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Background: Detailed characterization of the thermodynamic signature of weak binding fragments to proteins is
essential to support the decisionmakingprocesswhich fragments to take further for the hit-to-lead optimization.
Method: Isothermal titration calorimetry (ITC) is the method of choice to record thermodynamic data, however,
weak binding ligands such as fragments require the development ofmeaningful and reliablemeasuring protocols
as usually sigmoidal titration curves are hardly possible to record due to limited solubility.
Results: Fragments can be titrated either directly under low c-value conditions (no sigmoidal curve) or indirectly
by use of a strong binding ligand displacing the pre-incubated weak fragment from the protein. The determina-
tion of Gibbs free energy is reliable and rather independent of the applied titration protocol.
Conclusion: Even though the displacement method achieves higher accuracy, the obtained enthalpy–entropy
profile depends on the properties of the used displacement ligand. The relative enthalpy differences across
different displacement experiments reveal a constant signature and can serve as a thermodynamic fingerprint
for fragments. Low c-value titrations are only reliable if the final concentration of the fragment in the sample

cell exceeds 2–10 fold its KD value. Limited solubility often prevents this strategy.
General significance: The present study suggests an applicable protocol to characterize the thermodynamic
signature of protein–fragment binding. It shows however, that such measurements are limited by protein
and fragment solubility. Deviating profiles obtained by use of different displacement ligands indicate that
changes in the solvation pattern and protein dynamics most likely take influence on the resulting overall
binding signature.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Consideration of thermodynamic binding profiles beyond sole affin-
ity appreciations in drug optimization is increasingly regarded as a valu-
able analytical tool [1–3]. Analyses of thermodynamic signatures of
ligand binding have shown that on late-stage optimization improved
binding is frequently achieved by enhancing the entropic component
to the Gibbs free energy of binding [4,5]. This results either from an ap-
propriate rigidification of the lead scaffold in the protein-bound confor-
mation, or from the attachment of lipophilic groups of growing size to
optimally fill remaining unoccupied pockets in the binding site. Usually
these strategies make the lead candidates more complex and overall
more ‘greasy’, provoking concomitant problems such as unsatisfactory
bioavailability or growing risk of undesired toxicity [6–8]. Accordingly,
the hypothesis has been proposed to start lead optimization with
small enthalpically advantaged binders as the entropic component
will be added inevitably to the binding signature during late-stage
optimization [9,10]. Therefore, methods giving reliable access to
thermodynamic signature analysis, particularly of weak binding initial
hits, are essential to support the decision making process which
compounds to take further for lead optimization. To this end, more
meaningful measuring protocols to record accurate isothermal titration
calorimetry (ITC) data of two-digit micromolar to even millimolar
binders are required.

Anticipating a sufficiently large enthalpic binding component, the
scope of ITCmeasurements to record protein–ligand complex formation
ranges approximately from low-micromolar to two-digit nanomolar
binders. In consequence weak binding ligands such as fragments are
hardly detectable by thismethod [11–13]. To some degrees this difficul-
ty can be overcome by titrating huge amounts of protein and fragment
at very high concentrations. Nonetheless, this strategy of direct titra-
tions is limited as usually protein supply is crucial and low solubility
of either protein, and/or ligand or increasing protein degradation at
high concentration impedes direct ITC titrations. Furthermore, titration
curves recorded under these conditions are difficult to analyze as they
usually lack sigmoidal shape and their inflection point can hardly be de-
fined. The enthalpic binding component can only be extracted if the
binding stoichiometry is arbitrarily adjusted to, e.g., 1:1 during the
data fitting. However, frequently higher binding ratios are given for
small binders such as fragments. In contemporary drug discovery
fragment-based approaches play an increasingly important role and
ITC would be an ideal complementary asset to identify the most
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promising candidates with high enthalpic efficacy [1,8]. At present frag-
ments are usually discovered by other screening methods such as sur-
face plasmon resonance (SPR), saturation transfer difference NMR
(STD-NMR) and thermal shift analysis (TSA).

To develop ITCprotocols forweak binderswe used a set of fragments
with milli to three-digit micromolar affinities inhibiting the serine pro-
tease thrombin, to validate direct ITC titrations versus alternative titra-
tion protocols such as displacement experiments suggested by Zhang
et al. [14]

To perform the required displacement experiments we used several
strong binding reference ligands of deviating structural and thermody-
namic profiles to evaluate the binding properties of the selected
fragments. In the present study we will show that, even though the in-
dividual thermodynamic binding profiles recorded for the various frag-
ments can be distinct, the relative differences among the fragment
profiles seem to be independent of the actually selected displacement li-
gand. Furthermore, the approach allows estimating experimental errors
andhelps to validate the reliability and validity of fragment bindingpro-
files obtained by direct ITC titrations.
Fig. 1. Fragments 1 (white), 2 (green), 3 (orange), 4 (yellow) and reference ligands
A (light blue), B (turquoise) and C (dark blue) bound to the active site of thrombin.
The protein is indicated by its solvent-accessible surface (white) and the three
residues Asp 189, Glu192 and Tyr228. Oxygen atoms are indicated in red, nitrogen
atoms in blue, sulfur atoms in yellow. The specificity pockets S1, S2, S3/4 of the
protease are schematically indicated.
2. Results

2.1. Data set of fragments and reference ligands

For the anticipated analysis we assembled a dataset of fragments
binding to the serine protease thrombin, an important drug target in
the blood coagulation cascade for which in recent time drugs have
been launched to the market [15]. With respect to the structural and
thermodynamic characterization, this protein is well established in
our laboratory and from this experience we selected a sample set of ap-
propriate reference ligands for displacement titrations. We have chosen
the fragments 1–4 (Table 1) previously described as milli to micro-
molar binders for thrombin [16–18].

All selected fragments bind into the S1 pocket of thrombin, as could
be confirmed by X-ray crystallography. The adopted bindingmodes are
depicted in Fig. 1 togetherwith the structures of the larger andmore po-
tent reference ligands. The corresponding structures will be reported in
a subsequent study.

To performdisplacement titrations in order to characterize fragment
binding (see below), appropriate reference ligands are required that
exhibit an affinity in the three-digit nanomolar range, as they allow di-
rect titrations with optimal sigmoidal shape of the titration curve. We
selected three different reference ligands A–C (Fig. 2) with distinct
thermodynamic profiles and chemical composition, to investigate the
influence of the reference ligand onto the thermodynamic profiles of
the displaced fragments.
Table 1
Chemical formulas of the studied fragments with their estimated binding constants in μM.

Fragment Ki assaya KD displacement ITC KD direct ITC

1
2430 ± 309 1582 ± 441 1003 ± 224

2

431 ± 27 507 ± 139 475 ± 110

3
258 ± 1 455 ± 109 355 ± 29

4
111 ± 2 197 ± 74 107 ± 20

a The estimated standard deviations have been calculated based on at least trip-
licate measurements
As a first step, we characterized the reference ligands by direct titra-
tion experiments resulting in thermograms similar to that obtained for
ligandA shown in Fig. 3a. The synthesis of the reference compounds has
been described previously [19–21].

In the following we will discuss only the ΔG° and ΔH° values, as
these are the properties actually determined in an ITC experiment.
The entropic component, usually specified as −TΔS°, is calculated as
the numerical difference of Gibbs free energy and enthalpic binding
contribution according to ΔG° = ΔH° − TΔS°. All three reference
ligands have been assessed with respect to a possibly superimposed
protonation change which can be discovered by performing the titra-
tion experiments from different buffer conditions.

The compound classes of ligands A and B have been studied in
great detail in the past and a simultaneous compensatory proton en-
trapment and release has been recognized suggesting a release of
about 0.5 mol protons upon ligand binding from His57 which is par-
tially protonated in the uncomplexed state. Virtually the same
amount is picked up by the ligand upon protein binding [21]. For a
scaffold closely related to that of ligand C previous studies indicated
no compensatory protonation effect to be superimposed onto the
binding event [19,22]. Nonetheless, to minimize possibly sophisti-
cating effects from proton release or pick-up of the surrounding buff-
er, all experiments were performed in pyrophosphate buffer which
shows nearly negligible heat effects for changes in protonation
states. Reference ligand A (KD = 269 ± 50 nM; ΔG° = −37.5 ± 0.5
kJ/mol) exhibits a predominantly enthalpic binding signature
(ΔH° = −45.1 ± 0.8 kJ/mol) and addresses the S1 pocket of throm-
bin with a dichloro benzyl moiety, the S2 pocket with a proline and
the S3 pocket with a D-Phe residue (Fig. 1 and Fig. 2). Reference
ligand B (KD = 110 ± 16 nM; ΔG° = −39.7 ± 0.4 kJ/mol) is a less
enthalpic binder (ΔH° = −28.8 ± 0.8 kJ/mol) and accommodates
the S1 pocket of thrombin with a benzamidine moiety, the S2 pocket
with a proline and the S3 pocket with a homo-Ala residue. Reference
ligand C (KD = 162 ± 34 nM; ΔG° = −38.8 ± 0.6 kJ/mol) shows



Fig. 2.Thermodynamic parameters (ΔG° in blue,ΔH° in green,−TΔS° in red in kJ/mol) determinedbydirect ITC titrations for the strongbinding reference ligandsA,B and C. The estimated
standard deviations, calculated from at least triplicate measurements, are indicated by the black error bars.
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balanced enthalpic (ΔH° = −20.7 ± 0.9 kJ/mol) and entropic
(−TΔS=−18.1 ± 1.1 kJ/mol) binding contributions and is accommo-
dated in the S1 pocket of thrombin using its benzamidinemoiety, in the
S2 pocket by an Ala residue, and the S3 pocket is occupied by a D-Phe
residue and the S4 pocket by a benzylsulfonamide group.

2.2. Importance of the c-value for the shape of the titration curve

Crucial for the shape of a recorded ITC titration curve is the so-
called c parameter, first introduced by Wiseman [23] and discussed
in detail by Turnbull et al. [24]. Detailed parameter studies have elu-
cidated that a c-value of ≥10 reveals a proper sigmoidal curve but
the value should remain below 1000 to avoid a vertical stepwise
curve. However, if c falls below 10, the inflection point can hardly
be extracted as the titration curve is no longer sigmoidal. In conse-
quence, the binding stoichiometry is no longer available from the
experiment without arbitrary assumptions. An example for such a
titration curve is given in Fig. 3b.

The following estimation of the concentrations required for an
ITC experiment with fragments should make the practicability of
such a determination clearer. To obtain a minimal c-value of 10 for
a typical fragment with KD = 1 mM, a protein concentration of
10 mM in the sample cell according to c = n[Protein] K is required.
At the end of the titration the final fragment concentration should
be at least twice (or even better 10-times) as high as this value to
achieve sufficient saturation (s. below).

If the fragment is released from the syringe of an ITC200 device
with a volume of approximately 40 μl into the sample cell which
has a five-time larger volume, the concentration of the fragment in
the syringe has to be at least 100 mM. In many cases, such a high
solubility is difficult to achieve. Titration experiments can principally
be reversed, but as a similar amount of protein will be required,
solubility and particularly protein stability will hardly be accom-
plishable to perform such titration experiments. This crude estima-
tion makes it obvious that protein and ligand solubilities will be
the predominant limiting factors to study low-affinity systems fol-
lowing the popular strategy to design an ITC experiment resulting
in sigmoidal titration curves.

If fragment titrations at c-values≥10 are hardly feasible, the follow-
ing alternatives can be suggested.

The first strategy focuses on displacement titrations. In this alterna-
tive, the protein must be saturated with the fragment prior to the titra-
tion experiment while preparing the protein solution. To achieve a
reasonable saturation a crude estimate about the expected affinity
of the fragment must be available (see below). Subsequently, the
pre-incubated weak binding ligand is displaced in a titration experiment
with a beforehand characterized reference ligand. By subtracting the
measured binding enthalpies of the directly titrated reference ligand
and the data recorded in the displacement experiment, the thermody-
namic profile of the weak binding fragment can be assessed (Fig. 3a and
c). Is this protocol of any advantage with respect to the required concen-
trations during the experiment? The fragment which is initially dissolved
in DMSO is added to the protein solution in away tomatch the finally de-
sired DMSO concentration in the sample cell and the injection syringe.
Following this strategy, overall a lower concentration of the respective
fragment will be needed usually not exceeding the solubility limits. The
displacement titration strategymight suffer from the fact that particularly
in a novel drug discovery project potent andwell-characterized reference
ligands for the displacement strategy are not available. However, in some
drug discovery projects a potent natural product or endogenous ligand,
not really suited as a lead candidate, is available that can serve as reason-
able reference ligand for displacement experiments.

In case, even such a reference ismissing, the only feasible alternative
is to perform ITC experiments as low c-value titrations. As mentioned,
they suffer from the fact that a sigmoidal shape is no longer given and
the inflection point of the curve is poorly defined. Therefore, it is neces-
sary to arbitrarily adjust the binding stoichiometry to a predefined value
during curve fitting (Fig. 3b) and it is crucial to control concentrations of
ligand and protein very accurately. To achieve a sufficient saturation of
the protein with the fragment during the titration, the final concentra-
tion of the fragment added to the sample cell must be larger than its es-
timated KD value. Furthermore, a reasonable binding stoichiometry,
mostly set to 1:1, of the formed protein–fragment complex must be
anticipated. Nonetheless, in protein crystallography often the binding
of more than one fragment molecule to the target protein is observed,
particularly at high concentrations, which makes the assumption of a
1:1 ratio questionable. Toperform adirect low c-value titration of a frag-
ment, a rather concentrated fragment solution is released from the
syringe to the protein in the sample cell, however, this solution will be
less concentrated than that in a scenario with a c-value ≥10. Nonethe-
less, compared to the alternative displacement strategy, the required
concentration even for the just described direct low c-value titration
will be undoubtedly higher, which makes the displacement strategy
better applicable under practical conditions. This aspect has also
been discussed by Turnbull et al. [25,26]. To contrast the different
strategy options, we will compare in the following the results obtained
by displacement protocols with those recorded under direct low
c-value conditions.



Fig. 3. Images of representative thermograms obtained by different titration protocols applied in this study. The individual titration curves show: a) reference ligand A in direct titration;
b) fragment 2 in direct titration; c)2 is displaced byA; d)4 is displayed byC but no difference in binding enthalpy could be recorded; e) 2 displaced by C; f) 3 displaced byC. In all cases the
heat signals (in μJ/s) as a response by the release of the ligand into the protein solution is shown over the course of the experiment along with the integrated heat signals of the
injections (kJ/mol).
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2.3. Estimation of fragment affinity

Both suggested ITC protocols require a crude estimation of the binding
constant of the studied fragment to secure sufficient saturation of the pro-
tein at the endof the titration. In a real-life scenario,Ki values of the studied
fragments are not necessarily available. However, in the present case, they
could be determined by an independent, highly sensitive fluorescence-
based assay (see Section 5 Experimental section/materials & methods).
2.4. Results obtained by the displacement titrations

The reference ligands appropriate for displacement titrations
need to exhibit an affinity in three-digit nanomolar range (optimal
100 to 400 nM) to fall into the optimal sensitivity range of ITC.
This allows thermodynamic characterization via direct titrations
with good c-values of 20–100 and a low standard deviation for KD

and ΔH°. Broecker et al. suggested a c-value of 40 to be optimal [27].
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In Fig. 4a), b), and c), the results for the displacement titrations of frag-
ments 1–4 using the reference ligands A–C are compiled.

The fragment concentrations for the pre-incubation were adjusted
in a way to achieve 2 mM concentration in the sample cell. For the
displacement titrations using the three reference ligands, the deviations
of the Gibbs free energy determinations are rather small, suggesting a
standard deviation of 0.6 kJ/mol. This fact emphasizes ITC as an ideal
method to determine reliable dissociation constants. In contrast, fac-
ing the individual experiments based on different reference ligands
against one another, the recorded enthalpies show mutual devia-
tions which are much larger than the expected experimental error
even considering the fact that two subsequent titration experiments
will involve, owing to error propagation, larger uncertainties in the
heat signal determinations. This suggests that the use of different
Fig. 4.Thermodynamic signatures (ΔG° in blue,ΔH° in green,−TΔS° in red , all data in kJ/mol) fo
(b), C (c) and obtained by direct low-c ITC titrations (d) are shown. The estimated standard dev
the black error bars. In case the enthalpies were taken as similar to the binding enthalpy of the
reference ligands does not reveal similar enthalpies to displace the
considered pre-incubated fragments.

2.5. Results obtained by direct low c-value titrations

In all experiments a concentrated fragment solution was titrated to
the protein in the sample cell. For 1 and 2 an almost saturated solution
of 5 mM has been applied. Owing to their better solubility, fragments 3
and 4 could be titrated from the syringe with a concentration of 10mM.
The obtained thermodynamic profiles are shown in Fig. 4d. Remarkably,
the binding free energies for the direct titrations match reasonably
well with those obtained by the displacement titrations. The enthalpic
signal of 1, which is affected by rather large standard deviations, falls
roughly (within the error bars) into the range indicated by the three
r fragments 1–4 determined by ITC displacement titrations using reference ligandsA (a),B
iations from at least triplicatemeasurements of the different experiments are indicated by
reference ligand (B-2, C-1 and C-4) no error estimations are indicated.
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displacement titrations. For 2–4 the enthalpic signals could be deter-
mined with lower standard deviations. Interestingly enough, they
match, depending on the used reference ligand, in some cases quite
well with the values found by the displacement experiments. In
other cases significant deviations are observed. These results suggest
furthermore, that the profiles obtained for the different ligands
depend on the chosen reference ligand.

For low c-value titrations the final concentration of the fragment in
the sample cell is crucial and has to exceed its binding constant. To
study the influence of the attained fragment concentration at the end
of the titration, we determined the thermodynamic parameters for 4
using different concentrations in the syringe. The results are listed in
Table 2 and the corresponding thermograms are shown in Fig. 5. The
stoichiometric equivalence, adjusted in the evaluation procedure, is
passed, dependent on the concentration, after a deviating number of
injections released from the syringe to the sample cell. By use of the
lowest syringe concentration of 1 mM, we observe a higher binding af-
finity for 4 compared to the other three concentrations (5 mM; 10 mM
and 15 mM) which show, among each other, rather consistent values.
Nonetheless, with increasing concentrations in the syringe, larger
standard deviations of ΔH° are recorded.

3. Discussion

The different ITC experiments show that the determination of the
binding constant and accordingly of the Gibbs free energy of binding
is less dependent on the selected titration strategy than the enthalpy
values. In Fig. 6, the affinities based on the various KD values determined
from direct and displacement ITC experiments are plotted against the Ki

values from the biochemical assay of fragments 1–4.
A convincing correlation of r2 = 0.95 is observed for the displace-

ment ITC experiments whereas direct ITC titrations show a slightly
lower correlation of r2 = 0.89.

We selected three reference ligands of which A is a strong enthalpy-
dominated binder, whereasB and C show smaller enthalpic signals. This
leads to the fact that e.g., the displacement of 2 by A (Fig. 3c) and of 3
by C (Fig. 3f) results in an exothermic displacement reaction whereas
the displacement of 2 by C corresponds to an endothermic process
(Fig. 3e). For the titrations of B to displace 2, C to displace 1 and C to
displace 4 no significant enthalpy difference signals could be recorded
(e.g. Fig. 3d), simply as the signal for the release of the pre-incubated
fragment from the protein is enthalpically compensated by the binding
of the more potent reference ligand. For these fragments the binding
enthalpies were supposed to match the binding enthalpy of the respec-
tive reference ligands (ΔH° of C for C displacing 1 and 4; ΔH° of B for B
displacing 2) and we refrained from giving error estimations for these
titrations (Fig. 4). Instead of estimating roughly the accuracywe consid-
er the errors found for the characterization of the reference ligands,
which, however, will likely underestimate the actually given uncer-
tainties of the measurements. Presumably, the direct titrations of the
strong binding ligands can be determined more accurately and the
influence of error propagation due to two subsequent titration experi-
ments is underrated in the current evaluation and error assignment.

In case of the flat thermograms, we calculated the free energy ofΔG°
of the fragment as themean of theΔG° values obtained by the titrations
Table 2
Thermodynamic parameters in kJ/mol determined for 4 in direct low-c titrations using
solutions of deviating concentrations in the syringe.

4 syringe concentrations ΔG° ΔH° −T ∗ ΔS°

1 mM −25.2 ± 0.2a −13.4 ± 0.1 −11.7 ± 0.3
5 mM −22.8 ± 0.2 −15.4 ± 2.8 −7.4 ± 3.0
10 mM −22.6 ± 0.2 −16.3 ± 2.8 −6.3 ± 2.5
15 mM −22.4 ± 0.5 −14.1 ± 4.6 −8.2 ± 4.1

a The shown uncertainties have been calculated as standard deviations resulting from
duplicate measurements.
with the other two reference ligands which produced a measurable
enthalpic signal. In Fig. 7 we compiled the relative differences in the
binding enthalpies of the various fragments and the reference ligands.
This diagram clearly shows that, different to the ΔG° determinations,
the recorded enthalpy signals strongly depend on the profile of the
selected reference ligand.

To emphasize the dependence on the profiles of the applied refer-
ence ligands, we plotted the binding enthalpy determined for the frag-
ments in the individual displacement experiments and also from the
direct low c titration experiment (Fig. 8).

Interestingly, this evaluation reveals a similar relative difference
of each fragment independent of the actually applied displacement
ligands. For example, fragment 1 binds much less enthalpic than
fragment 2 or fragment 4 is a more enthalpic binder than 3. According
to this evaluation, fragment 2 is the most enthalpic binder of the series.
Fragment 1 shows less enthalpic binding compared to 2 and 4, however
on average, a slightly more exothermic signature is apparent compared
to 3.

As an alternative scenario ITC experiments can be performed as low
c-value titrations. The disadvantage of this strategy is the fact that the
inflection point of the titration curve is poorly defined and the binding
stoichiometry must be fixed arbitrarily. To achieve a sufficient satura-
tion of the titrated protein, the concentration of the added fragment
to the sample cell must be larger than its KD value, simultaneously as-
suming a particular binding stoichiometry, e.g., of 1:1 for the formed
protein–fragment complex. Turnbull et al. experienced comparable
results for titrations where only 70, 80 or 90% protein saturation could
be achieved which indicates some robustness of the titration settings
[24,26]. Errors in the determination of KD at very low c-values are
becoming larger with decreasing amount of protein saturation as inves-
tigated by Tellinghuisen [28]. For example the determination of the
binding of an affinity constant achieving only 50% saturation shows
a 4-fold higher error compared to the measurement performed at a
concentration of 93% saturation.

In our direct low c-value titrations, for fragment 1 we could only
accomplish a final concentration in the sample cell of about 1 mM
(which corresponds to approx. 30% protein saturation) due to its poor
solubility in the applied buffer. In the biochemical assay we determined
a Ki value of 2.4 mM and in the displacement titrations a KD value of
1.6 mM, respectively. Based on the Ki value, we can estimate as end
point of our titration approximately a 30% saturation of the protein,
accordingly the required excess concentration of the fragment has not
been realized. As a matter of fact, the direct low c-value titration results
in rather large errors of the binding enthalpy determination (Fig. 4d).
In consequence, the ΔH° values obtained by this direct low c-value
titration compared to those determined by the displacement titrations
show largely deviating values (direct ΔH° = −15.7 ± 4.1 kJ/mol;
A ΔH° = −10.5 ± 1.6 kJ/mol; B ΔH° = −17.0 ± 0.3 kJ/mol;
C ΔH° = −20.7 ± 0.9 kJ/mol). This observation is evidently associat-
ed with the experimental uncertainties and errors in the parameter
determination.

By contrast the results obtained for the direct titration of frag-
ment 2 agree reasonably well to the results derived from the three
displacement experiments (direct ΔH° = −29.7 ± 2.0 kJ/mol;
A ΔH° = −27.4 ± 0.5 kJ/mol; B ΔH° = −28.8 ± 0.8 kJ/mol;
C ΔH° = −31.0 ± 0.1 kJ/mol) (Fig. 4). Exhibiting a binding affinity
of about 500 μM fragment 2 can easily attain the required degree of
saturation of the protein of more than 70%. Also the strong enthalpic
signal of ΔH° = −29.7 ± 2.0 kJ/mol in the direct titration leads
to good signal-to-noise ratio allowing data integration associated
with lower uncertainties.

Also the direct titrations of fragment 3 (ΔH°=−13.9± 1.2 kJ/mol)
match well with the results obtained by displacement titrations
with reference ligands B (ΔH° = −12.2 ± 0.3 kJ/mol) and C
(ΔH°=−13.7±0.7 kJ/mol), however, not for the titration using ligand
A (ΔH° = −3.7 ± 0.3 kJ/mol) (Fig. 4).



Fig. 5. Thermograms of 4, applying different high fragment concentrations from the syringe.
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It is quite remarkable that fragment 4 which appears on the first
sight chemically related to fragment 3 and which should experience a
similar binding mode in the S1 pocket of thrombin shows a reverse
signature of the measured enthalpy values. The result of the direct
titration (ΔH°=−15.4± 2.1 kJ/mol) fits to the displacement exper-
iment with reference ligand A (ΔH° =−13.8 ± 1.1 kJ/mol) whereas
the titrations using B (ΔH° = −21.0 ± 0.3 kJ/mol) and C
(ΔH° = −21.7 ± 0.9 kJ/mol) as reference ligands result in quite de-
viating binding enthalpies. In our opinion, the observed deviations
are too large to be solely explained by uncertainties of the experi-
ments. Working under ideal conditions with highly diluted solutions
and assuming additivity of all titration steps, the same enthalpic sig-
nature should result independently by which reference ligand a
given fragment is displaced from the protein. However, the applied
high concentrations make deviations from ideal additivity likely
and it is in question whether microscopically the replacement of a
given fragment by different reference ligands follows identical
molecular mechanisms. Supposedly, the individual steps passed
through involve cooperative changes of the solvent structure and
the dynamic properties of the protein which depend on the type of
reference ligand used for the individual titration experiments.

To study the influence of different syringe concentrationswhich lead
to deviating concentrations of the fragment in the sample cell at the end
of the titration, we titrated 4 at four different concentrations (Table 2,
Fig. 5). At the lowest concentration of 1 mM only a saturation of the
protein of about 63% is attained (see Exp. Section). As a result, ΔG° is
overestimated and a too small value is found for ΔH° by integrating
over all peaks. At the higher concentrations much better saturation is
achieved (5 mM approx. 90%; 10 mM approx. 95% and 15 mM approx.
97%). However, higher fragment concentrations in the syringe lead to
an earlier saturation of the protein usually within only 1–2 injections,
therefore extrapolation of the incomplete binding isotherm becomes
crucial and rather uncertain at higher concentrations. Quite large stan-
dard deviations are obtained for ΔH°. To circumvent either incomplete
or too fast protein saturation an amount of 70% to 90% over-titration is
advisable. As a rough estimate the shape of the thermogram should be
analyzed. If stoichiometry is passedwithin one injection, the concentra-
tion is likely too high, if several injections (4–5 injections) are required
to meet stoichiometry, the syringe concentration is too low and suffi-
cient saturationwill hardly be accomplished. Remarkably, themeasure-
ments at high saturation levels of over 90% show comparable results for
ΔG° (Table 2) and they are in good accordance with the fluorescence-
based assay results (Table 1). This finding suggests that the latter protocol
gives more reliable ΔG° estimations for the fragments.
As important insight the present analysis shows, however, that
the binding enthalpy ofweak binding ligandsmeasuredbydifferent dis-
placement experimentsmay deviate dependingon the actual properties
of the reference ligand used for the titration. Important enough the
relative differences between the binding enthalpies resulting from dis-
placement titrations using deviating reference ligands are conserved.

In consequence, the relative data obtained by this strategy can be
used to classify different fragments to exhibit a more enthalpic or
entropic binding signature with respect to another fragment from
the studied series.

4. Conclusions

Applying displacement titrations and direct titrations at low c-value,
ITC can be used as a reliable technique to study low-affinity interactions
as usually given for the binding of a fragment to a target protein. Reli-
able dissociation constants and thus affinities can be determined.

Some important aspects can be concluded from this study. First of
all, the fragment must bind to a part of the protein binding pocket
that overlaps with the binding pose region of the applied reference li-
gand. Secondly, the selected reference ligand must have a significant
higher or lower binding enthalpy so that a heat difference signal can
be recorded for the fragment (Fig. 6). Furthermore, it has to be regarded
that, as for any displacement titration, all errors affecting the parameter
determinations of the reference ligand will add to the accuracy of the
parameters obtained for the fragment. Finally, if no suitable reference
ligand is available and the fragment binds enthalpically enough, low
c-value titrations can be applied as an alternative. In this case, however,
some anticipated knowledge about the expected binding affinity of the
fragment must be available to estimate the required excess concentra-
tion of the fragment at the end of the titration. In addition, the stoichi-
ometry of the binding event must be arbitrarily fixed to an assumed
value which may be in some cases questionable. This is in particular
the case for weak binding fragments accommodated in large protein
binding pockets. Nonetheless, as long as these conditions are regarded,
displacement titrations as well as low c-value titrations are in convinc-
ing agreement to determine the binding affinities of fragments particu-
larly if it is possible to achieve a concentration of the fragment in the
sample cell at the end of the titration that exceeds the KD value by a
factor of 2–10 which corresponds to a saturation of 70 to 90%.

To our experience solubility of the fragment and the protein are
the most crucial issues in low c-value titrations because the required
high concentrations of the fragment to be studied in the injection sy-
ringe must match or even exceed the final sample cell concentrations



Fig. 6. The binding affinities expressed by ΔG=−RTlnK, are plotted against each other in
kJ/mol to assess their mutual correlation, where K reflects either the thermodynamic
dissociation constant KD (displacement ITC and direct ITC) or the enzyme kinetic binding
constant Ki (biochemical assay) of fragments 1–4.
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with respect to the fragment's KD value. Only then data with good
signal-to-noise level can be recorded. Furthermore, to estimate the re-
quired concentration of the fragment, a crude idea of the fragment's
KD must be available from an independent experiment.

Measured binding enthalpies should not be compared quantitatively
across different experimental conditions, but only relative to each other
by using one carefully selectedmeasurement protocol. Remarkably, dif-
ferent reference ligands used for the displacement of pre-incubated
fragments reveal deviating enthalpic signals. Most likely these differ-
ences can be traced back to effects deviating from additivity. They
possibly involve changes in the residual solvation structures and protein
dynamics of the regarded protein–ligand complexes. Nonetheless,
considering the relative enthalpy differences across the different
displacement experiments seems to reveal a consistent picture, which
subsequently allows to characterize the studied fragments relative to
one another. Furthermore, detailed interpretation of the enthalpic
signature requires a comparison of the corresponding crystal structures
which will be performed in a subsequent contribution. Usually this
information is required to select fragments as superior enthalpy-
dominated candidates for further development.
Fig. 7. Binding enthalpy differences ΔΔH between reference ligands A, B, C and fragment
1–4 are plotted in kJ/mol. In three cases no measurable enthalpy difference could be
detected (0.0) as the heat signal produced by the displacement of the fragment is virtually
compensated by the signal of the binding of the reference ligand.
5. Experimental section/materials & methods

5.1. ITC

ITC experiments were performed using an ITC200™ system fromGE
Healthcare, Northampton, MA, USA.

Thrombin was obtained from CSL Behring (Marburg, Germany) and
purified from Beriplast® as one batch for the entire experimental series.
Thrombin was extracted by dialysis using an experimental buffer of
50 mM TSPP, 100 mM NaCl, 0.1% polyethylene glycol 8000, and
pH 7.8. Subsequently, the protein could be used for all titration experi-
ments. The protein concentration was measured by absorbance at
280 nm using a NanoDrop 2000c Spectrophotometer from Thermo
Scientific.

All ITC experiments were started at 25 °C with a reference power of
5 kcal/s after a stable baseline had been achieved. The pre-titration
delay was set to 300 s. For direct titrations ligand injections of 0.3 μL
(to prevent artifacts arising from small syringe leakages or air in the
syringe) were followed by 19 to 27 injections of 1.5–2.0 μL with at
least 180 s interval between each injection.

For displacement experiments, fragments from500mMDMSO stock
solutions were used directly to saturate the thrombin solution (42 μM).
Subsequently the DMSO concentration in all solutions was adjusted to
3%. All titrations were performed at least in duplicate.

In case of fragment 1 only a saturation concentration close to its KD

for thrombin could be achieved due to poor solubility in the buffer.
For fragments 2 to 4 a final concentration of five to ten-times larger
than the KD for thrombin binding could be achieved and according to
the Eq. (1) corresponds to a 50% to 91% saturation (Dsat).

fragment½ �cell ¼
Dsat Protein½ �− Protein½ �−KD fragment

1− 1
Dsat

ð1Þ

As supporting informationwe provide an Excel sheet to calculate the
degree of saturation, according to Eq. (1) depicted below (Fig. 9) for li-
gands with affinities from 0.1 mM to 2 mM the typical range found for
fragments. Subsequently, the high-affinity ligands A, B, C (0.5 mM
from 50 mM DMSO stock solution) were added to the thrombin–
fragment complex using 22 to 27 injections of 1.3 to 1.5 μL. Data were
integrated using the program Nitpic 1.0.0 [29] which provides an
automatic baseline determination and peak integration by peak-shape
analysis, which is extremely valuable when dealing with data showing
low signal-to-noise levels.

Isotherm fitting was conducted with the program SEDPHAT 10.58d
[30]. The first data points were excluded from data analysis. Ka and
ΔH for the fragments have been calculated using Eqs. (2) and (3),
adapted from Zhang et al. [14]

K fragment ¼
Kreference ligand−1
Kdisplacement titration

 !
1

fragment½ �cell
ð2Þ

ΔH�
fragment ¼ ΔH�

reference ligand −ΔH�
displacement titrtration

� �
1þ 1

K fragment fragment½ �cell

 !
:

ð3Þ

5.2. Bioassay

Kinetic inhibition of human thrombin (fromBeriplast®, CSL Behring,
Marburg, Germany) was determined photometrically for the reference
ligands at 405 nm using the chromogenic substrate Pefachrom tPa
(LoxoGmbH, Dossenheim, Germany) as previously described [31]
under the following conditions: 50 mM Tris–HCl, pH 7.4, 154 mM
NaCl, 5% DMSO, 0.1% polyethylene glycol 8000 at 25 °C using different
concentrations of substrate and inhibitor. Ki values with n ≥3 were
determined as described by Dixon [32].



Fig. 8. Direct comparison of the enthalpic data across the fragment series, 1 (white), 2 (green), 3 (orange) and 4 (yellow) plotted in kJ/mol for displacement titrations with reference
ligands A, B, C and direct low-c value titrations.
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Thrombin fragments were characterized by a more sensitive
fluorogenic assay. Kinetic data were obtained using Tos-Gly-Pro-Arg-
AMC (tosyl-Gly-Pro-Arg-aminomethylcoumarin) as the fluorogenic
substrate [33] with a Safire II plate reader (Tecan, Switzerland, ex =
380 nm, em = 460 nm). The experimental buffer contained 50 mM
Tris–HCl, 154 mM NaCl, 0.1% polyethylene glycol 8000 and 5% DMSO
at pH 7.4. The Km of the substrate (5.7 ± 0.4 μM) was measured at
eleven different substrate concentrations and the resulting curve
was analyzed using GraFit 4 (Erithacus Software Limited, Staines, UK).
Substrate cleavage was measured by monitoring the change in fluores-
cence across a dilution series of at least ten inhibitor concentrations
(6.25–0.01 mM) at 1 μM substrate over 600 s. The fluorescence signal
was plotted versus time and by linear regression the reaction rates
were calculated. The reaction rates were plotted against the respective
inhibitor concentration and the resulting curve was fitted with
ORIGIN software using Michaelis-Menten kinetics. All measurements
were performed at least in triplicate.
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