation constant of the
fragment from the E-R-Fg complex.

With competitive binders, the E:-R-Fg complex is not formed,
and the reporter’s bound fraction is described by Eq. 3.2

re - (Eq.3)
Kq (1 + K—g) +[R]

Fg
The rearrangement of Eq. 3 into a linear function of [Fg]

leads to Eq. 4.
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Eg. 4 indicates that, if G— 1) is plotted against [Fg], a
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straight line is obtained with a slope of a y-axis intercept
KR
[R]
In our iIACE configuration, the reporter bound fraction can be
calculated by Eq. 5 (See Supporting Information—Supple-

mental Data—2.1).

at —, and an x-axis intercept at — K.

Myr — M p
r= . . Eq.5
(1 —x)Mp — M, p (Eq-5)

where x is the fraction of the effective capillary length that is
filled with the target plug, Mg is the migration time of the re-
porter without the target plug, and M;p is the migration time of
the reporter with the target plug.

For Kp determination of the references, several concentra-
tions were tested. As expected, a larger compound’s concentra-
tion in the BGE generated a larger reduction of the reporter mi-
gration time (see Figure S1). Eq. 5 calculated the reporter’s
bound fraction. Then, the reporter’s bound fractions of different
fragment concentrations were fitted to the two binding mecha-
nisms (noncompetitive and competitive, Eq. 2 and 3). The extra
sum-of-squares F test (P-value of 0.05) selected the model. The
Kp of each reference is shown in Table 1. The Kp’s obtained by
IACE were similar to their respective inhibition constant (K;)
that were previously reported in the literature (PABZM and
BZM)>% or estimated by the Cheng—Prusoff equation for com-
petitive inhibitors (diminazene, NAMFrag66, NAMFrag60).
Indeed, the overall minimum significant ratio (MSR) of the
chromogenic assay was assessed at 1.3 using a control com-
pound (see Supporting Information—Supplemental Data—1).
Control compound MSR tends to be optimistic because it is
based on a single well-behaved compound.?* In consequence, a
potency ratio between 0.7 and 1.5 was not considered signifi-
cantly different in our FXIla medicinal chemistry program (see
Table 1). FXlla concentration is a critical parameter that can
affect the Kp determination. Generally, to avoid an effect of the
protein concentration on the binding equilibrium, the ratio Kp
on FXlla concentration has to be at least equal to 10.2% The chro-
mogenic assay and the iACE were performed at a FXIla con-
centration of 14 nM and 15 M, respectively. It means that the
IACE method described in this paper is more suited for the de-
termination of Kp superior to 150 pM.

Figure 2 shows the nonlinear and linear regressions of the

different tested compounds. Because the x-intercept of the
Table 1. Determination of the Dissociation Constants (Kp)

linear function is equal to - K, this plot could be used to dis-
play the data, especially when the objective is to show relative
differences in Kp.
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Figure 2. Determination of the dissociation constant of dim-
inazene, PABZM, NAMFrag66, BZM, and NAMFrag60:
(A) nonlinear regression plot, and (B) linear regression plot.
BZM: benzamidine, [compound]: concentration of compound
added in the BGE, r: reporter bound fraction, and PABZM: p-
aminobenzamidine.

Characterization of the Fragment Binding Site

To facilitate the hit optimization phase in drug discovery, the
binding site has to be characterized. Displacement assays, such
as the IACE described in this paper, can be used for this purpose
as a rapid test when the reporter binding site is well identified.!
When working with S1A serine proteases in a FBLD context,
the main question is to determine if the fragment binds the S1
pocket or not (see Figure S2A). The S1 pocket is known to drive
the major part of the association energy.* S1 binders tend to be
more potent than non-S1 binders. Thus, a fragment hit selection
only based on potency will result in numerous S1 binders.
Linking S1 binders between them will not be relevant for the
design of a larger molecule.

Chromogenic assay

Indirect ACE assay

Compound Ko/Ki ratio
Ki + Sp (UM) Kb (CI) (uM) Model
Diminazene 49.3° (£ 1.4) 64.94 (62.04-67.99) Competitive 1.3
PABZM 163.2%(x 0.5) 234.7 (228.3-241.3) Competitive 1.4
NAMFrag66 379°(x 9) 354.1 (341.3-367.6) Competitive 0.9
BZM 1032°¢ (+ 37) 1110 (1057-1168) Competitive 1.1
NAMFrag60 1611° (+ 121) 2162 (2049-2288) Competitive 1.3
PhGu 7335 (+ 290) ND ND NA

aPreviously reported® ® Estimated by the Cheng—Prusoff equation for competitive inhibitors ¢ Reported by Tans et al.?® at 1.12 mM
(pH 7.2) Ki: inhibitory constant, Sp: standard deviation, Cl: confidence interval of 95%, NA: not applicable, and ND: not determined.
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To determine if the binder is located in the S1 pocket, the more
convenient experiment would be to use BZM as the reporter in-
stead of pentamidine (see Figure S2B and C). Indeed, BZM was
co-crystallized in the FXlla S1 pocket.? If the fragment can dis-
place BZM, this means that the fragment binds the S1 pocket
(Figure S2C); but in our configuration, BZM cannot be used as
the reporter because its affinity for FXlla is too weak. Indeed,
no shift in the migration time of BZM was observed when a
plug of FXlla was applied. To overcome this problem, a cross-
competition ACE assay was investigated.

With this in mind, a general equilibrium binding model was
constructed to evaluate the mutual exclusivity of two fragments
(see Scheme 2). In this model, the macromolecule (E) is al-
lowed to form a complex with the reporter (R), fragment 1
(Fg), fragment 2 (Fgo), or the two fragments, leading to E-R,
E-Fgi1, E-Fg., or E-Fgi-Fgy, respectively. The model assumes
that R-Fg, E-R-Fgs, and E-R-Fg; are not formed, that no other
type of interaction takes place, and that the binding stoichiom-
etry is 1:1.

Kg KFgl
E-Rs E SE-Fg,

KF_qZ 1L Jr a. KFyZ

E-Fg,=FE-Fg,-Fg,
. Krgy
Scheme 2. Equilibria among the Protein Species in the Pres-
ence of the Reporter and Two Fragments

Under rapid-equilibrium conditions, the bound reporter frac-
tion (r) for the above mechanism can be described by Eq. 6 (see
Supporting Information—Supplemental Data—2.2).

[R]

[Fg.] , [Fg2] | [Fg.l. [ng])
Ke (1 + Fg1 + Krg2 + . Kpg1-Krgo +IR]

r= (Eq.6)

where [Fg1] is the Fg; concentration, [Fg.] is the Fg, concen-
tration, Keq is the dissociation constant of Fgi, Keg. is the dis-
sociation constant of Fgy, and « is the interaction constant be-
tween Fgi and Fg; in the E-Fg;-Fg. complex. When Fg; and Fg»
interact at the same site, they are mutually exclusive, the
E-Fg:-Fg2 complex cannot be formed, and thus a = o. If Fg;
and Fg, interact with different sites, the E-Fg:-Fg. complex is
formed and oo > a > 0.

The rearrangement of Eq. 6 into a linear function of [Fgi]
leads to Eq. 7.

1 _ Kp [Fgil  [Fg.]
(T 1) =R (1 + + +

Eq. 7 indicates that, if G - 1) is plotted against [Fg.] at fixed
[Fg2], a straight line will be obtained with a slope of

[Fg.] )
Ky. (1 + a Kng

[R] KFgl
a y-axis intercept at
Kg- (1 + —[FQZ])

Fg2

[R]

[Fg.].[Fg.]
. Kpg1-Krgo

) (Eq.7)

KFgl KFgZ

and an x-axis intercept at
(1+ [Fe2))
k. N Kega)
(1 gl
a.Kpg,
Similar to the Yonetani-Theorell analysis?” used to treat ki-
netic data, the y-intercept is a linear function of [Fg.] independ-
ent of the o value. In the case of mutually exclusive binders (o

= o), the slope is constant (— K ) meaning that plots of

" [RIKEg
G - 1) versus [Fg.] at diverse [Fg2] generates parallel straight

lines. The cut-off for mutually exclusive binding is generally set
at &> 10.% In the case of nonmutually exclusive binders (o0 > a

> 0), both the slope and the y-axis intercept of the plots G — 1)

versus [Fgi] become linear functions of [Fg.]. The straight
lines obtained in the presence and absence of Fg; intersect at an
abscissa value of —aKy4,;. Thus, the o value can be calculated
from this intersection. Indeed, Keg: can be independently deter-
mined using the data generated in the absence of Fg. (see Sec-
tion—Determination of Dissociation Constants). Moreover, de-
pending on the a value, one can assess if the binding of the two
fragments in the E-Fgi-Fg, complex is synergistic (1 > o > 0),
independent (o = 1), or antagonistic (co > o> 1).

To demonstrate the applicability of this graphical method,
two pairs of fragments were selected, one being mutually ex-
clusive (BZM and PABZM) and the other being non-mutually
exclusive (NAMFrag56 and PhGu—See Figure 3).

----------------------------

NAMFrag56

Figure 3. Structure of nafamostat. The boxes delimit the non-
mutually exclusive fragments obtained after fragmentation of a
FXlla inhibitor.

BZM was co-crystallized in the FXIla S1 pocket (PDB:
6B74).% PABZM was chosen on the basis of its similarity to
BZM (Tanimoto value of 0.9%) and the fact that it was co-crys-
tallized in the S1 pocket of other S1A serine proteases such as
kallikrein (PDB: 2BDG),*® thrombin,® and FVlla (PDB:
2A2Q).%2 The mutual exclusivity of BZM and PABZM was
confirmed by Yonetani—Theorell analysis (see Figure 4A) and
by iACE (see Figure 4C) using our original procedure. Then,
NAMPFrag56 and PhGu were used as nonmutually exclusive
binders since these compounds result from the fragmentation of
nafamostat, a potent FXlla inhibitor'* (see Figure 3). The non-
mutual exclusivity of NAMFrag56 and PhGu was obtained by
Yonetani—Theorell analysis and iACE (see Figure 4B and D),
which confirmed the validity of our methodology. It is worth
noting that, in contrast to the Yonetani-Theorell analysis,?” our
iACE approach is a pure binding assay that does not rely on
biological activity.
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Figure 4. Mutual effect of two fragments on FXlla by the Yonetani-Theorell analysis (plots A and B) and the present proce-
dure (plots C and D). [BZM]: concentration of benzamidine, [NAMFrag56]: concentration of 6-amidino-2-naphthol, [PABZM]:
concentration of p-aminobenzamidine, [PhGu]: concentration of phenylguanidine, r: reporter’s bound fraction, Vo: initial reaction

rate with the vehicle, and Vi: initial reaction rate with fragment(s).

CONCLUSION

The iACE methodology reported in this paper provides an ef-
ficient approach for the early phases of drug discovery projects.
The technology can be used for the detection of weak interac-
tions, Kp determination, and binding site characterization. This
technique constitutes an extension to the FBLD analytical
toolbox that already includes NMR, X-ray crystallography,
thermal shift, surface plasmon resonance, microscale thermo-
phoresis, differential static light scattering,®* and DNA-
encoded chemical libraries.®*" Neither biological activity nor
modification of the target is required. However, a known ligand
with low uM affinity and fast kinetics is needed. The reporter’s
electrophoretic mobility has to be distinctive from the target’s
one, and its chromophore has to be chosen properly to minimize
spectrophotometric interferences. The tested fragments should
not have an absorbance close to the detection wavelength. The
maximal number of fragments that can be screened simultane-
ously corresponds to 10% of the buffer’s concentration divided
by 0.3-fold the lowest desired detectable affinity. The target
must not interact with the silica wall or the BGE’s components.
The conductivity and viscosity of the target plug must also be
similar to the rest of the capillary filled with BGE.

Nonspecific binding such as “selective promiscuous bind-
ers”® (e.g., binding of cationic fragments around negatively
charged proteins) is unlikely. In addition, tight binders do not
generate false negatives in contrast to the ligand-based NMR.%38
Still, the switch of the direct ACE mode to the indirect leads to
a loss of the separative character. The binding of a fragment in
an allosteric site can also induce active-site reporter displace-
ment. So, the displacement of the reporter does not systemati-
cally mean that the fragment enters into a competition with the

reporter. For this reason, the term “competitive ACE” should be
avoided. Moreover, the protein is incubated with the fragment.
This means that the protein can be trapped by aggregators, or
denatured by reactive compounds.®-! However, the latter is a
common pitfall of biophysical techniques. Stable and nonaggre-
gating compounds under the given experimental conditions are
a prerequisite to obtain accurate results.*

Regarding hit discovery, iACE detects interaction at low oc-
cupancy of the protein binding site (< 30%) and, if the protein
and the detection of the reporter tolerate it, could operate with
DMSO0.# Thus, the technique is less constrained by the frag-
ment solubility. It demonstrates its ability to successfully deter-
mine Kp in the uM-mM range. The remaining drawback of the
actual workflow is the throughput (15 fragments per day and
instrument, including QCs and replicates), which is unsuitable
for large-scale screening. However, an automated capillary
electrophoresis instrument adapted for 96-well plates** could
address this issue and run a library of 1000 fragments in a day.
Finally, the iACE methodology can be adapted for the cross-
competition assay to characterize fragment binding sites. A
graphical diagnostic of the mutual exclusivity of two com-
pounds, similar in concept to Yonetani—Theorell analysis, can
be obtained thanks to the mathematical developments described
in this paper. This graphical method could be suited for any
technique that follows the assumed equilibrium binding model
and reports the reporter bound fraction.
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