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Keywords: We analyzed the thermodynamics of binding of cocaine and several cocaine metabolites to a humanized anti-
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titration calorimetry. The calculated equilibrium dissociation (binding) constants were consistent with previous
findings using other methods. All three ligands that display high affinity (nM) binding to the mAb (cocaine,
cocaethylene, and benzoylecgonine) displayed similar enthalpically driven binding with substantial enthalpy-
entropy compensation. The increased affinity of the cocaethylene metabolite compared to cocaine and ben-
zoylecgonine is mostly attributable to a substantially less negative entropic binding component for cocaethylene,
resulting in a more favorable binding energy, and thus, a higher affinity. The much lower affinity cocaine me-
tabolites, norcocaine and ecgonine methyl ester, have much lower binding enthalpies than the high affinity li-
gands, and in contrast to the three high affinity ligands, have favorable (positive) entropic thermodynamic
components of binding. Surprisingly, approximately 3.7 molecules of norcocaine are bound per mAb Fab site, as
determined by isothermal titration calorimetry. This is in contrast to the three high affinity ligands, which bound
with the expected stoichiometry of one drug molecule bound per one mAb Fab site. The results are discussed in
relation to the previously published Fab:benzoylecgonine crystal structure for this h2E2 mAb, and compared to
the isothermal titration calorimetry results published previously using an unrelated anti-cocaine mAb, mAbO08.

the intact mAb and its fragments [8], as well as mAb Fab fragment
sub-domain ligand-induced stabilization [9]. Recently, we demon-
strated that oxidation of tryptophan residues located in the h2E2 mAb
drug binding site abolished high affinity binding [10].

In addition, we determined the structure of the h2E2 mAb Fab
fragment, both in the presence and absence of co-crystallized benzoy-
lecgonine (BE) ligand [11]. The crystal structure obtained was consis-
tent with previous data concerning the involvement of multiple tyrosine
and tryptophan residues in the cocaine binding pocket. However, the
structure containing co-crystallized benzoylecgonine did not explain the
previously noted differences in the mAb affinities (Kds) for the three
high affinity ligands (CE, cocaine, and BE), because the carboxylate
group on the co-crystallized BE molecule was shown to have no direct
contacts with any amino acid residues in the mAb Fab binding site. Thus,
the molecular extensions (i.e., esterifications) of this carboxylate group
which differentiate cocaine (a methyl ester) and cocaethylene (CE, an
ethyl ester) from BE, are also predicted by the BE-mAb crystal structure
to have no interactions with the Fab binding site, and therefore should

1. Introduction

As a therapy for cocaine use disorders, we have developed a high
affinity anti-cocaine mAb, named h2E2, which also binds the pharma-
cologically active metabolite of cocaine, cocaethylene (CE), and the
inactive metabolite, benzoylecgonine (BE), with high (nM) affinity
[1-3]. As part of the characterization of this potential therapeutic
antibody, we developed several assays to measure and assess the binding
of cocaine and several cocaine metabolites to this h2E2 anti-cocaine
mAD and its antibody fragments. Techniques utilized included quench-
ing of intrinsic tyrosine and tryptophan mAb fluorescence [4] and dif-
ferential scanning fluorimetry (DSF) using extrinsic fluorescent dyes [5].
We also used the fluorescent DASPMI rotor dye to assess high affinity
cocaine and cocaine metabolite mAb binding by monitoring changes in
both DASPMI absorbance [6] and fluorescence [7] upon ligand binding.
In addition, using non-reducing SDS-PAGE, we demonstrated cocaine
(ligand-induced) stabilization of the ligand binding protein domains of
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Abbreviations

mADb monoclonal antibody

h2E2 humanized anti-cocaine monoclonal antibody
Fab fragment antigen-binding

ITC isothermal titration calorimetry
PBS phosphate buffered saline

CE cocaethylene

Coc cocaine

BE benzoylecgonine

NC norcocaine

EME ecgonine methyl ester

K binding association constant
Kd binding dissociation constant
HC antibody heavy chain

LC antibody light chain

not result in the experimentally observed increases in ligand affinities
(decreased Kds) for the cocaine and CE ligands, relative to BE. However,
we recently hypothesized that cocaine and cocaethylene may have
slightly higher binding affinities to this h2E2 mAb due to additional
contacts of their esterified carboxylates with a specific tyrosine residue
located near the benzoylecgonine binding site on the mAb light chain
(contacts which are not seen in the BE-mAb crystal). This was based on
the observation that nitration of a specific tyrosine residue located near
the carboxylate of the BE molecule in the crystal structure binding site
(LC Tyr34) differentially affected the binding affinities of the three high
affinity ligands, cocaine, cocaethylene, and benzoylecgonine [12].

Isothermal titration calorimetry (ITC) has not been used routinely to
monitor the binding of antigens to antibodies, since most experimental
and therapeutic mAbs bind large protein antigens rather than small
molecules like cocaine or other drugs, making ITC thermodynamic
binding measurements involving antibodies directed against large
biomolecule antigens problematic. Nonetheless, one previous study
examined the binding of methamphetamine to the antibody developed
for its therapeutic treatment of methamphetamine abuse, using
isothermal titration calorimetry (ITC) [13]. In addition, ITC was used to
characterize the binding of cocaine to another anti-cocaine mAb (called
mADbOS8 [14]). This mAbO08 binds cocaine, BE, and CE with similar nM
affinities as observed for the h2E2 mAb, however, the mAbO8
anti-cocaine mAb binds cocaine with the highest affinity, followed by BE
and then CE [14], in contrast to our anti-cocaine mAb, h2E2, which
binds CE with the highest affinity, followed by cocaine, and then BE.
This suggests a different mode of antigen/drug binding to the two mAbs,
which could lead to different contributions of enthalpic and entropic
components driving the drug binding affinities for the two anti-cocaine
mAbs. Thus, in the present study we determined the thermodynamic
components of binding of cocaine and cocaine metabolites to the h2E2
mAb and compared these results with previous findings using the
mADbO8 anti-cocaine mAb. In addition, we attempted to interpret the
h2E2 mAb ITC binding thermodynamics to understand the reason for the
rank order of h2E2 mAD ligand affinities for cocaine, CE, and BE, in light
of the crystal structure of the Fab fragment of the h2E2 mAb determined
with bound BE [11].

2. Materials and methods
2.1. Materials

The generation, production, and purification of the h2E2 anti-
cocaine monoclonal antibody by the manufacturer, Catalent, was pre-

viously described [3]. The purity of this h2E2 mAD is estimated to be at
least 98% by SDS-PAGE, with no other proteins detectable. Fab

Biochemistry and Biophysics Reports 32 (2022) 101354

fragments of this mAb were generated by Endo-Lys-C digestion, and
purified as previously described [4]. 10 mM ligand stock solutions of
cocaine and cocaine metabolite ligands were made from solids as
described [1]. Intact h2E2 mAb, Fab fragment, and the Fc fragment of
h2E2 mAb were extensively dialyzed at 4 °C versus PBS buffer, diluted
from a PBS buffer concentrate (10X) purchased from Cambrex (Bio-
Whittaker, without calcium or magnesium, catalog number 17-517Q),
prior to ITC analysis.

2.2. Methods

All isothermal titration calorimetry (ITC) experiments were per-
formed at 20 °C using a MicroCal VP-ITC instrument. Twenty 14 pL
injections of titrant (cocaine or cocaine metabolite) were performed for
each experiment, adding to the 1.4227 ml cell sample containing h2E2
mAD or h2E2 mAb fragment or PBS buffer only, with all protein samples
and ligand titrants dissolved in 0.22 pm filtered PBS buffer. The ITC
sample cell was stirred at 329 rpm, and there was a delay of 240 s be-
tween each injection of ligand. Thermograms obtained by injection of
the respective ligands into the buffer alone were subtracted from the
mAD ITC data before fitting the corrected data to obtain the parameters
reported in the Table. The data were analyzed and fit using the one
binding site model incorporated into the Origin 7.0 software supplied
with the instrument. Kd (dissociation constant) values were calculated
by taking the reciprocal of the Origin best fitted ITC K (association
constant) values, and AG values reported in the Table were calculated
using the Origin fitted values of AH and program calculated values of
AS, and the Gibbs free energy equation, AG = AH - TAS. Approximately
100 pL of each diluted protein sample loaded into the ITC cell was used
to determine the protein concentrations of all ITC samples, using the
molar extinction coefficients of 219,500, 73,965, and 71,570 M lem™!
at 280 nm for the intact h2E2 mAb, the h2E2 Fab fragment, and the h2E2
Fc fragment, respectively. The ITC titration syringe and sample cell were
extensively cleaned and washed with mild detergent and water after
every run, as recommended by the instrument manufacturer. The
experimental errors for the binding parameters reported in the Table are
all standard deviations derived from 4 independent ITC experiments
performed with each ligand.

3. Results

Isothermal titration calorimetry (ITC) was performed to analyze the
thermodynamics of binding of cocaine and four cocaine metabolites to
the h2E2 anti-cocaine mAb in PBS buffer at 20 °C, using appropriate
concentrations of mAb and drug titrants. A summary of the results is
given in Table 1, and representative ITC data and fitting of the data to a
one site binding model are shown in Fig. 1 for the 3 high affinity (nM)
ligands, cocaethylene (CE), cocaine (Coc), and benzoylecgonine (BE).
These data are all well described by the one site binding model, with
approximately one molecule of cocaine or cocaine metabolite binding
per one Fab binding site present (see Fig. 1 and Table 1). The average Kd
values obtained via ITC are similar, but slightly larger, to those obtained
at the same temperature (20 °C) using the intrinsic tyrosine and tryp-
tophan quenching method previously described [4], with ITC Kd values
in PBS buffer of approximately 5, 8 and 54 nM for cocaethylene, cocaine,
and benzoylecgonine, respectively (see Table 1), compared to approxi-
mately 1, 4, and 20 nM for cocaethylene, cocaine, and benzoylecgonine,
respectively, using the intrinsic fluorescence quenching technique re-
ported previously [4]. The previously published fluorescence quenching
data were obtained using TBS buffer, not PBS buffer, possibly account-
ing for at least part of the small differences in measured affinities given
by the two techniques. Also shown in Table 1 are ITC binding results
obtained with 2 lower affinity cocaine metabolites, norcocaine (NC, Kd
~ 1400 nM) and ecgonine methyl ester (EME, Kd ~ 19000 nM). These
lower (uM) affinity ligands both have much less favorable enthalpies of
binding (AH) than the 3 high affinity ligands, by about 5-7 fold
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Table 1
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A summary of isothermal titration calorimetry (ITC) results in PBS at 20°C for cocaine and cocaine metabolite binding to the h2E2 anti-cocaine mAb.
Thermograms obtained by injection of the respective ligands into the buffer alone were subtracted from the mAb ITC data before fitting the corrected data to obtain the
parameters reported in the Table. The experimental errors for the binding parameters reported in the Table are all standard deviations derived from 4 independent ITC

experiments performed with each ligand.

Ligand Binding Parameter Cocaethylene Cocaine (Coc) Benzoylecgonine Norcocaine (NC)  Ecgonine Methyl Ester
(CE) (n=4) (BE) (n=4) (EME)
n=4 n=4 n=4
N (# binding sites, per Fab present) 0.922 + 0.046 0.785 + 0.032 0.901 + 0.069 3.66 + 0.07 1.90 + 0.42
K (association) (M~1) 2.31E8 + 1.3E8 1.33E8 + 1.88E7 + 3.26E6 704500 + 61375 + 25024
4.54E7 36098
AH (cal/mol) —13988 + 279 —15410 + 368 —15440 + 833 —3064 £ 150 —2336 + 452
AS (cal/mol/deg) —9.67 + 1.98 —-154+1.8 —-19.4 +£ 2.5 16.3 + 0.58 13.80 + 2.33
AG (cal/mol) —11152 + 302 —10881 + 187 —9755 + 106 —7850 £ 27 —6381 + 247
Kd (nM) 5.29 + 2.40 8.13 £2.37 54.4 £ 8.77 1422 +£ 72 18708 + 8313
RBA (relative binding affinity, relative to the Kd for 0.65 (1.00) 6.7 175 2301
cocaine)
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Fig. 1. Representative ITC data for the binding of the high affinity ligands, cocaethylene (CE), cocaine (Coc), and benzoylecgonine (BE) to h2E2 mAb at
20°C in PBS buffer, pH = 7.4. The baseline-leveled raw ITC data is the upper panel, and the fitting to the resultant titration curve using a single binding site model is
the lower panel for each ligand. The concentrations of ligands in the syringe and h2E2 mAb in the sample cell are given in the top panel, and the fitted parameters

describing the binding for each ligand are given in the bottom panels.

(Table 1). However, unlike the high affinity ligands, these lower affinity
ligands have positive (energetically favorable) binding entropies (AS).
In addition, unlike the high affinity ligands, these low affinity metabo-
lites of cocaine also have N values greater than one, i.e., more than one
ligand binds for each mAb Fab site present. Thus N ~ 2 for ecgonine
methyl ester, and N = 3.7 for norcocaine (Table 1).

To further investigate this unexpectedly high number of norcocaine
(NC) molecules binding to each h2E2 mAb, we analyzed norcocaine ITC
data that spanned different portions of the ITC binding curve, by varying
the concentration of norcocaine in the titrating syringe, and the con-
centration of mAb in the ITC sample cell. As can be seen from the
binding fitting parameters and N values for norcocaine shown in Fig. 2,
the N values (and other ITC binding parameters) obtained were not
dependent on the concentrations of NC or mAb used in each experiment.
To confirm this and assess which part(s) of the mAb bind norcocaine, we
also analyzed the intact mAb, the Fab fragment, and the Fc fragment of
the mAD using the same titrating concentration of NC, and very similar
concentrations of Fab sites or Fc fragments present in the ITC cell. These
results, shown in Fig. 3, clearly demonstrate that norcocaine is binding
only to the Fab fragment, and confirm that there are ~3.6-3.8 molecules
of norcocaine binding to each Fab fragment of the mAb. Similar ITC

experimental results were obtained using the EME metabolite, also
demonstrating no EME binding to the Fc fragment (data not shown).

To further characterize the binding of cocaine and the cocaine me-
tabolites that bind to the h2E2 mAb with high affinity, we also per-
formed ITC binding experiments using these three ligands and the Fab
fragment of the h2E2 mAb. Very similar binding parameters, stoichi-
ometries, and binding thermodynamics were obtained using the Fab
fragments as were obtained using the intact mAb, demonstrating the
lack of effect on the binding of the high affinity ligands to the mAb due
to the Fc region of the intact antibody (data not shown).

4. Discussion

There are only a few published reports characterizing mAb antigen
binding thermodynamics using isothermal titration calorimetry (ITC).
This is likely because most antibodies recognize proteins and larger
biomolecules, making binding to them less amenable to thermodynamic
binding analysis by ITC. A total of only about two dozen mAb drug
binding studies have utilized ITC, with several analyzing the binding of
peptides to antibodies [15,16]. In addition, several studies have
involved the binding of drugs by mAbs, including a methamphetamine
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Fig. 2. ITC data for the binding of norcocaine (NC) to the intact h2E2 mAb at 20°C in PBS buffer, pH = 7.4. The concentrations of NC in the titration syringe
and the concentration of the h2E2 mAb in the ITC cell were varied to generate fitted curves covering varying portions of the total binding curve. The baseline-leveled
raw ITC data is the upper panel, and the fitting to the resultant titration curve using a single binding site model is the lower panel for each condition. The con-
centrations of ligands in the syringe and h2E2 mAb in the sample cell are given in the top panel, and the fitted parameters describing the binding for each condition
are given in the bottom panels.
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Fig. 3. ITC data for the binding of norcocaine (NC) to the intact h2E2 mAb, h2E2 Fab fragment, and h2E2 Fc fragment at 20°C in PBS buffer, pH = 7.4. The

concentration of NC in the titration syringe was kept constant, and the concentration ligand binding sites for the intact mAb and the Fab fragment were very similar,
as shown in the figure. Very similar NC binding parameters were found for the intact mAb and the Fab fragment (left and center panels), while no NC binding was
detected for the Fc fragment (right panel). The baseline-leveled raw ITC data is the upper panel, and the fitting to the resultant titration curve using a single binding
site model is the lower panel for each protein analyzed. The concentrations of ligands in the syringe and h2E2 mAb in the sample cell are given in the top panel, and
the fitted parameters describing the binding for each condition are given in the bottom panels.

binding antibody [13], and a different anti-cocaine mAb than the h2E2
mAD investigated in this study, called mAbO08 [14]. Despite the paucity
of such studies, the determination and analysis of ligand binding ther-
modynamics is often important in drug discovery and drug development

[17].

We have used multiple techniques to analyze and quantitate aspects

of cocaine and cocaine metabolite binding to our h2E2 anti-cocaine mAb
under development for the treatment of cocaine use disorders [4-8].
However, none of these methods permitted estimation or calculation of
the thermodynamics of drug and drug metabolite binding to the h2E2

mAb. Therefore, we employed ITC to answer questions regarding the

enthalpic vs entropic contributions of binding for cocaine and several
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cocaine metabolites that bind with similar (nM) affinities to cocaine
(cocaethylene (CE) and benzoylecgonine (BE)), as well as cocaine me-
tabolites having much lower affinities than cocaine (i.e., pM affinities,
including norcocaine (NC) and ecgonine methyl ester (EME)). Not sur-
prisingly, as seen in Table 1, the binding of the high affinity binding
drugs (CE, Coc, and BE) is enthalpically driven. However, the rank order
of binding affinities of these high affinity drugs are partly determined by
their entropic components, with CE having the highest affinity, due to a
much lower negative value (less unfavorable value) for the entropy
change (AS), when, in fact, the enthalpic component (AH) is slightly less
favorable for CE compared to cocaine and BE, i.e., ~-14,000 cal/mol for
CE, compared to =~ -15,400 for cocaine and benzoylecgonine (see
Table 1). We speculate this may be explained by the ethyl ester which is
added to the carboxyl group of BE to form CE leading to no additional,
enthalpically favorable binding interactions with the mAb, but resulting
in a less entropically unfavorable ligand (CE) ethyl ester sol-
vation/desolvation effect. This hypothesis is consistent with inspection
of the h2E2 mAb BE:Fab co-crystallized structure, showing that this
portion of the BE molecule, which is esterified to form CE, is not in
contact with the mAb, sticking up from the mAb binding site [11].
Therefore, according to the BE:Fab published structure [11], the mAb
binding site is not predicted to make enthalpically favorable interactions
with the esterified carboxyl group present in cocaine (a methyl ester)
and CE (an ethyl ester). However, the nitration of a nearby light chain
tyrosine residue (LC Y34) does decrease the affinity of the mAb for CE
and Coc, and not for BE, possibly indicating an additional interaction
with that tyrosine might exist for CE and Coc, which is not seen in the
published BE crystal. Regardless, the Kds determined by ITC for these
nM affinity ligands are all similar, but slightly larger, than the Kds
determined for these same ligands at the same temperature using other
techniques [1,4], possibly due to differences in the experimental buffers
used or in the ligand solvation/desolvation effects measured by ITC but
not the other methods. Nonetheless, the relative binding affinities ob-
tained with these different techniques are similar, and the rank order of
the affinities for the h2E2 anti-cocaine mAb are the same as previously
determined using other techniques (Table 1).

In contrast to the high affinity drugs, the lower affinity ligands
norcocaine (NC) and ecgonine methyl ester (EME), are far less
enthalpically driven (i.e., have much smaller negative AH values), and
display favorable entropic components for their binding (i.e., positive
AS values, see Table 1). Interestingly and unexpectedly, both lower af-
finity cocaine metabolites also bind with a greater than 1:1 stoichiom-
etry to Fab sites present. Very unusual and unexplained is the binding of
~3.7 molecules of norcocaine per Fab. Norcocaine differs from cocaine
by the deletion of a single methyl group on the tropane ring of cocaine.
However, this part of the molecule is intimately involved in interacting
with the mAb binding site, according to the published BE:Fab h2E2 mAb
crystal structure [11]. Thus, the methyl group on the tropane ring of
cocaine (absent in norcocaine) is in contact with both HC W33 and LC
WO1 tryptophan mAb residues, the oxidation of which abolished high
affinity binding of cocaine to the h2E2 mAb [10]. The present ITC results
indicate that this demethylation of cocaine to form norcocaine
completely changes the way that norcocaine binds to the mAb, and
apparently gives rise to NC binding to multiple, low affinity sites on the
Fab portion of the h2E2 mAb.

The present ITC results utilizing our h2E2 anti-cocaine mAb are very
different from those reported previously for the mAbO8 anti-cocaine
mAD [14]. The mAbO8 antibody exhibited a similar range of affinities
for Coc, CE and BE as the h2E2 mAb, but in a different rank order (Kd
values for mAb08 determined by ITC for Coc, BE, and CE were 2.5, 18.6,
and 34.4 nM, respectively [14]). The binding of these 3 high affinity
ligands is more enthalpically driven for the mAbO8 mAb than the h2E2
mADb, with AH values ranging from -21 to -28 kcal/mol [14], compared
with -14.0 to -15.4 kcal/mol for the h2E2 mAb investigated in the pre-
sent study (see Table 1). However, the AG values, and thus the Kds, are
similar for the two antibodies, due to the much larger unfavorable
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entropic component of binding observed for the mAb08 antibody, i.e.,
-37 to -55 cal/mol/°K for mAbO8 [14], compared to -9.7 to -19.4
cal/mol/°K for the h2E2 anti-cocaine mAb (Table 1). This indicates a
very different drug binding modality for the two anti-cocaine mAbs. The
crystal structure of the mAbO8 mAb has not been published, but the
crystal structure of the Fab fragment complexed with the cocaine
metabolite, BE, has been [11]. This crystal structure indicates that the
tropane ring is one of the central components of the mAb binding site,
consistent with the present findings that loss of the single methyl group
on that ring in the norcocaine metabolite greatly lowers binding affinity
and completely changes the binding thermodynamics for norcocaine, as
well as the stoichiometry of binding (Table 1, and Figs. 2 and 3). Un-
fortunately, norcocaine and ecgonine methyl ester binding were not
reported for mAbO8. The reason for the favorable (positive) entropic
component of binding to the h2E2 mAb for the low affinity ligands,
norcocaine and ecgonine methyl ester (Table 1), is not clear at present.
In general, the entropic contribution to binding energies consists of three
components [18]: solvent entropy changes resulting from solvent
release upon binding; conformational entropy changes occurring due to
changes in conformational freedom of both the protein and ligand; and
entropic changes due to the loss of translational and rotational degrees
of freedom following complex formation (which contributes unfavor-
ably to the binding entropy). Thus, we speculate that it may be favorable
solvent entropy changes resulting from solvent release upon binding of
the low affinity ligands to multiple sites on the h2E2 mAb protein that
result in the observed favorable entropic component of binding
(Table 1).

Although the present ITC study does not explain on a molecular
interaction level why the binding affinities for the h2E2 mAb decrease in
the order of CE > Coc > BE, it does show that CE is substantially
different from both cocaine and BE in its thermodynamics of binding,
having a smaller unfavorable entropic binding component, and thus less
“enthalpy-entropy compensation” (EEC [17,19]), which is commonly
observed with the binding of many drug molecules. This
enthalpy-entropy compensation decreases the favorable Gibbs free en-
ergy associated with binding, and thus the binding affinity. We hy-
pothesize that the smaller EEC for CE, as compared to cocaine, and
especially benzoylecgonine, measured for the h2E2 mAb may be due to
less unfavorable solvation/desolvation entropic effects mediated due to
the ethyl ester extension of the carboxylic acid of benzoylecgonine to
form cocaethylene.
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