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Abstract

In this study, a partial-filling affinity capillary electrophoresis (pf-ACE) method was developed
for the cross-validation of fragment hits revealed by chromogenic factor Xlla (FXlla) assay.
Chromogenic assay produces false positives, mainly due to spectrophotometric interferences
and sample purity issues. pf-ACE was selected as counter-screening technology because of
its separative character and the fact that the target does not have to be attached or tagged.
The effects of protein plug length, applied voltage and composition of the running buffer were
examined and optimized. Detection limit in terms of dissociation constant was estimated at
400 uM. The affinity evaluation was performed close to physiological conditions (pH 7.4, ionic
strength 0.13 mol L) in a poly(ethylene oxide)-coated capillary of 75 um internal diameter x
33 cm length with an applied voltage of 3 kV. This method uncovered chromogenic assay’s
false positives due to zinc contamination. Moreover, pf-ACE supported the evaluation of
compounds absorbing at 405 nm.
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Introduction

Coagulation factor Xlla (FXIla) is a S1A serine protease implicated in several physiological
pathways including the intrinsic coagulation pathway, the kallikrein-kinin system, and the
immune response [1,2]. Monoclonal antibodies at phase Il clinical stage are evaluated in
artificial surface-induced thrombosis [3], coronavirus disease [4], and hereditary angioedema
[5]. FXlla inhibitors could target a primary cause of such thrombosis without increasing
bleeding risk and with additional anti-inflammatory properties [6,7]. Two inherited
inflammatory pathologies, namely type Il hereditary angioedema [8] and FXIl-associated
cold autoinflammatory syndrome [9], are associated with a FXII mutation which increases its
susceptibility to activation. FXII is also an emerging research field in neuroinflammatory
disorders since recent studies highlight its role in Alzheimer’s disease and multiple sclerosis
[10-13]. The FXII/FXIla inhibitors currently under development include peptides, proteins,
antibodies, and RNA-based technologies [14]. In contrast, only a few data regarding the
design of selective small molecular-weight inhibitors of FXlla are available [15-19]. Among
these, our laboratory previously developed 3-carboxamido-benzopyrans [15-17]. For further
developments, we decided to apply a fragment-based lead discovery approach (FBLD) to
facilitate chemical exploration of FXlla active site.

FBLD has become a widespread strategy applied in industries and academia to find
innovative lead compounds [20]. The key concept in FBLD is that the exploration of the
target chemical space is more efficient if small molecular weight compounds or fragments
are used. Fragments are less likely to include motifs that impede binding. However, typical
fragment equilibrium dissociation constants (Kp) are in the hundreds uM to low mM range.
Therefore, for a successful FBLD program, the fragment screening method needs to detect
and gauge such weak affinity [21]. Biochemical assays and ligand-based NMR are the most
popular approaches [20]. Biochemical assays require a low amount of protein, are high
throughput and straightforward to establish. But they are burdened with various interferences
such as aggregators, fluorescent compounds or impurities [21-23]. Ligand-based NMR is a
powerful method that can detect binding at fragment concentration around or below its Kp.
NMR can also give some structural information. The main limitation is the large amount of
protein required [21]. Other biophysical techniques, such as surface plasmon resonance,
thermal shift analysis, and X-ray crystallography, are also commonly used in FBLD screening
[20,21]. Strengths and limitations of these biophysical methods in drug discovery are
reviewed elsewhere [24]. Since the primary screening of our FXlla FBLD program is a
chromogenic assay, the development of a separative method as counter-screen was
necessary to avoid wasting synthetic efforts on false positives.

Affinity capillary electrophoresis (ACE) is an emerging microfluidic screening technology
based on the modification of the charge-to-size ratio of an analyte upon interaction with the
target [25,26]. Similarly to weak affinity chromatography, a shift in analyte migration time is
observed if a binding event occurs between the analyte and the target loaded in the capillary.
ACE has the advantages of not requiring highly pure analyte nor target modification [26]. An
increasing number of examples are described in the literature [27-31]. ACE is a general term
that refers to various system configurations [25,32]. Among these, the most common is the
so-called mobility-shift ACE (ms-ACE). For ms-ACE analysis, the capillary is pre-filled with a
target-spiked buffer and a small amount of analyte is injected at one end of the capillary.
When the voltage is applied, the analyte migrates through this target solution and, upon
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binding, a shift in migration time is observed [26]. This shift is linked to a maodification of the
electrophoretic mobility of the analyte. In the case of fast equilibrium, a steady-state that
depends on the target concentration and the binding constant occurs between free analyte
and analyte-target complex. Therefore, the electrophoretic mobility of the analyte in the
target-spiked buffer is a concentration-weighted average of the free analyte mobility (ua —
unbound fraction) and the mobility of the complex (ucp — bound fraction) [25,33]. But ms-ACE
is highly target-consuming because the vials that are at each end of the capillary during
analysis need to be filled with the target-spiked buffer. This requirement leads to a
consumption of more than 100 pL of the target-spiked buffer for each run. To lower target
consumption and to avoid its presence during UV detection, we selected a variant of ms-
ACE, known as partial-filling ACE (pf-ACE). In pf-ACE, only a part of the capillary, called the
target plug, is pre-filled with the target-containing buffer. The rest of the capillary is filled with
pure buffer. When the voltage is applied, the analyte migrates through the target plug and
reaches the detector in the target-free buffer. Because the capillary is partially filled with the
target, the observed analyte mobility (Hobs) iS @ combination of the effective analyte mobility
inside the plug (Haerr) and Ha, as shown in Figure 1. In consequence, to observe a shift in the
Hobs (@and thus in the analyte migration time), pcp has to be significantly different from pa
[25,34].

This paper describes the development and the evaluation of a pf-ACE method with FXlla as
target for fragment counter-screen. The developed pf-ACE method was applied to the
screening of a small focused library and the results were compared to those obtained with
the chromogenic assay. Moreover, the impact of low-level metallic contamination on the two
methods was also investigated and discussed.

Materials and methods

1. Chemicals and reagents

Benzamidine (BZM), pentamidine isethionate, 4-aminomethyl benzamidine dihydrochloride
(compound 11), 3-aminomethyl benzamidine dihydrochloride (compound 12), 3-
chlorobenzamidine hydrochloride (compound 5), 3,5-difluorobenzamidine hydrochloride
(compound 17), diminazene aceturate (compound 4), Trizma® hydrochloride (Tris-HCI),
poly(ethylene oxide) (PEO) (average M, 200,000), 4-(2-Hydroxyethyl)piperazine-1-
ethanesulfonic acid (HEPES), HEPES sodium salt (HEPES-Na), zinc sulfate heptahydrate
(ZnS04), copper sulfate (CuSO.), Tween® 20, Triton™ X-100, nafamostat mesylate,
palladium(ll) bromide, nickel(ll) sulfate hexahydrate, iron(ll) sulfate heptahydrate, iron(lll)
chloride hexahydrate, barium nitrate, calcium carbonate, magnesium sulfate heptahydrate,
manganese(ll) sulfate monohydrate, lead(ll) nitrate, and cobalt(ll) nitrate hexahydrate were
sourced from Sigma-Aldrich (Saint-Louis, MO, USA). Para-aminobenzamidine (PABZM),
phenylguanidine (PhGu), 1-benzothiophene-3-carboximidamidine hydrochloride (compound
21), 2-methyl-1,3-thiazole-4-carboximidamide hydrochloride (compound 22), 3-
furancarboximidamide hydrochloride (compound 23), nitric acid, HPLC-grade ethanol, trans-
1,2-Diaminocyclohexane-N,N,N',N'-tetraacetic acid monohydrate (CDTA), N,N-
dimethylformamide (DMF), formic acid, trifluoroacetic acid, and HPLC-grade acetonitrile were
acquired from Acros Organics (New Jersey, USA). 6-amidino-2-naphthol methanesulfonate
(compound 10), 4-hydroxybenzamidine hydrochloride (compound 13), pyridine-3-
carboximidamide monohydrochloride (compound 9), and 4-amidinobenzamide hydrochloride


https://doi.org/10.1016/j.talanta.2021.122163

https://doi.org/10.1016/j.talanta.2021.122163

(compound 14) were provided by TCI Europe (Zwijndrecht, Belgium). Ortho-phosphoric acid
85% (H3POg), sodium acetate (Acetate-Na), sodium chloride (NaCl), hydrochloric acid fuming
37% (HCI), sodium tetraborate decahydrate and sodium dodecyl sulfate were obtained from
Merck (Darmstadt, Germany). Sodium hydroxide (NaOH) and dimethyl sulfoxide (DMSOQO)
were provided from VWR (Leuven, Belgium). The substrate S-2302 was purchased from
Werfen (Breda, Nederlands). Fragments 2234894731 (compound 1), 21211228967
(compound 20), 21263820361 (compound 3), 2234895267 (compound 2), 2839575938
(compound 15), 22146514452 (compound 7), 21295543851 (compound 24), 2199055442
(compound 16), 23230795493 (compound 6), 22895180539 (compound 19), 21258943398
(compound 8), and 22310699378 (compound 18) were acquired from Enamine (New Jersey,
USA). Human plasma 3-FXlla was purchased from Molecular Innovations (Novi, Ml), and
was supplied as a 1.12mg/mL solution. The buffer consists of 4mM Acetate-Na, 0.15M NacCl
at pH 5.3. Reported purity was > 95% by SDS-PAGE. Ultrapure water was produced by a
Milli-Q equipment (Millipore, Bedford, MA, USA) and the Chromafil® Xtra PVDF syringe
filters (0.2 um) were obtained from Macherey-Nagel (Duren, Germany). The physico-
chemical properties of the fragment library, such as aqueous solubility and global charge at
pH 7.4, were computed by MarvinSketch 19.27 (ChemAxon Ltd., Budapest, Hungary).

2. Samples stock solutions

Stock solutions of the tested molecules were prepared at 50 mM in DMSO and stored at -
80°C, protected from light. To prepare the contaminated reference compounds, the mass of
reference compound to obtain a stock solution of 50 mM was calculated and 5% of the mass
was replaced by Zn?* or Cu?",

3. Virtual high throughput screening

Schrédinger Maestro 2019-2 software package (LLC, New York, NY) was used for the
structure-based virtual screening. A virtual library of 2858 referenced drugs was optimized
and energetically minimized via OPLS3 force field algorithm implemented in the LigPrep
module of Schrédinger suite. The Epik tool was used to predict the ionization states of the
ligands at pH 7 £ 2 and to generate tautomers. Salts were then removed and all
stereoisomers were generated. The prepared 3D structures were saved as maestro format.
X-ray crystal structure of B-FXlla complexed with BZM (PDB ID: 6B74) [35] was imported
from RCSB Protein Data Bank (http://www.rcsb.org/). PrepWiz module included in
Schrddinger suite performed the protein preparation of 6B74. The protein was first
preprocessed to assign the bond orders. Water molecules implicated in less than three H
bonds with the protein were deleted. The ligands were docked using GLIDE v8.3 docking
with standard precision (SP) mode.

4. Chromogenic FXlla assay

4.1. Instrumentation

All activity assays were performed on a multi-mode microplate reader SpectraMax iD3
(Molecular Devices, San Jose, CA, USA) operated by SoftMax Pro version 7.0.3 (Molecular
Devices, San Jose, CA, USA). The instrument is equipped with plate shaking, injectors and
temperature control system (5°C above the ambient temperature to 66°C + 1.0°C).
Transparent 96-well flat-bottom polystyrene NBS microplate (Product No. 3641) were
provided by Corning (New York, USA).
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4.2. Procedure

Stock solutions of the tested compounds were diluted at 33.33 mM with DMSO. The kinetic
buffer was made up of 30 mM HEPES, 150 mM NaCl and 0.005% Triton-X-100, adjusted at
pH 7.4 with 1 M NaOH. 6 pL of tested compound in DMSO (or DMSO alone), 10 pL of
human B-FXlla (290 nM), and 164 pL of the kinetic buffer are mixed for 5 sec and incubated
for 10 min at 37°C. 20 uL of 2.5 mM S-2302 are then injected in each well to start the
reaction. The release of para-nitroaniline is recorded for 3.5 minutes at 405 nm. Between
each absorbance read, the plate is shaken for 1 sec. For the determination of inhibition
constant (K;), the concentration of S-2302 injected was varied (54.7 uM, 109.4 uM, 218.8 pM,
437.5 pM, 875 uM, 1.75 mM, 3.5 mM, and 7 mM).

4.3.  Data analysis

For the treatment of activity data generated during screening, SoftMax Pro 7.0.3 (Molecular
Devices, San Jose, CA, USA) was used to extract the slope of the kinetic reaction between
15 s and 200 s and to transform it in inhibition percentage by Equation 1.
Inhibition (%) = (1-2).100 (Eq. 1)

0
where v; and vp are the slope of the kinetic reaction with an inhibitor and with the vehicle
alone, respectively.
To determine the inhibitory potency (ICso), the 4-parameters logistic curve fit algorithm of
SoftMax Pro 7.0.3 (Molecular Devices, San Jose, CA, USA) was forced in a 2-parameters
logistic (Equation 2) by fixing the two horizontal asymptotes at 0% and 100% inhibition, as

recommended by Copeland [36].

1
1+(%)
where [1] is the concentration of the inhibitor and h is the Hill slope.

The analysis of kinetic data for the determination of K; was performed using the program
DynaFit version 4.08.148 [37]. The initial reaction rates were determined by non-linear
regression on the progress curves using the hybrid Trust-Region algorithm. To determine K;,
the initial reaction rates were then fitted to four inhibition mechanisms (competitive,
uncompetitive, noncompetitive and mixed) under rapid-equilibrium approximation using the
hybrid Trust-Region algorithm. Statistical model discrimination analysis was performed using
the Bayesian Information Criterion (BIC) and the Akaike Information Criterion (AIC) to select
the inhibition mechanism.

Inhibition (%) = 1—

- |.100 (Eq. 2)

5. Partial-filling affinity capillary electrophoresis (pf-ACE) method

5.1. Instrumentation

All CE experiments were performed on a Hewlett Packard 3°Capillary Electrophoresis system
(Agilent Technologies, Waldbronn, Germany) operated by Agilent OpenLab CDS C.01.07
(27) software. The instrument was equipped with an autosampler, an on-capillary DAD and a
temperature control system (15-60°C * 0.1°C). Bare-fused silica capillaries (75 pm 1.D., 375
pm O.D.) were provided by Polymicro Technologies (Phoenix, AZ, USA). In the optimal
conditions, the effective and the total lengths of the capillary were 24.5 cm and 33 cm,
respectively. During analysis, the capillary cassette was thermostated at 25°C by high-
velocity air stream.
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5.2.  Coating procedure and rinsing procedure

The capillary was PEO-coated according to Farcas et al.[27]. Briefly, new capillaries were
rinsed by successive flushes with H.O, 1 M NaOH, 0.1 M NaOH, and H,O (5 min each). The
coating was then applied by flushing successively with H.O (5 min), 1 M NaOH (5 min), 1 M
HCI (10 min), H>O (10 min), 0.2% PEO (5 min), and H2O (5 min). Each day, the dynamic
coating was regenerated by successive flushes of H,O (5 min), 1 M HCI (5 min), 0.2% PEO
(5 min). Before each run, the coating was also regenerated by flushing H>O (3 min), 1 M HCI
(3 min), 0.2% PEO (5 min), and background electrolyte (BGE) (2 min). After each run with 3-
FXlla, a pressure of -100 mbar was applied at the inlet during 2 min, followed by a flush of
BGE (2 min). After 6 runs with B-FXlla, the 2 M HCI rinsing procedure reported by Suratman
et al. [38] was performed. After each run without B-FXlla, the capillary was flushed with BGE
during 2 min. Flushes correspond to the application of approximately 1 bar at the inlet vial.
The 0.2% PEO solution was prepared in water containing 0.1 M HCI.

5.3.  Preparation of buffers and samples

The final BGE was composed of an acetate buffer (4 mM acetate sodium, 150 mM NacCl,
adjusted at pH 5.3 with 0.1 M H3PO,) and a Tris-HEPES buffer (10 mM Tris HCI, 10 mM
HEPES-Na, 100 mM NaCl, adjusted at pH 7.4 with 0.1 M H3PO,) in 1:2 (v/v). Before the
experiment, the stock solutions were diluted with BGE to obtain an approximative
concentration of 75 uM, followed by a 10-fold dilution with H,O (7.5 uM final concentration).
The stock solution of B-FXlla (37.44 uM in the acetate buffer) was 3-fold diluted with the Tris-
HEPES buffer containing 0.05% Tween 20 to reach the final concentration of 12.5 pM.

5.4. Determination of complex dissociation constant

The selected ligands were kept at 7.5 uM, while the B-FXlla plug length was varied (0, 3.6,
6.4, 13.7, and 19.6 cm). 12.5 uM B-FXlla was first injected hydrodynamically at 80 mbar for
0, 8, 14, 30, or 43 sec. Then the ligand was injected at 20 mbar for 5 sec, followed by a short
plug of BGE (injected at 20 mbar for 3 sec). The applied voltage was set at 3 kV. PABZM
and pentamidine were detected at 290 nm and 260 nm, respectively. Each condition was
done in duplicate. The complex dissociation constant (Kp) of PABZM and pentamidine were

determined according to Equation 3 reported by Nilsson et al. [39]:

A _ mrllaer dAM; _ 2

Ko~ Mpoge " an wheren = ¢.m.7%. Ly, (EQ. 3)

where r is the inner radius of the capillary (dm), Mw.det iS the migration time of the ligand in
pure BGE (min), AM; is the difference in migration time of the ligand with and without loaded
protein (min), n is the amount of protein (mol), lqe is the effective length of the capillary (dm)

and lyyg is the plug length (dm).

The Iy is calculated by the Equation 4:
tpiu
lplug = ldet-% (Eq. 4)
where log, ldet, toiug, @and taer are the plug length (dm), the effective length (dm), the protein
injection time (min), and the time to reach the detector (min), respectively.

The time to reach the detector was determined by measuring the time necessary to observe
a jump in absorbance after the application of 80 mbar to a vial containing 12.5 uM of B-FXlla.
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5.5.  Conditions for library screening

12.5 uM B-FXlla was first hydrodynamically injected at 80 mbar for O or 43 sec. Then the
screened compound was injected at 20 mbar for 5 sec, followed by a short plug of BGE
(injected at 20 mbar for 3 sec). The mobility of the analyte (ua) was determined in the
capillary only filled with BGE. In partial-filling, the mobility observed in the capillary partially
filled with B-FXIla (Uobs) is not equal to the effective mobility inside the B-FXlla plug (Uaer).
Based on the following Equation 5 described by Ansorge et al. [34], Haerr Was calculated

considering that the EOF is equal to zero (due to the PEO coating).
(vatusor)-(MaerftUEOF—HB)
(Maefr+upor—up)+x.(La—taeff)
If ueor = 0, Us = WL and the equation becomes:
Ha-(Maeff—HL)
Hobs = (HA,eff_IJL)‘H{-f(HA_HA,eff) (Eq' 6)
After rearrangement:

_ Hobs-HL—Ha-(X:-HobstHL)
uA'eff - (1_x)-UObs_uA (Eq 7)

Bound fraction (% - Equation 8) was then used to rank the fragments. Because we were
working with proteins and small molecules, the mobility of the complex (ucp) can be
approximated by the mobility of the protein alone (u.).

Bound fraction (%) = W. 100% where pg, =y, (EQ. 8)
cpl™HA

Hobs = where g =, + pgor (EQ. 5)

To determine p, 12.5 yM B-FXlla was hydrodynamically injected at the outlet by applying -20
mbar at the inlet vial for 5 sec, followed by a short plug of BGE (injected at -20 mbar for 3
sec). The applied voltage was set at 3 kV. B-FXlla was detected at 230 nm.

5.6. Data treatment

The migration time were determined by CEVal software version 0.6h7 [40] using the
Haarhoof Van der Linde fit to take into account peak distortion. The electrophoretic mobilities
(in 10°.m2.V1.s?1) were then calculated by applying Equation 9:

w= Leetlersr) 409 (Eq. 9)

V.M,
where Lit and Let are the total and effective length of the capillary in m, V is the voltage
applied in V and M is the migration time in sec.

Linear regression for the determination of complex dissociation constant (Kp) and statistical
analysis were made with Microsoft Office Excel 2016 (Microsoft, Redmond, WA, USA).
Regarding error propagation, the general Equation 10 was used:

or =2 (&) 0% (Eq.10)

6xi

6. Identification of the metallic contaminant by CE

The identification of the metallic contaminant was performed using a bare-fused silica
capillary of 50 um 1.D. (Polymicro Technologies, Phoenix, AZ, USA). The effective and the
total lengths of the capillary were 40 cm and 48.5 cm, respectively. During analysis, the
capillary cassette was thermostated at 25°C by high-velocity air stream. The BGE consists of
10.8 mM sodium borate, 5 mM CDTA, 10% ethanol (adjusted at pH 9 with 1 M NaOH). Each
day, the capillary was rinsed by successive flushes of 1 M NaOH, H-O, and BGE (10 min
each). Before each run, the capillary was preconditioned by flushing BGE with 25 mM
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sodium dodecyl sulfate and BGE (3 min each). Samples were first dissolved in a
mineralization solvent (65% nitric acid: 5 M HCI; 20:80) and then 50-fold diluted with the
dissolution solvent (0.05% DMF, 7 mM CDTA in water adjusted at pH 4 with 2 M HCI). For
the selectivity profiling, the twelve metal elements were injected at 3 mM concentration. For
spiked samples, 1.5 mM of Zn?* were added. Samples were hydrodynamically injected in the
capillary at 20 mbar for 5 sec, followed by a short plug of BGE (injected at 20 mbar for 3
sec). The applied voltage was set at 20 kV. Metals were detected at 200 nm with 550 nm as
reference wavelength.

Results and discussion

1. Implementation of reference compounds

To develop the pf-ACE method as a fragment screening methodology, reference compounds
with fast equilibrium were needed across the uM-mM range of affinity. For FXlla, this type of
molecules is poorly described in the literature. Only the inhibition constant (K;) of BZM was
previously reported (BZM K; on B-FXlla = 1.12 mM at pH 7.2) [41]. This fragment was also
crystallized in the active site of FXlla (PDB ID: 6B74) [35]. A similar serine protease inhibitor
is p-aminobenzamidine (PABZM) but its K; on B-FXlla was not previously reported. We thus
determined the K; of PABZM by chromogenic assay (see section 4, Table 1, and Figure S1A)
(PABZM K; on B-FXlla = 163.2 = 0.5 uM with a competitive behavior). In our previous
coumarin series, phenylguanidine (PhGu) was highlighted as a key feature [17]. This
fragment was evaluated and exhibits a very weak affinity (see Table 1). Overall, a compound
with a low uM affinity was still missing. Nafamostat was first considered. Nevertheless, a
non-ideal kinetic behavior was suspected based on mechanistic studies performed on bovine
pancreatic trypsin [42]. The slow reversibility of nafamostat on FXlla was confirmed by jump-
dilution experiment (see Figure S2). Without potent compound with an adequate behavior,
we decided to carry out a virtual high throughput screening on referenced drugs. Among
them, pentamidine obtained the best docking score (-10.883). Its Ki was determined at 12.4 +
0.1 uM with a competitive behavior (see Table 1 and Figure S1B).

2. Initial ACE method selection

To minimize exosite binding [43] and protein-silica wall interactions, we decided to work with
the B form of FXlla. B-FXlla is a physiological form of FXlla which lost the non-catalytic
domains found in a-FXlla, including those required for the binding to negatively-charged
surfaces [1,44]. Some of these non-catalytic domains carry continuous patches of positively
charged residues which could entail a-FXlla adsorption to silica by Coulomb interactions with
SiO" [44,45]. These functional patches are not present in B-FXlla [1].

As an objective, we established that the CE method needs to discriminate PABZM from BZM
in terms of bound fraction. In our medicinal chemistry program, we are searching for
fragments with higher affinity than the already known BZM. We started with a previously
developed method for thrombin [27], but the direct transposition of the method was not
achievable. First, the 25 uM target concentration cannot be reached for practical reasons.
Secondly, FXlla is a negatively-charged protein [46] in the operating conditions, as confirmed
by its migration measured by CE. Therefore, the mathematical model used for effective
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mobility calculation was modified according to Ansorge et al. [34] to integrate the charge of
the target (see Materials and Methods).

3. pf-ACE method optimization

3.1. Sample injection and stacking

In experiment ran without target, the initial method showed large sample peaks with low
intensity, inducing detectability issues with low UV-absorbing compounds. We also observed
lack of repeatability in the applied pressure during injection. As described by Nilsson et al.
[39], we investigated a longer injection time as well as sample stacking and inserted a short
plug of BGE after the sample plug to prevent diffusion back to the anode. Each condition was
made in triplicate with PABZM as analyte (see Table 2A). The RSDs of the migration times
were similar for the tested conditions. The procedure with the longer injection time and the
sample stacking provided better results with RSD value of 0.5% for AUC and was selected
for further developments.

3.2.  Protein plug length and rinsing procedure

With a target plug length of 5 cm, the calculated bound fractions were significantly different
between pentamidine and PABZM but not between PABZM and BZM, leading to a limit of
detection in affinity between 10 and 100 uM approximately. Under the condition that the
mobility of the complex is equal to the mobility of the target alone, the effective mobility
becomes a function of the total target load only (in moles) [34,39]. This assumption can be
assumed with small molecules and big targets like proteins [34]. To improve discrimination
without increasing target concentration, we varied the protein plug length. In the initial
configuration (capillary 75 pum x 48.5 cm total length with injection at the short-end), the
protein plug length could not be extended. Using a capillary of 33 cm total length (24.5 cm
effective length) instead of 48.5 cm (40 cm effective length), we could expand 4-fold times
the target plug length (20 cm instead of 5 cm), allowing the discrimination of PABZM from
BZM. Moreover, rinsing procedures were reinvestigated [38,47]. Sodium hydroxide was
excluded because it removed the PEO-coating and 2 M hydrochloric acid provided the best
results (see Table 2B). Finally, 0.05% Tween® 20 was also added in the protein dilution
buffer (10 mM Tris HCI, 10 mM HEPES-Na, 100 mM NacCl, pH 7.4) in order to minimize
protein aggregation [48]. Altogether, the electrophoretic mobility of 56 controls during 7 days,
performed in-between 21 runs with FXlla, showed RSD of 1.8% (see Table 2B).

3.3.  Buffer composition and applied voltage

The composition of the BGE was also adjusted. Polyethylene glycol 6000 was removed
because it was reported that high molecular weight polyethylene glycol interacts with protein
in aqueous solution and induces conformational changes [49]. Moreover, we also observed
that longer plug length generated higher current at the same voltage. This observation
suggested an inhomogeneous conductivity between the FXlla plug and the BGE. Using the
PeakMaster 6.0f8 program [50], computed conductivity of the FXlla plug buffer and the BGE
were estimated at 1.333 S/m and 1.202 S/m, respectively. This result supported that the
buffer of the commercial FXlla solution (4 mM acetate sodium, 150 mM NaCl, pH 5.3) has a
significant impact on FXlla plug conductivity. To mimic as closely as possible the
composition of the FXlla plug, the sodium acetate buffer was mixed with the previous BGE
(10 mM Tris HCI, 10 mM HEPES-Na, 100 mM NaCl, pH 7.4) in the same proportion (acetate
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buffer:Tris-HEPES buffer 1:2). The final BGE was then composed of 1.33 mM sodium
acetate, 6.67 mM Trizma® hydrochloride, 6.67 mM HEPES sodium salt, and 117 mM sodium
chloride. Its pH was measured at 7.4. With this modification, similar currents were generated
within the different plug lengths. However, because of the increase in BGE conductivity, we
had to check if the heat dissipation was still adequate by performing an Ohm’s law plot. The
current increased linearly between 0 and 3 kV, indicating an adequate heat dissipation in this
range (see Figure S3). The slopes of the linear regression between 0-2.5 kV and 0-3 kV are,
respectively, 18.4 and 18.4 while the slopes between 0-3.2 kV, 0-3.5 kV, and 0-4 kV are,
respectively, 18.6, 18.7 and 19.0. Therefore, to avoid excessive Joule heating, the applied
voltage was set at 3 kV, the latest point that do not increase the slope.

4. Determination of complex dissociation constant by pf-ACE

It could be observed that the binding of pentamidine leads to a peak broadening (Figure 2).
In ACE, it is common that electromigration dispersion (EMD) is generated by the binding of
the analyte to the target [51-53]. Indeed, we observed an increase in the peak width with the
target plug length. At a virtually infinite target concentration, the analyte is fully bound to the
target, no matter the analyte concentration [52]. At lower target concentration, the bound
fraction of the analyte depends on its concentration in the sample zone. The dependance of
the analyte concentration on its local bound fraction is strong when the analyte possess an
high affinity for the target and when the ratio target/analyte is low [52,53]. As illustrated in
figure S4, the stronger the fragment binds, the broader the peak. Even if EMD distorts the
peak, the effective electrophoretic mobility is not affected. However, the electrophoretic
mobility cannot be assigned at the peak apex anymore [40,51,54]. EMD-distorted peaks are
accurately described by the Haarhoff-Van der Linde function [51]. Therefore, to correct the
bias in the migration induced by EMD, we systematically performed a peak fitting with this
function and extract the al parameter as migration time (see Materials and Methods and
Figure S4) [40,51,54].

To confirm that our method follows interactions accurately, the Kp of PABZM and
pentamidine were evaluated according to Nilsson et al. [39] (see Materials and Methods). As
illustrated in Figure 2, the target plug length was varied and the shift in migration time
increased linearly with the molar amount of FXlla. Kp was determined from the slope of the
linear regression. As shown in Figure 2 and in Figure S5, the Kp was measured at 149 + 14
UM for PABZM (competitive inhibitor with Ki measured at 163.2 + 0.5 uM by chromogenic
assay) and 6.30 £ 0.07 pM for pentamidine (competitive inhibitor with K; measured at 12.4 +
0.1 uM by chromogenic assay). Dissociation constant Kp and inhibition constant K; strongly
depends on the assay conditions, such as temperature, ionic strength, pH, and concentration
of aprotic solvent [36]. Ki is determined through inhibition kinetics, while Kp is determined
through a more direct measure of the binding [55]. All these factors could contribute to the
discrepancy among the values obtained with both methods.

5. Library screening
After establishing the reliability of our approach, a library of 24 fragments were screened by
the chromogenic assay and the developed pf-ACE method. Figure 3 displays the screening
results obtained. To rank fragments, calculated bound fraction and inhibition percentage
were used for pf-ACE and the chromogenic assay, respectively (see Materials and Methods).
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5.1. Threshold for activity and affinity determination

In pf-ACE, each fragment was tested with and without target the same day. During the
screening, 121 controls, consisting of BZM migration time monitoring, were passed on three
different capillaries and the RSD was below 1.6% (see Table 2C). Within the same day, the
RSD of the controls was below 1.1% (see Table 2C). For chromogenic FXlla assay, the RSD
of the control inhibition percentage (125 uM PABZM) was 10.3%. The thresholds were set at
three-fold the intra-day RSD of ACE controls (threshold at 3.3% for pf-ACE) and at three-fold
the RSD of control inhibition percentages (threshold at 30.9% for chromogenic assay). On
this basis, the affinity (in Kp) and the activity (in K;) required to obtain a significant signal was
estimated approximately at 400 uM for pf-ACE and 1 mM for chromogenic assay,
respectively.

5.2.  Comparison of pf-ACE and chromogenic assay screening

As illustrated by Figure 3, a good correlation was observed between pf-ACE and the
chromogenic assay results. Major differences were noticed with the compounds 1, 2, and 3.
They exhibit a high ranking in the chromogenic assay but are under or near the threshold in
pf-ACE. It is also important to mention that compound 4 interferes with spectrophotometric
detection in chromogenic FXlla assay. At 1 mM, the yellow color of compound 4 saturates
the spectrophotometric detector which masks the liberation of para-nitroaniline. When the
liberation of para-nitroaniline cannot be accurately recorded among time, it is impossible to
determine if an inhibition of its release effectively occurs. Therefore, compounds absorbing at
405 nm induce uninterpretable results in the chromogenic assay. On the other hand, pf-ACE
was able to evaluate compound 4 thanks to the separation before the detection.

5.3. Identification of the contaminant which leads to false positives

To explain the discrepancy between some results, we hypothesized that low concentrations
of divalent metallic cations could interfere with the chromogenic assay. Indeed, zinc was
previously reported as a common contaminant of Roche screening compounds which leads
to false positives in many assays [56] and as an inhibitor of FXlla amidolytic activity [57]. The
chromogenic assay and pf-ACE were challenged by introducing 5% (w/w) metallic impurity
(Zn?* and Cu?*) in PABZM and PhGu samples. As can be seen in Table S1, the calculated
bound fractions obtained by the pf-ACE method were unaffected by the metallic
contamination. But the chromogenic FXlla assay showed a large increase in their inhibition
percentages, particularly for PhGu. The ICso of PhGu was 34-fold decreased by the 5% (w/w)
Zn?* (see Figure S6). After confirmation that only the chromogenic assay is impaired, the
inhibition percentage at 1 mM and the ICso were reevaluated in the presence and absence of
1 mM EDTA. The inhibition percentages at 1 mM of compounds 1, 2, and 3 were reduced by
30.7%, 32.6%, and 53.0%, respectively. Figure 4 shows that the 1Cso of compound 3 shifted
with the addition of 1 mM EDTA while the I1Cso of PABZM remained unaffected. The addition
of 1 mM EDTA also unmasked steep Hill slopes in the ICso of compounds 1 and 2 (see
Figure S7 and S8). This results suggested a promiscuous inhibition [58].

The metal element was identified by capillary electrophoresis using pre-capillary CDTA
complexation. Twelve metal elements were evaluated (see Figure S9). Four metal elements
(Zn?*, Pd?*, Pb?*, and Ni?*) co-migrated but has distinctive UV spectra (see Figure S10).
Based on electrophoretic mobility and UV spectrum of the peak observed in compounds 1-3,
zinc contamination was suspected and then confirmed after spiking the samples with Zn?".
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Indeed, in the three samples, the UV spectrum of the metallic contaminant was not modified
(see Figure 5, S11 and S12).

5.4. Impurity profiling of the fragment library

Besides metallic contamination, reactive intermediates could also lead to misleading results
in a fragment screen. If the screening is performed at 1 mM in chromogenic assay, a 1%
impurity will reach a concentration of 10 uM and could compromise the results in the
chromogenic assay. To evaluate the number of compounds with potential purity issues in our
small library, the samples were tested by UHPLC coupled to a mass spectrometer in scan
mode as detector. 13 compounds of the 28 showed at least one additional peak beside the
main peak (see Table S2). As highlighted with our small library, low-level impurities is a
common FBLD pitfall and it is highly recommended to validate fragment hits with a
orthogonal technique before engaging significant resources [23]. Thanks to its separative
character, pf-ACE is less affected by sample contaminants and is suited for fragment cross-
validation, as demonstrated by the detection of three false positives due to zinc
contamination.

5.5. Medicinal chemistry perspective

Analyzing the screening results from a medicinal chemistry perspective afford some
interesting insight around the BZM fragment. The best substitutions on the benzene ring
were the introduction of chloride in meta position (compound 5) and amino in para position
(PABZM). Modulations on the aromatic ring indicated that fused bicyclic aromatic rings are
preferred. The three best aromatic rings were quinoline (compound 6), naphthalene
(compound 7), and benzofuran (compound 8). Interestingly, the introduction of a nitrogen on
the naphthalene ring next to the amidine has a positive effect (compound 6 compared to
compound 7) while a loss of activity was observed with the substitution of the carbon in
position 3 by a nitrogen on the benzene ring (compound 9 compared to BZM). The ICsq of
compounds 6, 7, and 8 were, respectively, 298 (x 12) uM, 633 (x 29) uM, and 812 (+ 40) uM.
A 2-fold improvement was observed when a hydroxy group is added in para position on
compound 7 (compound 10 — ICso = 387 £ 10 uM). Dicationic compounds, pentamidine and
compound 4, were the most potent of the library. The ICso of compound 4 is 114 (+ 3) uM.

6. Conclusion

Chromogenic assays are high throughput and straightforward to establish but they produce a
significant number of false positives. The results presented in this paper demonstrate that the
chromogenic FXlla assay is sensitive to spectrophotometric interferences and the presence
of a low-level metallic impurity. The zinc contamination led to three false positives. The
evaluation of the fragments’ purity showed that 46% of our library had at least one additional
peak beside the main peak detected in UHPLC-MS. Very high purity is commonly not
achieved and could generate misleading structure-activity relationships. Hence, cross-
validation by orthogonal techniques is essential before starting synthetic efforts to avoid
wasting time and resources. Our study showed that pf-ACE can be used for positively-
charged fragment counter-screening. The technique is unaffected by metallic contamination
and highly UV/Vis-absorbent compounds. Moreover, pf-ACE detects binding at fragment
concentration below their Kp and only low pM fragment concentration is necessary.
Therefore, pf-ACE is less subject to solubility and aggregation issues. Although less sensitive

12


https://doi.org/10.1016/j.talanta.2021.122163

https://doi.org/10.1016/j.talanta.2021.122163

in our set-up, the separative character and the low fragment consumption make the pf-ACE
method powerful for the cross-validation of fragment hits.
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Legend to figures

Figure 1: Partial-filling ACE principle. At the beginning of the analysis (To), the analyte is
at one end of the capillary and a part of capillary is filled with the target-spiked buffer. Upon
voltage application (T1), the analyte migrates through the target plug and a binding
equilibrium occurs. At the end of the analysis (T2), the analyte comes out of the target plug
and reaches the detector in the target-free buffer. Therefore, the observed electrophoretic
mobility of the analyte (Uobs) at the end of the analysis is the results of the effective analyte
mobility inside the plug (Maer) and the analyte mobility (ua). The effective mobility inside the
plug is a weighted average of the analyte mobility (ua — unbound fraction) and the complex
mobility (ucpi — bound fraction). The blue and orange parts of the capillary are, respectively,
the analyte and target plugs.

Figure 2. Kp determination for pentamidine-FXlla interaction: (A) Electropherograms
obtained with different FXlla plug length and (B) Plot of the pentamidine migration
times against the amount of injected B-FXlla (in mol). The equation of the linear
regression is y = 1.87.10% x — 0.21 and the R-square is 0.999. Based on the slope of this
linear regression, Kp was determined at 6.30 + 0.07 pM.

Figure 3. Screening results from pf-ACE (x value) in comparison with chromogenic
FXlla assay (y value). The lines tagged as threshold fixed the minimal signal needed to
consider the compound as active.

Figure 4. ICso of compound 3 (A) and PABZM (B) with and without 1 mM EDTA in the
buffer. The ICso of compound 3 without and with 1mM EDTA are, respectively, 713 + 23 uM
(Hill slope = 1.06) and more than 3000 uM. The ICso of PABZM without and with 1mM EDTA
are, respectively, 457 + 13 uM (Hill slope = 1.06) and 436 + 7 uM (Hill slope = 0.998).

Figure 5. Electropherograms of compound 3 (in black) and compound 3 spiked with

1.5 mM Zn?* (in red). The insert compares the UV spectrum of compound 3 (in black) and
Zn?*-spiked compound 3 (in red) with those obtained with zinc (in blue) and nickel (in green).
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Table 1. Reference compounds and their inhibition potency on FXlla evaluated by the
chromogenic assay. PABZM: p-aminobenzamidine. BZM: benzamidine. PhGu: phenylguanidine.
ICso: inhibitory concentration at 50%. Ki: inhibition constant. Sp: standard deviation. NT: not tested.

Bound Inhibition

Compounds Structure fraction KE’ T\A)SD at ImM SIC?OI\i/I) K(‘ iM?D
£Sp(%) £Sp (%) °W H

e P
bentamidne o . 663 630 98 31.9 12.4
*02) (£007) (x7) *07)  (x0.1)
- 8.0 149 69 457 163.2
PABZM HN} < > s 01) (+14) *7) *+13)  (£05)
. 1.6 34.4 2377
BZM HN/>_© 03 NT (+0.8) (+ 84) NT®
NH
HQN% 0.34 3.4 16900
PhGu HNO o3 NT *01)  (667) NT

2Reported by Tans et al.[41] at 1.12 mM (pH 7.2)
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Table 2. Investigations of the method precision. (A) Sample injection procedure (n = 3; B-FXlla
exposition = 0; Lt = 30 cm, Lett = 21.5 cm; V = 4 kV). (B) Rinse protocol. (C) Precision obtained
during screening. AUC: area under the curve. BGE: background electrolytes. Mt: migration time. RSD:
relative standard deviation. Sp: standard deviation. p: electrophoretic mobility.

A
Sample injection Sambole solvent Mt (min) AUC
procedure P Mean £ Sp RSD % Mean + Sp RSD %
50 mbar samble for 25 BGE 7.9+0.03 0.3 10.9+£0.21 1.9
P Diluted BGES 7.8 £0.02 0.2 10.7 £ 0.61 5.7
20 mbar sample for 5s BGE 7.8 +0.02 0.2 10.9£0.36 3.3
20 mbar BGE for 3s Diluted BGE® 7.8+0.02 0.3 10.4 £ 0.05 0.5
SDiluted BGE corresponds to the BGE 10-fold diluted with water.
B
i -9 2\/1e-1
Rinse protocol Number of [’;IPFT(ﬁ:r ° (i) H(LOEMEVES)
runs (n) exposition Mean = Sp RSD % Mean = Sp RSD %
None? 7 3 10.0+£0.31 3.1 348+1.1 3.0
SDSP 7 3 10.3 £ 0.68 6.6 33.7+22 6.7
2M HCI° 56 21 11.3+0.21 1.9 34.0 £ 0.63 1.8

8 (Lot =30 cm, Leff = 21.5 cm; V = 3.1 kV)

b Rinse protocol described by Lloyd et al.[47] applied after each B-FXII exposition (Lwt = 30 cm, Leff = 21.5 cm;
V=3.1kV)

¢ Rinse protocol described by Suratman et al.[38] applied after every 3 B-FXlla exposition (Liwt = 33 cm, Left =
24.5cm; V =3.5kV)

C
) ) ) Mt (min) u (10°.m2Vv-ish
Quality controls during screening Mean * Sp RSD % Mean * So RSD %
Intra-day (n =5) Highest RSD 13.2+0.15 11 34.1+£0.38 1.1
Inter-day (n = 121) 12.9+0.21 1.6 34.8 £ 0.56 1.6
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Figure 2: Partial-filling ACE principle. At the beginning of the analysis (To), the analyte is
at one end of the capillary and a part of capillary is filled with the target-spiked buffer. Upon
voltage application (T1), the analyte migrates through the target plug and a binding
equilibrium occurs. At the end of the analysis (T2), the analyte comes out of the target plug
and reaches the detector in the target-free buffer. Therefore, the observed electrophoretic
mobility of the analyte (Uobs) at the end of the analysis is the results of the effective analyte
mobility inside the plug (Uaer) and the analyte mobility (ua). The effective mobility inside the
plug is a weighted average of the analyte mobility (ua — unbound fraction) and the complex
mobility (Lcpi — bound fraction). The blue and orange parts of the capillary are, respectively,
the analyte and target plugs.
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Figure 2. Kp determination for pentamidine-FXlla interaction: (A) Electropherograms
obtained with different FXlla plug length and (B) Plot of the pentamidine migration
times against the amount of injected B-FXlla (in mol). The equation of the linear
regression is y = 1.87.10% x — 0.21 and the R-square is 0.999. Based on the slope of this
linear regression, Kp was determined at 6.30 + 0.07 pM.
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Figure 3. Screening results from pf-ACE (x value) in comparison with chromogenic
FXlla assay (y value). The lines tagged as threshold fixed the minimal signal needed to

consider the compound as active.
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Figure 4. ICso of compound 3 (A) and PABZM (B) with and without 1 mM EDTA in the
buffer. The ICso of compound 3 without and with 1mM EDTA are, respectively, 713 + 23 uM
(Hill slope = 1.06) and more than 3000 uM. The ICs, of PABZM without and with 1mM EDTA
are, respectively, 457 + 13 uM (Hill slope = 1.06) and 436 + 7 uM (Hill slope = 0.998).
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Figure 5. Electropherograms of compound 3 (in black) and compound 3 spiked with
1.5 mM Zn?* (in red). The insert compares the UV spectrum of compound 3 (in black) and
Zn?*-spiked compound 3 (in red) with those obtained with zinc (in blue) and nickel (in green).
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