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ABSTRACT

Understanding subtle aspects of hydrogen bondirsgakallenging but crucial task to improve
our ability to design ligands with high affinityrf@rotein hosts. To gain a deeper understanding
of these aspects, we investigated a series of tiiromhibitors in which the basicity of the
ligand’s group that accepts an H-bond from Gly21&swnodulated via bioisosterism; e.g., a
C=0 acceptor was made electron deficient or riehbroisosteric replacements of the adjacent
moiety. Although the ligand’s binding affinity wamnticipated to improve when the H-bond
basicity is increased (due to stronger H-bondinth e protein), we herein present data that
unexpectedly revealed an opposite trend. This treasl attributed to a dominating role played
by desolvation in determining the relative bindif§inity. For example, a decrease in the H-
bond basicity reduces the desolvation penalty asdexperimentally observed, improves the
binding affinity, given that the reduction in theslvation penalty dominates the change in the
contribution of the ligand’s H-bond with the proteiThe current study, therefore, reveals that
desolvation can be a major underlying cause foatigarently counterintuitive structure-activity
relationship (SAR) outcomes, and indicates thaewstdnding this factor can improve our ability

to predict binding affinity and to design more putkgands.

’ Correspondences should be addressed to N N N asmfi@yahoo.com or D H at hangauer@buffalo.edu




1. Introduction

The discovery of novel small molecules with specibiological activity is generally a

challenging task that often involves synthesizingrge number of chemical compounds in order
to obtain a lead molecule suitable for further depment and optimization. One of the major
causes for this problem is our insufficient undamging of protein-ligand binding and how such
binding is affected by various structural aspedtshe designed molecules. This significantly
impedes our ability to accurately predict bindinffinity, and, in turn, causes extensive

experimentation to be the only reliable approactiscriminate between biologically active and
inactive compounds. Studies that investigate thecate molecular aspects of protein-ligand
binding are therefore crucial for the field of drdigcovery. Recently, various aspects of protein-
ligand binding, such as cooperativity [1-5], thelergplayed by water networks and the
hydrophobic effect in binding [2][6-7], as well aathalpy-entropy compensation [7], have been

extensively studied using two model biological syss: thermolysin and thrombin.

Thrombin is a serine protease that plays an impbrtade in the coagulation cascade. Thrombin
is implicated in pathological coagulation that cwterizes several thromboembolic diseases,
such as pulmonary embolism, stroke, and heart lk&ttathese diseases, collectively, are a
leading cause of mortality and morbidity, particlyaamong elderly patients [8]. Thrombin

inhibition, therefore, provides a validated appto&r anticoagulation therapy; and over the past
decades, there have been significant efforts tooder small molecules that act as direct
thrombin inhibitors [9-11]. These efforts have é=diin the introduction of dabigatran, a direct

thrombin inhibitor, into the market as a prophytata reduce the risk of thromboembolism [12].

Thrombin is an excellent model system to studyemligand binding, consequently, it is used
herein to investigate subtle aspects of hydrogeming that could, and frequently do, result in
unpredictable structure-activity relationships ($\RHydrogen bonding presented itself as a
major non-covalent interaction that is heavily ilweal in all of the binding aspects we have
previously studied [1-7]. Variations in the hydrageonding ability of different H-bond forming

groups, which is termed hydrogen-bond basicity e tcase of H-bond acceptors, can
significantly affect protein-ligand binding. In tloeirrent study, the hydrogen-bond basicity in a
series of closely related thrombin inhibitors wasduated via bioisosteric replacements. The



influence of such modulation on the binding affinitas then investigated and correlated to the
desolvation of the H-bond acceptor groups. Theyspuesented herein and similar studies are
important for improving our understanding of pratégand binding in general, and the binding

of thrombin to its inhibitors in particular, which turn, could lead to a more efficient design of

direct thrombin inhibitors.

1.1. Bioisosterism and hydrogen-bond basicity

Bioisosteric replacement of certain functional gmeuis an extensively used strategy for
optimizing lead compounds in terms of their biot@iactivity, pharmacokinetic properties, and
toxicological profile [13-14]. Bioisosteres are stituents or groups that have chemical or
physical similarities, and which can produce brgainilar biological properties [15]. There are
two types of bioisosterism: classical [16-17] andnciassical [18]. Classical isosteric
replacement includes replacements in which thdesigsatoms/groups have peripheral layers of
electrons that can be considered similar (e.g. ~CiNIH-, -O-, and —S-) [19-20]. Nonclassical
bioisosterism, however, includes broader functigmalup replacements, which do not satisfy the
classical electronic requirements but can produoelss biological activities. Examples of
nonclassical bioisosteric replacements are theaceptent of C=0 with SO COOH with

tetrazole, etc.

<Insert Figure 1>

One of the bioisosteric replacements that can lbeedaout in previously reported thrombin
inhibitors [1][4] is the replacement of the C=0 gpo which accepts an H-bond from the —NH-
group of the thrombin Gly216 residue (Figure 1)thman SQ moiety, which is anticipated to
also accept an H-bond from Gly216 (an amide-sulfuda bioisosterism). This replacement
could be desirable in terms of improving the meliabatability of a lead compound;
consequently, it is a common bioisosteric replacegrmedrug discovery. It is, however, difficult
to accurately predict the relative change in bigdaifinity caused by such replacement. For
example, in the most straightforward cases of prdigand binding, the H-bond formed by the
SO, group needs to be at least as energetically fal®i@s that formed by the C=0 in order to
maintain or improve binding affinity. This largetiepends on many electronic and geometric

parameters that are difficult to evaluate quamédy (e.g., the relative basicities of the



bioisosteres; the H-bond distance, angles, ett.pther cases, however, additional parameters,
such as desolvation, need to be taken into accdinatse parameters could significantly affect
the outcome of bioisosteric replacements of an Rdbay group, but are difficult to evaluate

guantitatively as well.

As noted above, one of the parameters that inflighe contribution of an H-bond to the
binding free energy is the basicity of the H-borateptor. In order to rank various H-bond
acceptors according to their relative basicitiesjesal H-bond basicity scales were proposed,
such as the pig and the loglf scales [21-22]. Although an H-bond basicity saal@ormally
constructed against a common reference H-bond dbabforms 1: 1 H-bonded complexes with
the acceptor series, there are basicity scaleswtbeg built against multiple donors [23], and
scales that considered solutes with polyfuncti@taeptor moieties [24]. Recently, a numerical
database, the pi{x database, was built based on the 4-fluorophergitiba scale in a manner
that also took into account the difference in kbasi@among multiple basic sites in a
polyfunctional base [25].

Although the plgyx database could be useful in determining the kedadbility of various basic
groups to accept H-bonds, a correlation betweeroktttbasicity and biological activity is still
difficult to establish. This might be because thisra dearth of relevant literature examples, in
which the relationships between H-bond basicity &mlogical activity are systematically
explored [25-26]. One of the distinct featureshad turrent study is that it explores the concept
of H-bond basicity in the context of protein-ligafnding. For example, the C=50,
replacement described herein modulates the ligasccity towards Gly216. Additionally, such
basicity can be modulated via bioisosteric replaags of groups that are adjacent to the
C=0/SQ (e.g., CHCO—CRCO). The series of inhibitors investigated in therent study,
hence, provides a unique opportunity to evaluageréhationship between binding affinity and
the H-bond basicity. In the following sections, describe the rationale behind the bioisosteric
replacements we carried out in the current studyweall as the synthesis and the evaluation of

various inhibitors in thrombin biochemical assay.

1.2. Thrombin inhibitors with modulated H-bond basicity towards Gly216

<Insert Figure 2>



In order to lay a foundation for this study, thentdoution of the C=0 group in the thrombin
inhibitors shown in Figure 1 to the binding freeesgy was examined and subsequently used as a
reference when the C=0 was bioisosterically repladéis information can be obtained via
comparing the binding free energies of ligaddand 2 (Figure 2). Although data for these
ligands were previously reported [27], the ligam@se resynthesized and retested for the sake of
consistency of the data presented herein. As shiwigure 2, ligandL does not have the C=0
which accepts an H-bond from Gly216; rather it BaSH. In contrast, ligan@ has this C=0.

As a consequence of these structural featuredjititing free energy contribution of the C=0
that forms an H-bond with Gly216 (relative to ghvas determined by calculatingGigand-2 -
AGiigand-1 (i-€. the differential binding energyAGcro.co), and was found to be -3.2 kJ/mol.

<Insert Scheme 1>

Scheme 1 describes the design of the thrombin itolhsbstudied herein. Firstly, the C=0 group
of 2 was bioisosterically replaced with @ give ligand3. While the SQ group is likely to
form an H-bond with the NH of Gly216, the strengththis H-bond might not be the same as
that formed by the C=0, because, based on thgppHKatabase, the $S0s predicted to be a
weaker H-bond acceptor (e.g., sulfonamides aredasg than amides) [25]. Secondly, the H-
bond basicities of both the C=0O and the,S@ere further modulated through bioisosteric
replacements of adjacent groups. For example, ei@e 1, the Me group of the terminal acetyl
in 2 was replaced by FCHF,CH, CF, and NH to give liganddg, 5, 6, and7, respectively. The
substitution of fluorines onto theC (e.g.4, 5, and6) was anticipated to decrease the basicity of
the C=0 via an electron withdrawing effect, whertrgsreplacement of Me with NHn 7 was
expected to have an opposite influence on the Casiziby. Similarly, the Me of the MeS@n 3
was replaced by GRand NH to give8 and9, respectively.

In order to further investigate the increase in Ilasicity of the C=0, the-CH, group in the
previously reported thrombin inhibitor&D and11 [27], was replaced by O to givk? and13

and by NH to givel4 and15. This set of compounds is particularly importaetduse it provides

a systematic comparison among the ,CB, and NH substitutions. This comparison is not
possible without an R side chain, such as the ordsated in Scheme 1, because a carbamic
acid analogue a? (and7) is not stable. In addition, compount® 11, 14, and15, together with

2 and7, offer a basis for investigating the relationshgiween the R side chain, which binds in

5



the S3 pocket, and the GHNH/NH—CH, replacement, with regard to additivity/cooperasivi

of their contribution to the binding affinity/freenergy. It should be emphasized herein that the
main questions the outlined design probes are whatiodulating the H-bond basicity in various
ways would affect the binding affinity, and in whaanner. To the best of our knowledge, the
compounds illustrated in Scheme 1 represent tlgesarset of systematically modified analogs
that investigate the effect of gradually alterihg tigand’s tendency to form hydrogen bonds on

the binding affinity.

2. Results and Discussions

2.1. Chemistry

<Insert Scheme 2>

Ligandsl, 2, 3, 4, 5, 6, 9, 10, 11, 14, and 15 were synthesized starting with the commercially
availableL-proline benzyl ester hydrochloride, which was tedavith a number of reagents as

follows (Scheme 2):

(1) With ethyl iodide at 80°C in anhydrous DMF, andlie presence of potassium carbonate as
a base (N-alkylation). This was followed by hydmoggon of the product in methanol using

Pd-C as a catalyst to yield intermediatewhich was then used to synthesize ligahds

(2) With either methanesulfonyl chloride or aminosuifbohloride in anhydrous DCM, and in
the presence of triethylamine (TEA) as a base. Was followed by hydrogenation of the
products in methanol using Pd-C as a catalyst ¢t yntermediate8i and9i, which were

used to synthesize ligan8snd9, respectively.

(3) With either fluoroacetic acid, 3,3-dimethylbutyacid, or hydrocinnamic acid in anhydrous
DMF using EDCI/HOBLt as the coupling reagents andogiropylethylamine (DIEA) as the
base. This was followed by hydrogenation of thedpots in methanol using Pd-C as a
catalyst to yield intermediate, 10i, and11i, which were used to synthesize ligadd40,

and11, respectively.

(4) With either acetic anhydride, difluoroacetic anhgdr or trifluoroacetic anhydride in

anhydrous pyridine. This acylation step was folldw®y hydrogenation of the products in
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methanol using Pd-C as a catalyst to yield interated?2i, 5i, and6i, which were used to

synthesize ligand3, 5 and6, respectively.

(5) With either tert-butyl isocyanate or benzyl isocyanate in anhydr@@GM, and in the
presence of TEA as a base. This was followed bydgehation of the products in methanol
using Pd-C as a catalyst to yield intermedidtésand 15i, which were used to synthesize
ligands14 and15.

<Insert Scheme 3>

Intermediatedi, 2i, 3i, 4i, 5i, 6i, 9i, 10i, 11i, 14i, and 15i were converted to the final products
via coupling these intermediates with 4-(aminomBtbgnzonitrile hydrochloride using
EDCI/HOBt as coupling reagents and DIEA as a bisafing the products with hydroxylamine
hydrochloride (to give thé&l-hydroxybenzamidines), and stirring thehydroxyamidines with
acetic anhydride in glacial acetic acid followed bydrogenation using Pd-C as a catalyst
(Scheme 2). Similarly, but starting with the comanally available7i, 12i, and13i, ligands?7,

12, and 13 were synthesized by coupling starting materialg wi-(aminomethyl)-benzonitrile
hydrochloride and treating the coupling productthviydroxylamine hydrochloride in presence
of DIEA (Scheme 3). Thél-hydroxybenzamidine were then converted to thel fimaducts via
either hydrogenation using Pd-C as a catalyst,(@.gnd 12) or reduction using zinc dust in

glacial acetic acid (e.gL3).

Ligand 8 was synthesized starting with the commerciallyilabée L-Prolinetert-butyl ester,
which was treated with trifluoromethanesulfonylarde in presence of TEA. The resultitegt-
butyl ester was exposed to trifluoroacetic acidomm temperature to yield the corresponding
acid, 8i. The acid was then coupled to 4-(aminomethyl)-baitdle hydrochloride, and the
product was treated with hydroxylamine hydrochlerido give the correspondingy-
hydroxybenzamidine. The final product was then ioleth via stirring the N-
hydroxybenzamidine with acetic anhydride in gla@eétic acid and hydrogenation using Pd-C

as a catalyst (Scheme 4).

<Insert Scheme 4>



It should be noted that all the final compoundsemaurified by reverse-phase HPLC to at least
95% purity.

2.2. Thrombin inhibition data

All the ligands reported herein were tested foomhioin inhibition using a kinetic photometric
assay [28]. The assay was carried out in a 20 mpebBléuffer, which contains 0.154 M NacCl, at
pH 7.4 using Pefachrome-tPA as a substrate. Na€lim@duded in the assay buffer as a source
of Na', which is the most important allosteric thrombidulator that is required for enzyme
activation (i.e., N&bound ‘fast’ thrombin has higher activity than ‘Neee ‘slow’ thrombin)
[29-30]. The concentration of the Nim the assay buffer is the same as its conceoirati the
plasma water (154 mEg/L). Initially, thed@values for the tested ligands were determinedgusin
dose-response curves. These values were theredtiitz obtain the inhibition constants;"&
using the Cheng-Prusoff equation [31], and thebitioin constants were used to calculate the
binding free energiesAG’s” of the tested ligands using the equatid@ = RTInK. The K
values and their corresponding binding free energre listed in Table 1. It is worth noting that
even though both the;landAG values are reported in Table 1, in the followsegtions, we will
analyze relative/differential binding free energ@®mong pairs of compounds; consequently,

more emphasis is placed on the free energy valatger than the §s.

<Insert Table 1>

2.3. The Replacement of the -C=0 group with a -S©functionality

As illustrated in Scheme 1, the C=0 group of ealch, 6, and7 was replaced with SQo give

3, 8, and9, respectively. Table 1 reveals that, in each gle@ompoundsZ?/3, 6/8, and7/9), there

is not much difference in binding affinity/free egg caused by the C=0S0, replacement. For
example,2 and3 have exactly the sameg EndAG values6/8 and7/9 show only differences in
an average range of 2-fold decrease or increakg which is translated into about 2.0 kJ/mol
average free energy change. Notably, the &80, replacement is slightly favorable when an
electron withdrawing group, such as the ;3§ adjacent to the H-bond acceptor (eA§5i§and-s-
AGiigand-6) OF AAGcraco-crasoz = -1.6 kd/mol: LigandB with CRSO;, is more favorable than
ligand 6 with CRCO by 1.6 kd/mol). On the contrary, an electronatliog group, such as NH



slightly favors the C=0 over the $@e.g. AGigand-9- AGigand-7) OF AAGranco-H2Nso2 = +2.5
kJ/mol: Ligand7 with HoNCO is the one that is more favorable by 2.5 kJymol

Data, therefore, indicate that the contributionttté SQ to the binding affinity is almost the
same as the contribution of the C=0. For instaircéhe case presented herein, as previously
noted, the net favorable contribution of the ligaraydrogen bonding with the NH of Gly216 is
3.2 kJ/mol no matter whether the acceptor is C=G@x, e.9.,AAGch2-.s02 (AGiigand-3- AGiigand-

1) = AAGcp2-co = -3.2 kd/mol. Is this what the H-bond basicitylscfor these two groups
predicts? Applying the basicity scale, with onle ttlirect ligand interactions with thrombin in
mind, one would most likely predict an outcome tisadifferent from what was experimentally
observed. For example, according to theypKdatabase, the $S0s not as good of an H-bond
acceptor as the C=0 is [25]. Also, in the PDB das&h it has been found that the,Sffoup
possesses the dual nature of a weakly polar grbap dan accept an H-bond, and also a
hydrophobic moiety that can exist in close proxymd aliphatic carbon atoms [32]. Considering
protein-ligand interactions as the sole, or theamagleterminant of binding affinity would
therefore lead to the incorrect prediction that 8@, for instance ir8, would cause a reduction
in binding affinity. This is, however, not what wabserved in the binding affinity data. On the
contrary, as will be shown, an in-depth analysishefother factors that influence binding could

lead to a correct prediction of the binding affjtbnsequences of the C=¢50, replacement.

<Insert Figure 3>

In a C=0/SQ comparison, one of the factors that need to bsidered is whether the H-bonds
formed by the C=0 and the $@ave similar geometric parameters, because thasempters
affect the contribution of an H-bond to the bindiaf§nity. For example, an optimum H-bond
would form with a specific distance between theatand the acceptor atoms, a certain angular
preference with regard to the donor-hydrogen-acceggle, and a tendency for the H-bond to
form along the direction of the donated lone pdithe acceptor [32]. The geometric parameters
for the H-bond accepted by the C=0 from Gly216 wiberefore investigated using PDB ID:
2712, which is a crystallographic complex betwelerombin and a ligand similar @except for

a terminal butyryl side chain replacing the acetygliety. The ligand of this crystal structure was
changed to ligan@, in-silico, through truncating the butyryl to acetyl and miizimg the acetyl

group. The H-bond parameters were as follows: NH=-8100 A (N to O heteroatom distance),
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¢N-H-0O = 164°, andzH-O-C = 160° (Figure 3a). Would a S@noiety retain these parameters?
In order to answer this question, a modeling stu@g performed in which methanesulfonyl
replaced the acetyl in ligarls constructed protein-ligand complex. Several oomftions for
the methansulfonyl group were then generated amiimized while the rest of the ligand (and
the protein) were kept constrained. The minimizexhfermation that retains geometric
parameters closest to those of the acetyl groupsetasted for further investigations. A protein-
ligand complex with the ligand’s methansulfonyl pting this conformation demonstrated the
following geometric parameters: NH--O = 2.83 A (bl ® heteroatom distance)N-H-O =
166°, andzH-O-S = 139° (Figure 3b). Because these paramatergery close to those of the H-
bond formed by the acetyl group, it can be condutiat the S@is able to form an H-bond with
Gly216 that is topologically similar to the H-bofokrmed by the C=0. Given this similarity,
would the contributions of the two H-bonds to thetein-ligand interaction component of the

binding free energy (or enthalpy) be also similar?

To address this question, two model systems wensteated for the purpose of quantum
mechanical (QM) calculation of the energy of théoéhd accepted by the ligand from Gly216
(Note: energy in the context of QM calculationsresents enthalpy rather than free energy).
One of these models, ;A consisted of N,N-dimethylacetamide hydrogen bdnde N-
methylformamide [33]. The other,;Bconsisted of N.N-dimethyl methanesulfonamide lobtm
the same N-methylformamide (Models; And B represent ligand® and 3, respectively,
accepting H-bonds from Gly216: Table 2). These rwdeere subjected to PM3 [34] and
B3LYP/6-31G [35] calculations in order to determine their ditpium geometries and energies.
The intermolecular interaction energies betweentiitecomponents of each model (i.e., the N-
methylformamide and the N.N-dimethyl methanesulfoite) were then calculated and were
assumed to represent the energies of the H-bondsevmterested in, because, in each model,
the investigated H-bond is the major intermolecidéeraction in the system. Energy was found
to be 31.80 kJ/mol in case of the acetyl moiety 88@8 kJ/mol in case of the methanesulfonyl
(the acetyl forms a stronger H-bond: Table 2). yrsger H-bond formed by the C=0 could be
attributed to an increase in the availability o# timshared pair of electrons of the C=0 due to
resonance, which is known to be greater in amitlas tn sulfonamides. QM calculations are
therefore in agreement with the notion that a swdfoide SQ is not as good of an H-bond

acceptor as an amide C=0, and had non-covalenteipfiigand interactions been the sole
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determinant of the binding affinity, ligar®l would have been significantly less active tt2an
What then causes the 5@ be as good as the C=0 in terms of contributmnhe binding
affinity?

First, it is important to note that the binding iaitfy/free energy contribution of a ligand
functional group is the sum of the contributions miiltiple factors of which non-covalent
interactions formed between this group and theolgiohl target is one. For example, the amount
of binding free energy contributed by a ligand fiimeal group encompasses also a contribution
from the desolvation of the part of this group tisaburied into the formed complex, as well as
contributions from any change induced by this graughe conformation, ionization, and/or
hydration status of any other group or amino aa&didue in the protein-ligand complex.
Desolvation is particularly important in the cagegented herein because, as Hunter previously
noted, the cost of desolvation nearly cancels batdffect of H-bond formation [36]. This is
apparent in the case of the activity improvememwshby the introduction of the carbonyl H-
bond acceptor into the ligand (GHC=0). This improvement amounts to only 3.2 kJ/me. (
AAGcH2-co), Which is significantly smaller than, for examptee H-bond energy calculated in
the N,N-dimethyl-acetamide model (i.e., 31.80 kdjmib is likely, therefore, that most of the
contribution of the H-bond formed between ligaBdand Gly216 is canceled out by the
desolvation penalty of the C=0. Similar cases iotgin-ligand binding have been previously
reported. For example, Morgan and co-workers replattat, in thermolysin inhibitors, NH- and
CHs,-analogues have almost the same activity becaesbehefit of the H-bond formed by the

NH was canceled out by the desolvation penalty.[37]

<Insert Table 2>

As previously described, the C=0 is a better H-bandeptor than the $SOn the context of
protein-ligand binding, consequently, it can bedtiesized that the C=0 should also be a better
H-bond acceptor in the context of an unbound hydrdigand. It follows that the C=0 would
most likely be harder to desolvate than the,20, in other words, the C=0 would have a larger
desolvation penalty. This larger desolvation pgnattuld cancel out most of the additional
benefit contributed to binding by the H-bond formestween the C=0 and Gly216. In order to
test this hypothesis, and to confirm that the Cs@ better H-bond acceptor towards water, the

N,N-dimethylacetamide and the N,N-dimethyl methalfesamide test molecules were used

11



again to construct two QM models (modelg #&d B,), but, this time, instead of being bound to
N-methylformamide, each molecule is bound to a watelecule through a single H-bond. The
energy of the H-bond in each model was calculatidguthe B3LYP/6-31Gmethod, and was
found to be -28.16 kJ/mol in case of the C=0 ar@@5@ kJ/mol in case of the $Qrable 2).
Calculations, therefore, indicate that, as expedtesl C=0 is a better H-bond acceptor towards
water. As a consequence, the desolvation penalay@tO group is likely larger than that of a
SO,. We, hence, deal with two H-bond acceptor groops: (i.e., C=0) forms a stronger H-bond
with the protein that would contribute more favdyalo the binding affinity/free energy were it
not for a larger desolvation penalty that canceis this contribution; and the other (i.e. §O
forms a weaker H-bond that does not contributeaasrbly to binding but does not cost as
much in terms of desolvation energy either. Consetly, the experimental data, which
demonstrate that the net contributions of the C+@ the SQ to the binding affinity are
equivalent, can be rationalized if we look beyohd toncept of noncovalent protein-ligand
interactions and take into account desolvation.

It should be noted, however, that the analysisgmtesl herein is qualitative, not quantitative,
i.e., the calculations performed are not meantaf@recise determination of, for example, the
desolvation penalty; rather, they were used toakgaalitative trends. This is simply because,
although energy calculations may be correlated witthalpy, they do not take into account
entropic factors. For instance, the -31.80 and1@&J/mol calculated for the H-bonds of the
acetamide models should not be interpreted asdthmlaamounts that should be added to, or
subtracted from, the binding free energy as a apresece of the presence of a hydrogen bonding
group in the ligand. The actual contribution to Hieding free energies would be much smaller
because each of these calculated values is assbaath a compensatory opposing entropic
contribution (e.g., binding which is favorable ierms of enthalpy is associated with motion
restriction which is unfavorable in terms of enyppPreviously, we have reported that up to
80% of the enthalpy associated with hydration wet@ompensated by entropy [7]. This means
that, for example, the -28.16 kJ/mol interactioergy, or enthalpy, calculated in mode}, /s
likely compensated by about +22.53 kJ/mol entr@pyg the amount left over (i.e., -5.63 kJ/mol)
is what may be subtracted in the binding free enengster equation [2] as a result of the C=0

desolvation. Calculations presented in this papeulsl therefore be considered within the
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context of enthalpy-entropy compensation effectsctvoften reduce the net contributions to the
associated free energy changes.

2.4. The influence of adjacent bioisosteric replaceents on the basicity of H-bond acceptors

<Insert Figure 4>

According to the H-bond basicity rule, replacing e adjacent to the H-bond acceptor moiety
with a more electron withdrawing group (e.g. modp,and trifluoromethyl) is anticipated to
reduce the availability of the acceptor’s lone mdielectrons and, in turn, decrease the tendency
to accept H-bonds (Scheme 1). If the free energyritution of the acceptor were solely
governed by the favorable contribution of hydrogemding with Gly216, we would experience
a gradual decrease in activity going from ligaddo ligands4, 5, and 6, which would be
attributable to reducing the basicity and the gjtenof the H-bond accepted from Gly216.
Similarly, ligand8 would be anticipated to be less active tBasurprisingly, an opposite trend
was experimentally observed. For instance, as dstraiad in Table 1 and Figure 4, activity
increases going from ligar®lto 4, 5, and6 (e.g.,AG goes from -23.8 to -24.9, -27.1, then -27.8
kJ/mol: a negative shift indicates an improvemenagtivity). Also, ligand8 was found to be
more active thaB, with a differential binding energyAGchssoz.cr3so2(AGigand-7 - AGiigand-2) Of
-5.6 kJ/mol, an order of magnitude improvementctivdty is expressed in terms of inhibition

constants.

The same trend of going against the potential titeaelation between the H-bond basicity and
the binding affinity was observed when an electdomating group is introduced next to the
acceptor moiety. For example, at first glancepiild be anticipated thgtand9 would be more
active tharn2 and3, respectively, because of the ability of the Bl donate electrons through
resonance to the C=0 and the,Sénd, thereby, to reinforce the hydrogen bondirgerties of
these acceptors. Experimentally, however, as showigure 4, there is no such improvement in
activity, e.g., the -0.3 kJ/mol improvement in deivity of 7 relative to2 is insignificant. Even

9 was found to be less active tharby +2.2 kJ/mol (a positivAAG indicates a decrease in
activity; +2.2 kJ/mol is equivalent to about 2-fadd the K scale). Because these data are not
sufficient to formulate a solid conclusion with aed to the influence of electron donating
substitutions on the binding affinity, the triati®/12/14and 11/13/15were also investigated.

13



Data in Figure 4 reveal that the replacement ofoti@H, with O or NH decreases activity. For
example, the replacement of giith O decreases activity by +2.6 kJ/mol in flt¢12 pair, and

by +4.2 kJ/mol in thell/13 The replacement of GHwith NH, which is a more electron
donating group, decreases activity even more, lygt5.3 kJ/mol in thd0/14 pair and by +7.5
kJ/mol in thell/15 Based on these data, it can be concluded th&okieric replacements,
which involve the introduction of groups that caondte electrons (e.g., via resonance) to H-
bond acceptors, might decrease binding affinitypdeghe anticipated reinforcement of the H-
bonds formed with the protein. On the contraryugothat are capable of withdrawing electrons
from H-bond acceptors might improve binding affiniThe trends revealed by this collection of
data are the opposite of what many medicinal chismigght anticipate to observe in SAR

studies, and are therefore important to understantbre depth.

<Insert Table 3>

These counterintuitive results motivated us toiahit verify our original assumption that
adjacent electron withdrawing and donating growgspectively decrease and increase the H-
bond basicity of an acceptor moiety. To do so, QMleis similar to models and B (Table 3:
QM models L-P1) were constructed (as describedhénetxperimental section) for ligandsb,
and6 to account for the “withdrawing” bioisosterism, &sll as forl2/13and14/15to account
for the “donating” bioisosterism (i.e., NH i4/15is a better donor than O 2/13. These
models were subjected to PM3 and B3LYP/6-31@lculations in order to determine
equilibrium geometries and energies, and the im&aular interaction energies between the two
components of each model were calculated and asktonwepresent the energies of the H-bonds
we are interested in. Upon evaluating the trenthefinteraction/H-bond energies in models A
C;, D1, and B, we noticed that the magnitude of the interackishond energy inversely
correlates with the number of the fluorine atomgheu-C, and, consequently, with the electron
withdrawing effect exerted on the C=0O (more fluerimtoms cause a stronger electron
withdrawing effect). Considering models &nd G, we noticed that the presence of an NH,
which is a better electron donor than an O, caasdacrease in the magnitude of the interaction

energy.

These results confirmed that an adjacent electritindvawing group can indeed decrease the

hydrogen bonding basicity of an acceptor moietyltegy in a weaker H-bond with the protein
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(e.g. Gly216), whereas an electron donating graag dn opposite effect. Because the binding
affinity data reveal an opposite trend (i.e., adpacelectron withdrawing and donating groups
cause an increase and a decrease in the bindindyaffespectively), it can be concluded that, in
the present case, biological activity is inversetyrelated with the H-bond basicity of the

acceptor and with the strength of H-bond formeavkeen the ligand and Gly216.

Secondly, we investigated if the strength of thbdtid formed by the acceptor moiety (e.g., the
C=0) is the only aspect of protein-ligand interastithat changes due to bioisosterism in an
adjacent group. This is important because any ahangthe contribution of protein-ligand
interaction to the binding affinity across a sepésigands is determined not by the change in the
strength of a single non-covalent interaction, saslhe H-bond between the ligand and Gly216,
but by the net change in the overall protein-ligameraction network. To investigate this, we
constructed new QM models which incorporate noy ¢iné NH of Gly216, as in models L-P1,
but also the C=0 of this amino acid residue (entpdels L-P2). This Gly216 C=0 is the only
additional group that may be strongly influencedHy bioisosteric replacements of the ligand’s
0-CH2/CHs, given that no other group (e.g., besides the NIGlg216) lies within a 5.00 A
sphere centered on the ligand<CH;z in the crystallographic construct of liga@dModels with
formylglycinamide instead of N-methylformamide & tprotein representative (i.e., models L-
P2) should therefore be a reasonable compromiseebataccuracy and computational effort
when it comes to qualitative investigation of otlspects of protein-ligand interaction besides
hydrogen bonding to the NH of Gly216. Table 3 inles these models, which represent ligands
2, 4,5, and6 (models A, C,, Dy, and R, respectively), and the interaction energies agsat
with them as calculated using the B3LYP/6-31&thod.

As demonstrated in Table 3, the interaction ensrgadculated for these models (i.e., L-P2’s) are
significantly different from those of the corresplamg L-P1 models. For example, comparing A
to A,, the magnitude of the interaction energy (i.g) Becreases from 31.80 to 22.67 kJ/mol,
most likely because of electrostatic repulsion edusy the close proximity of the Gly216 C=0
and the ligand’s C=0 (Gly216-C=0--O=C-ligagd= 3.15 A). Similarly, for ligandg} and5
(models C and D), the magnitude af;HElecreases going from L-P1 to L-P2, but to a lesser
extent, probably because the electron withdrawiifigce of the increasing number of fluorine

atoms on ther-C decreases the electrostatic charge on the @eoligand’s C=0 (e.g., from -
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0.57 (CHCO) to -0.52 (FCHCO) and then to -0.49 §EHCOQO)) and, consequently, reduces the
O-0 electrostatic repulsion. The end result is #aatations in the magnitude of,Fobserved in
models L-P1 among ligands 4, and5 are almost canceled out in models L-P2 (Tablén3jhe
case of6, the L-P2 model (i.e., £ demonstrates dramatic decrease in the magnittid&,.0
relative to the corresponding L-P1 model (e.g.mfre24.75 to -13.32 kJ/mol). This decrease
might be attributed to electrostatic repulsion esw the additional fluorine on tlheC and the
C=0 of Gly216 ((Gly216-C=0--F-GHigand 6 = 2.82 A). This additional repulsive interaction
does not exist in any of ligan@s 4, or5, e.g.,4 and5 likely adopt conformations in which the
fluorine atoms are far from the C=0 of Gly216. e tase 06, despite the significant decrease
in the magnitude of & in model E, this ligand is the most active among liga¢d, 5, and6;
consequently, it could be speculated that thistiganight have a different binding mode which
avoids the O--F repulsive interaction. To test thypothesis, an X-ray crystal structure for this
ligand is needed, but this is beyond the scopénefcurrent study. Overall, does the protein-
ligand calculated interaction energy correlate whté binding affinity? It appears from the data
included in Table 3 that there is no significantretation. This is more visually depicted in
Figure S1 (supplementary data), which represemietabetween E: for five L-P2 models and
AG for the corresponding ligands. This figure demiaes an R of 0.54, which indicates a

weak correlation at best.

If the binding affinity has no (or little) correlah with protein-ligand noncovalent interactions,
what then causes the observed trend in activity®? ddsolvation factor was investigated next, as
was previously done with ligandsand3. We therefore constructed QM models, each of which
consists of a water molecule hydrogen bonded taaated N,N-dimethylamine (Table 3:
models L-W). The acyl group of the acylated N,N-dilrylamine was varienh-silico according

to the ligand each model represents (e.g., monwfagetyl in model ¢ to represent;
difluoroacetyl in O to represens; etc.). Next, the interaction energy between thgated N,N-
dimethylamine and the water molecule in each mdel, the H-bond energy) was calculated
using B3LYP/6-31G and the results are listed in Table 3. Data fodet® L-W reveal that,
among models @ C,, Dy, and E, the model that possesses the most favorable id-boargy

is Ay which represent® (-28.16 kJ/mol). H-bond energy, then, graduallydrees less favorable
as the fluorination of the-C is increased (e.g.wA>Cy—Dyw—Eyw: -28.16--25.73--23.42--

21.19). These data are in agreement with what Wwasreed in models L-P1, wherein successive
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fluorination of thea-C and the resulting increase in the electron wahihg effect on the C=0
cause decease in the basicity and strength of thend accepted by this C=0. Contrary to
models L-P1, this effect would impact the bindingef energy in an inverse manner, e.g., a more
favorable H-bond with water is associated with aakez binding (i.e., a less negatiw)
because it signifies a larger desolvation penéltynversely, a less favorable H-bond with water
signifies a smaller desolvation penalty and wouddassociated with a better binding. This is
exactly what we observe in ti# 4, 5, and6 series, wher@, the weakest binder, demonstrates
the most favorable interaction with water (e.g.,nmmodel A,); and 6, the strongest binder,
demonstrates the least favorable interaction widttew(e.qg., in model §. This trend can be
clearly perceived whelG is plotted in Figure 5 againstisE(representing the desolvation
penalty) for A, Cu, Dw, Ew, and R, (an additional model representing the interactibi@ with
water). First, this plot reveals a remarkable Inearrelation betweerG and -F; with an R
value of 0.92. Second, the correlation is posi(ive, a positive slope), which means that when
the desolvation penalty increases; increases, in other words, becomes less negfteve

weaker binding); and vice versa.

The data in Table 3 for modelg Bnd G, also demonstrate that a more electron donatingpgro
such as an NH relative to an O isostere, causé®srger H-bond with water (-31.68 vs. -28.46
kJ/mol), which translates into a larger desolvatpmnalty. As previously described, a larger
desolvation penalty results in a weaker binding] s is what is experimentally observedLih

vs.14 and13vs.15 (e.g.,14 and15 are weaker binders thd2 and13, respectively).

<Insert Figure 5>

Overall, there are a number of conclusions thatbmadrawn based on the data presented in this
section. First, a decrease in the basicity of tk®Qlue to bioisosterism causes not only a
decrease in the strength of the H-bond formed @iyR16 in the protein-ligand complex, but
also a decrease in the strength of the H-bondshisf droup with water and a subsequent
reduction in the desolvation penalty (and vice agrSecond, a change in the strength of the H-
bond formed with Gly216 in the protein-ligand coewplis not the major determinant of the
associated change in the binding free energy witiénseries of the thrombin inhibitor studied
herein. Third, the change in desolvation penaltyhef C=0O dominates the differential/relative

binding free energy in this series of thrombin mtars and is therefore the factor that produces
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the inverse correlation that was observed betweenH-bond basicity of the C=0 and the
binding affinity. For example, the improvement iretbinding free energy which accompanies
the reduction in the C=0 basicity (e.B-5) can be attributed to a reduction in the desaivati
penalty, and vice versa (e.d2—14). Fourth, the desolvation factor dominates théedzntial
binding because the change in the free energyibation of the H-bond formed with Gly216 in
the protein-ligand complex can be masked by othanges caused by bioisosterism in the array
of the noncovalent protein-ligand interactions (€2¢and5). This masking effect occurs due to
spatial restrictions in the protein-ligand complexhich sometimes prevents groups with
unfavorable interactions from moving away from eather (e.g. the two C=0 groups of the
ligand and Gly216). This is not likely to occurtime unbound state where water molecules can
freely move and adopt optimal positions. It shoh&l noted that it is the change in the free
energy contribution of the H-bond that is being roceene by the change in the desolvation
contribution (e.g., in a series of ligands all dfieh can form this H-bond such as4, and5),

not the H-bond’s contribution WG itself. When it comes to the absolute contrimaiof the H-
bond with Gly216 and the desolvation of the ligan#éi-bond acceptor, there is still enough
favorable contribution derived from the H-bond wi@ly216 to overcome the desolvation
penalty even if this penalty might be large airOtherwise, there would be no free energy
benefit from having the C=0 group in the ligand ewlle, which is contrary to what was
experimentally observed i vs. 1 (Figure 2). Overall, the data highlight the importe of
explicitly considering the desolvation differencasiong analogs in a SAR study. A further
analysis of the data presented herein would redXtray crystal structures of several analogs,
but this is beyond the scope of the current study.

2.5. Functional group cooperativity and bioisosteem

Functional group cooperativity, also termed nontdtf or synergism/antagonism, is an
important concept in drug design and SAR studidéss & mainly because this phenomenon can
account for 1-2 or even 3 orders of magnitude wHeeable increase in binding affinity. We
have previously studied functional group coopergtin both thrombin [1][4] and thermolysin
[2-3] and discovered that cooperativity is a comnfioding in lead optimizations [3], which
should be taken into account in scoring functiakj§], and which can arise from variations in

the free energy contributions of different playershe protein-ligand binding process [2]. Other
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cases of functional group cooperativity have besported within the context of SAR studies
[38-42]. Functional group cooperativity can be disd as the dependency of the functional
group contributions to the binding affinity on t&uctural features of the rest of the ligand
molecule. Notably, the ligand C=0 group we are @a@hg in the current study has previously
demonstrated cooperativity. For example, in bicythrombin inhibitors, the contribution of this

group to the binding affinity was found to be -Xa/mol [43], which is the same as the
contribution we report herein. In pyrrolidine-basedibitors with side chains capable of binding
in the S3 pocket, however, the contribution of tipisup was reported to range from -10.0 to -
23.0 kd/mol [4][44-45]. Given that cooperativity & common phenomenon in SAR studies,
albeit typically not recognized as such, it wasestpd that cases of cooperativity would be
discovered in the course of our investigation itlte concepts of bioisosterism and H-bond
basicity in thrombin inhibitors. In the supplemewgtanaterials of this paper, these cases of
cooperativity are outlined and evaluated throughbd® mutant (double transformation) cycles.
It is important to note that the reason behind réq@orted cases of cooperativity is currently

under investigation and will be reported in duerseu

3. Conclusions

In this study, the basicity of the H-bond acceplydthrombin inhibitors from Gly216 was
modulated via bioisosteric replacement of either @O group, which accepts this H-bond, or
an adjacent group that influences the acceptor tynoddectronically (via either electron
withdrawing or donating effect). A correlation bewn the basicity of the investigated H-bond
acceptor and the ligand’s binding affinity was sisipgly found to be absent in case of the C=0
replacement with SO For example, ligands featuring an S@oiety, a weaker H-bond acceptor
than the C=0, are not significantly different inrms of binding affinity from their C=0
analogues. QM calculations revealed that this oeseequipotency is largely due to a smaller
desolvation penalty in case of the S@nd a larger one that cancels out the strongetinm
contribution of the H-bond to Gly216 in case of @rO.

Desolvation was also found to play a dominant wahen the basicity of the H-bond acceptor is
modulated via bioisosteric replacement of an adjgggoup. In this case a counterintuitive
inverse correlation between the binding affinitydahe H-bond basicity, which could not be
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explained by modulating the strength of the ligand-bond with the protein, was observed. This
inverse correlation could rather be explained avign desolvation is considered. For example,
a decrease in the H-bond basicity reduces thegttrai the ligand’s H-bond(s) not only with the
protein but also with hydration waters in the unfgtate. This, in turn, reduces the desolvation
penalty. If the effect on desolvation is more proemt than the effect on the direct protein-ligand
interaction, a decrease in H-bond basicity willamantageous to the binding affinity (inverse
correlation). This explanation was supported by @&ftulations wherein ligands with a more
favorable binding suffered less of an energy pgriattm breaking their H-bonds with a probe
solvation water molecule, and vice versa. Furtheema plot of the ligand binding free energy
vs. the calculated energy for breaking such H-bawitis water yielded a linear relationship with
an R value of 0.92.

In summary, this study explores the interconnectéels of bioisosteric replacements, H-bond
basicity, and desolvation in the context of profggand binding. The study, therefore,
contributes significantly to understanding impottaspects of the structure activity relationships
of closely related analogues. Although the curstntly was carried out using thrombin as a
model system, the key findings of this study akelli to be applicable to many other protein-
ligand drug discovery systems. Three such findemgsemphasized herein. First, bioisosterism,
an important concept in drug discovery, can yietlinterintuitive experimental outcomes;
therefore, to predict the outcome of bioisosterigng crucial to investigate the changes caused
by bioisosteric replacements in the structural #dx@dmodynamic features of both the complexed
and uncomplexed ligand systems, e.g., changesiddholvation, conformational, or ionization
status. Second, desolvation is a key factor tteinahe present case, can correlate well with
binding affinity but in an unanticipated manner. f@l@ttention should therefore be paid to this
factor whenever unexpected SAR results are encatht&urthermore, desolvation should be
accurately accounted for in binding affinity prada algorithms (e.g., scoring functions) that
are used foin-silico screening of compound libraries. Third, QM modeds be successfully
employed to study trends in binding affinity (ombing thermodynamics) and determine the
factor(s) that may be responsible for these tremMbsse calculations can also provide important
insights into effects that are rarely taken intecamt in drug design, such as polarizations and

charge redistributions.
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Notably, the findings presented herein point towad improved molecular design methodology
wherein structural modifications that can reduce ligand desolvation penalty are explicitly
considered when optimizing lead compounds. Thidowlogy could significantly improve the
process of lead optimization, and might lead to digcovery of more potent ligands with

enhanced biological or therapeutic responses dgailesant drug discovery targets.

4. Experimental

4.1. Biological assay

The inhibition constants of the thrombin inhibgdr15were determined photometrically at 405
nm using Pefachrom tPa (G&0,-D-CHA-GIy-Arg-pNA.AcOH; DSM Nutritional Productstd
Branch Pentapharm, Switzerland) as a chromogeihistisiie. The assay was performed using a
SpectraMax Plus 384 UV/VIS microplate spectrophatanat 25 + 0.2 °C. The stock solutions
of the enzyme, substrate, and inhibitors were pegbdrom accurately weighted samples of
respective species. All the measurements wereedaout in a buffer containing 0.02 M Hepes,
0.154 M NaCl and a final DMSO concentration of 8% at pH 7.4 £ 0.05. The enzyme
concentration in all the final assay solutions wssproximately 8-12 nM, the substrate
concentration in the final assay solutions was 180 and the concentrations of each inhibitor
were in the range of 0.5 ¥g— 10 1Go (a preliminary 1@, for each inhibitor was determined by
an initial screening). The assay was always imtlaby adding the enzyme to a premixed
solution of the substrate and the inhibitor. Theaabance was then monitored kinetically every
20 s. for 30 min, and the reaction rate (OD/s) used to construct a dose-response curve, which
was subsequently used to determine thg V@lue. GraphPad Prism was used for data fittirdg an
ICso determination. Inhibition constants ;& were then calculated from the experimentally
determined IGy's using Cheng-Prusoff equation [31],& 289 + 6uM), and were subsequently
employed to calculate the binding free energieG’§) using the equatiom\G = RTInK;, R is

the gas constant and T is the temperature in Kelifine reported average inhibition constants
and binding free energies (&K andAG’s) and their standard deviations were obtainedfat

least three experimental measurements (e.g. tiplidor each inhibitor.

4.2. Molecular modeling and OM calculations
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4.2.1. Construction of thrombin-2 and thrombin-3 malel complexes

The crystal structure 2712 was downloaded and tsednstruct the thrombig-model complex.
Atoms and molecules other than the protein andigiaed were deleted (e.g., water molecules).
Using SYBYL-X software, Tripos Inc., hydrogen atomsre added to both the ligand and the
protein. The atom and bond types as well as thepation statuses for the ligand and the active
site residues were checked and modified as negesSasteiger-Huckel charges for the ligand
and Kollman-All Atom charges for the protein’s a®muere then calculated. This was followed
by minimizing the added hydrogen atoms with Tripoce field using the default parameters
with the exception of using the charges that werevipusly loaded on the protein-ligand
complex atoms, and using a value of 80 for theedielc constant. It should be noted that during
this minimization procedure, all the heavy atomseneept constrained in order not to lose the
crystallographic information (e.g., ligand bindingpde, conformations of flexible amino acid
residues, etc.). The ligand’'s terminal butyryl whaen replaced with an acetyl moiety through
deleting they-CH; and the-CH,, and converting the-CH, to CH;. Gasteiger-Huckel charges
were recalculated for the ligand; then the acetglety, together with all the hydrogen atoms,

was minimized with Tripos force field as descrilzdubve.

To construct the thrombiB-model complex, the acetyl group in thromRirconstruct was
replaced with methanesulfonyl. Gasteiger-Huckelrgbs were recalculated for the modified
ligand; then the methanesulfonyl, together withth# hydrogen atoms, was minimized with
Tripos force field as previously described (all estineavy atoms were kept constrained during
minimization). This was followed by generating saeonformations for the methanesulfonyl
group via rotating the CiN-S=0O dihedral angle 30° at a time. Conformaticist
demonstrated steric clashes with the protein weduded, while other conformations were
minimized as described. For each minimized conféiona the distance NH--O (N to O
heteroatom distance) and the angtd6H-O and«£H-O-S were evaluated, and the model with
the conformation that demonstrated the closest mttbdistance and angles to those of the
thrombin2 model was considered the final thromBimaodel complex. It is worth mentioning
that the chosen model is the only model that satisdll of the following criteria: NH--O = 3.00
+0.20 A, ZN-H-O = 164+ 10°, andzH-O-S = 160 + 25°, noting that 3.00 A, 164Ad 160° are
the NH--O,£N-H-0,and£H-O-C of the thrombir2 model, respectively.
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4.2.2. Construction of OM models and interaction eergy calculations

Models A and A were constructed using coordinates derived from ttirombin2 model
complex. Model B was constructed using coordinates derived fromtlinembin3 complex.
Equilibrium geometries were then calculated for thedels using the semi-empirical PM3
method [34] (note: heavy atoms whose optimizaticas ikely to significantly change the
crystallographic coordinates were constrained). 8od-P2 were constructed via replacing the
Me group in the MeCON(C¥). of model A with the corresponding variable moiety (e.qg.,
FCH,- F,.CH-, etc.). For each model, several conformatiomsewgenerated for the variable
moiety via rotating theC-CO bond 30° at a time. Duplicate conformationsenignored; e.g.
conformations of the GHn E, degenerate into only two conformations. Each conédion was
then optimized using PM3, energy was calculatedgu8i3LYP/6-31G method [35], and the

conformation that gives the lowest energy (modilej)anodel was retained and considered final.

Models G-E; were constructed form the corresponding L-P2 nde truncating the protein
representative formylglycinamide to N-methylformdmi Models Fand G were constructed
via initially replacing the acetyl in thrombi- with either methoxycarbonyl or
methylaminocarbonyl and optimizing these group€ntlusing the coordinates of resulting
protein-ligand complexes to build the QM models,ickhwere further subjected to PM3
geometry optimization. Models L-W (e.gwAdly) were built using the corresponding L-P1 or L-
P2 wherein the NH of the protein representative usesl to guide placing the water molecule at
an H-bond distance from the ligand. Equilibrium igedries were then calculated using the semi-
empirical PM3 method. For each model, the inteoacgnergy was calculated in the following
manner: first, total energy was calculated using-¥@®6-31G method; second, the two
components of each model, A and B, were separated @ach component in a file), and the
energy of each component was calculated using B2-8RG; and, finally, the interaction
energy was calculated using the formula € Eo — (B + E), where Ky is the total energy of
the model, Eis the energy of component A, angd I& the energy of component B. All the QM

calculations were performed using Spartan softwaiayefunction, Inc.

4.3. Chemistry

4.3.1. General methods
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Reagents were obtained from commercial supplied ased without further purification.
Anhydrous solvents were purchased as sealed bdttes either Fisher-Acros (AcroSeal) or
Aldrich (Sure-seal) and were maintained under goraatmosphere. Dichloromethane (DCM)
was distilled from a calcium hydride still and useunediately. Solvent removal was performed
on a rotary evaporator equipped with a 20-60 °Gewiaaith and a self-contained aspirator. Thin-
layer chromatography (TLC) was performed on An&ltédewark, DE) 200 micron Silica Gel F
coated on polyethylene sheets. Visualization wasmaplished with 254 nm UV light or iodine
staining. The silica gel used in the flash chromgedphy was 40-7wm flash grade purchased
from Sorbent Technologies (Atlanta, GA). All amiaoids used are unless otherwise noted.
Proton and carbon nuclear magnetic resonance wésmped in deuterated solvents purchased
from Cambridge Isotope Laboratories, Inc (AndowtD) on one of the following instruments:
Varian Gemini 300 MHz, Varian Inova 400 MHz, or \4ar Inova 500 MHz'H NMR data are
reported in the following format: chemical shiftpfp values in relation to TMS or the
appropriate solvent peak), multiplicity (s = sirtgld = doublet, t = triplet, g = quartet, dd =
doublet of doublet, dt = doublet of triplet, dg sutblet of quartet, m = multiplet, br s = broad
singlet), coupling constant(s), and integration. &ever fractions of chemically equivalent
protons appear at widely-spaced chemical shifkg When the compound exists in multiple
conformations, the chemical shifts are reportelipfed by the multiplicity(ies) preceded by the
number of peaks (e.g. 2 s, 2 d, etc.), the cougorgstant(s), and the sum of the integrations of
these peaks. Low resolution ESI mass spectromets/performed on a Thermo Finnigan LCQ
Advantage instrument using 60% methanol in wateh A6 acetic acid or 60% acetonitrile in
water with 0.1% trifluoroacetic acid as the mobjlkase. Preparative and semi-preparative
HPLC instrumentation included a Milton Roy gm400€adient programmer, Milton Roy
Constametric | and Il pumps, a Rheodyne 7125 topewith a 5.00 mL sample loop, and a
Knauer Variable Wavelength Detector set at 254 nith @& preparative flow cell. The HPLC
column used was a Phenomenex LUNA C18(2unh 100A pore, 21 mm X 250 mm with
Security Guard cartridge used with a flow rate ohl@min. All final compounds used to acquire
biological data were at least 95% pure as deteminyeHPLC analysis.

4.3.2. General procedure for sulfonamide and sulfofurea formation
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A solution of the free amine (or its hydrochloridalt: 1.0 equiv.) and TEA (3.0 equiv.) in
anhydrous DCM was prepared, cooled to 0 °C, amtedtusing a magnetic stir bar. A 0.36 M
solution of either methylsulfonyl chloride or amsudfonyl chloride in anhydrous DCM was
gradually added to the amine solution (note: thewrhof the added solution was calculated to
deliver 1.2 equiv. of the sulfonyl chloride to theaction medium). The reaction mixture was
allowed to warm up to room temperature. It was tegmed for 8 h, diluted with ethyl acetate
(50 mL for every 5 mL DCM) and extracted with 1 MCH(3X), saturated sodium bicarbonate
(3X), and brine (2X). The organic layer was theredwith anhydrous sodium sulfate and the
solvent was evaporated under vacuum to give thdugto The products of this reaction were

used in the next step without further purification.

4.3.3. General procedure for amide coupling

A solution or suspension of the carboxylic acid(&quiv.), the free amine (or its hydrochloride
salt: 1.0-1.1 equiv.), EDCIL.HCI (1.2 equiv.), an®Bt (1.2 equiv.) in anhydrous DMF was
prepared, cooled to 0 °C, and stirred using a ntagsér bar. DIEA (2.2 equiv. in case of
coupling to a free amine and 3.3 equiv. in caseoopling to a hydrochloride salt) was gradually
added to this solution/suspension. The reactiorturexwas then allowed to warm up to room
temperature, and was stirred overnight. This wlevied by dilution with ethyl acetate (50 mL
for every 5 mL DMF) and extraction with 1 M HCI (3>saturated sodium bicarbonate (3X), and
brine (2X). The organic layer was then dried witiinydrous sodium sulfate and the solvent was
evaporated under vacuum to give the product. Thdymts of the amide couplings were purified

by flash chromatography or semi-preparative revphese HPLC whenever needed.

4.3.4. General procedure for acylation using acidrahydride

Either the free amine or its hydrochloride sal®(&quiv.) was dissolved in a sufficient amount of
anhydrous pyridine. The solution was then coole@ t€ using crushed ice. The acid anhydride
(3.0 equiv.) was added to the amine solution griguend the reaction mixture was allowed to
warm up to room temperature. The mixture was thered for 5-7 h. This was followed by
dilution with ethyl acetate (50 mL for every 3 mirjgline) and extraction with 1 M HCI (3X),

saturated sodium bicarbonate (3X), and brine (ZM)e organic layer was then dried with
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anhydrous sodium sulfate and the solvent was easgmbunder vacuum to give the product. The

products of this reaction were used in the next stéhout further purification.

4.3.5. General procedure for benzyl ester deproteoin

The ester was dissolved in methanol in a Parr flablke flask was charged with 0.05 equiv. of
10% Pd/C, and was then put on a Parr hydrogenatiparatus. The flask was subjected to 3
charge/purge cycles with hydrogen gas, and was thanged with 50-55 psi hydrogen. The
reaction mixture was shaken overnight, then filewsing Celite. The flask and the Celite were
washed several times with methanol, and the metheaions were combined and evaporated

under vacuum to give the desired product, whichndidnormally need any further purification.

4.3.6. General procedure for the conversion of bepnitrile derivatives to N-

hydroxybenzamidines

The benzonitrile derivative (1.0 equiv.) and hyddexine hydrochloride (3.0 equiv.) were
dissolved in anhydrous methanol and stirred forniis. DIEA (3.0 equiv.) was then added
gradually to the reaction mixture, and the mixturas stirred at room temperature overnight.
Upon the completion of the reaction, methanol veasavedn vacuo, and the residue was taken
up in n-butanol. Then-butanol solution was washed with an equal amodnwvater (3X).
Acetonitrile was then added to thebutanol fraction (three times the amount of thieutanol),
and the solvents were removed under vacuum to thwedesired product which was purified
with semi-preparative reverse phase HPLC. Altevedtj upon reaction completion, the mixture
was applied directly to semi-preparative reversasphHPLC to separate the product in a pure

form.

4.3.7. General procedure for the conversion olN-hydroxybenzamidines to benzamidines

using hydrogenation

The N-hydroxybenzamidine (1.0 equiv.) was dissolved lecigl acetic acid. Acetic anhydride

(3.0 equiv.) was then added, and the reaction mextas stirred for 30 min. The mixture was
then transferred to a barr flask, which was chasgield 0.05 equiv. of 10% Pd/C, and was then
put on a Parr hydrogenation apparatus. The flask subjected to 3 charge/purge cycles with
hydrogen gas and then charged with 50-55 psi hylroghe reaction mixture was shaken
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overnight and then filtered using Celite to remdive Pd/C. Acetonitrile was then added to the
mixture (3 x the amount of the glacial acetic acaf)d the solvents were removed under vacuum
to give the desired product, which was purifiedrbyerse phase HPLC (e.g. using a mobile

phase that has 1% acetic acid).

4.3.8. Synthesis of compounds 1, 2, 3, 8,11, 13Jd 45

4.3.8.1. §)-1-Ethylpyrrolidine-2-carboxylic acid (1i)

The commercially available-proline benzyl ester hydrochloride (604 mg, 2.5 ahnwas
dissolved in 5.0 ml DMF. Anhydrous potassium cadien(1.04 g, 7.5 mmol) and ethyl iodide
(468 mg, 3.0 mmol) were added, and the mixture vemded to 80°C and stirred overnight. Upon
reaction completion, the mixture was diluted withy acetate (50 ml) and washed with water
(2X) and brine (2X). The organic layer was theredriover anhydrous sodium sulfate and
concentrated under vacuum. The residue was purifiddreverse phase HPLC to give 420 mg
of the product (yield: 72%). The product obtainezhi this reaction, which is the benzyl ester of
li, was subjected to hydrogenation to remove the yWegwup according to the general
procedure for benzyl ester deprotection. 248 mghefdesired productli) was obtained and
used without further purification (96%)H NMR (DMSO-&) & 1.14 (m, 3H), 1.80 (m, 2H),
2.02-2.41 (m, 4H), 2.75 (m, 2H), 4.18 (m, 1H), TO(®Br, 1H);m/z (LCMS, ESI): found 144.1
[M + H]"; [C/H1aNO; + H]' requires 144.1

4.3.8.2. §)-N-(4-Carbamimidoylbenzyl)-1-Ethylpyrrolidine-2-carbo xamide diacetate (1)

Following the general procedure for amide couplwgh only slight modifications, compound
1i (243 mg, 1.7 mmol) was reacted with 4-(aminometierzonitrile hydrochloride (320 mg,
1.9 mmol) in anhydrous DMF (5.0 mL), using EDCI.H@BB4 mg, 2.0 mmol) and HOBt (270
mg, 2.0 mmol) as coupling reagents, and DIEA (72f) ,6 mmol) as a base. Modifications in
the general procedure for amide coupling includsthgin-butanol instead of ethyl acetate to
dilute the reaction mixture, and performing therastion with 1 M HCI (2X) and water (2X).
301 mg of the benzonitrile derivative was obtailaad used without further purification (yield:
69%). This product was then reacted with hydroxyhenhydrochloride (243 mg, 3.5 mmol) in
the presence of DIEA (450 mg, 3.5 mmol) accordmthe general procedure for the conversion
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of benzonitrile derivatives thl-hydroxybenzamidines. Thé-hydroxybenzamidine (232 mg, 0.8
mmol) was then reacted with acetic anhydride (260 205 mmol) and hydrogenated according
to the general procedure for the conversioh-difydroxybenzamidines to benzamidines. 258 mg
of the final product was obtained after purificatinith reverse phase HPLC (yield: 8294\
NMR (CDsOD) 6 1.39 (m, 3H) 1.81 (s, 6H), 2.20 (m, 3H), 2.59 @Hl), 3.24 (m, 2H) 3.75 (m,
2H) 4.18 (m, 1H) 4.59 (s, 2H) 7.58 (d, J = 8.4 AK) 7.82 (d, J = 8.4 Hz, 2H}*C NMR
(CDsOD) 6 9.96, 22.6, 29.5, 42.5, 50.3, 54.2, 67.1, 12728.0, 144.8, 167.9, 174.hyz
(LCMS, ESI): found 275.2 [M + H] [C15H22N4O + HJ requires 275.2

4.3.8.3. §)-1-Acetyl-pyrrolidine-2-carboxylic acid (2i)

Following the general procedure for acylation, tbenmercially available-proline benzyl ester
hydrochloride (604 mg, 2.5 mmol) was reacted witid aanhydride (770 mg, 7.5 mmol) in
anhydrous pyridine (4.0 ml). 315 mg of the prodwets obtained (yield: 51%). The product
obtained from this reaction, which is the benzykesf 2i, was subjected to hydrogenation to
remove the benzyl group according to the gene@eauture for benzyl ester deprotection. 194
mg of the desired producRif was obtained and used without further purificati®7%)*H
NMR (CDs;OD) 3 2.06 (m, 6H), 2.27 (m, 1H), 3.50-3.69 (m, 2H),34¢4n, 1H); Mz (LCMS,
ESI): found 158.1 [M+H], [C;H11NOs + H]” requires 158.1

4.3.8.4. §)-1-Acetyl-N-(4-Carbamimidoylbenzyl) pyrrolidine-2-carboxamide acetate (2)

Following the general procedure for amide couplwgh only slight modifications, compound
2i (188 mg, 1.2 mmol) was reacted with 4-(aminomgbiernzonitrile hydrochloride (222 mg,
1.3 mmol) in anhydrous DMF (5.0 mL), using EDCI.HQIF6 mg, 1.4 mmol) and HOBt (194
mg, 1.4 mmol) as coupling reagents, and DIEA (51) /a0 mmol) as a base. Modifications in
the general procedure for amide coupling includsthgin-butanol instead of ethyl acetate to
dilute the reaction mixture, and performing therastion with 1 M HCI (2X) and water (2X).
260 mg of the benzonitrile derivative was obtailaad used without further purification (yield:
80%). The product was then reacted with hydroxytearhydrochloride (200 mg, 2.9 mmol) in
the presence of DIEA (370 mg, 2.9 mmol) accordm¢he general procedure for the conversion
of benzonitrile derivatives th-hydroxybenzamidines. Thé-hydroxybenzamidine (213 mg, 0.7

mmol) was then reacted with acetic anhydride (220 2a1 mmol) and hydrogenated according
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to the general procedure for the conversioh-dfydroxybenzamidines to benzamidines. 206 mg
of the final product was obtained after purificatinith reverse phase HPLC (yield: 85%)
NMR (DMSO-d) 6 1.70 (s, 3H), 1.80 and 2.00 (2s, together 3H)7 18, 3H), 2.10 (m, 1H),
3.48 (m, 1H), 3.62 (m, 1H), 4.28 (m, 1H), 4.36 @Hl), 7.44 (d, J =7.2 Hz, 2H); 7.74 (d,J = 7.2
Hz, 2H), 8.42 and 8.75 (2t, J = 6.4 Hz, togethe), B-50-10.5 (brs, 4H)**C NMR (CD;OD) &
19.8, 24.9, 30.8, 42.2, 61.8, 127.3, 128.4, 12B46,0, 167.1, 172.4, 173.0Yz (LCMS, ESI):
found 289.2 [M + HJ; [C1sH20N4O, + H]* requires 289.2

4.3.8.5. §)-1-(Methanesulfonyl) pyrrolidine-2-carboxylic acid (3i)

Following the general procedure for sulfonamidenfation, the commercially available-
proline benzyl ester hydrochloride (483 mg, 2.0 jnwas reacted with methanesulfonyl
chloride (6.5 mL of the 0.36 M DCM solution, 2.3 mknin the presence of TEA (610 mg, 6.0
mmol). 362 mg of the product was obtained afteifigation with reverse phase HPLC (yield:
64%). The product obtained from this reaction, \Wwhgthe benzyl ester &i, was subjected to
hydrogenation to remove the benzyl group accortinthe general procedure for benzyl ester
deprotection. 238 mg of the desired produ8t) (was obtained and used without further
purification (96%)."H NMR (DMSO-d) 1.88 (m, 3H), 2.00 (m, 1H), 2.96 (s, 3H), 3.34J)(t
6.3 Hz, 2H), 4.22 (m, 1H), 12.70 (brs, 1H)yz (LCMS, ESI): found 192.0 [M - H]
[CsH11NO4S - HJ requires 192.0

4.3.8.6. §)-N-(4-Carbamimidoylbenzyl)-1-(methanesulfonyl) pyrroidine-2-carboxamide
acetate (3)

Following the general procedure for amide couplwgh only slight modifications, compound
3i (193 mg, 1.0 mmol) was reacted with 4-(aminomgbtigszonitrile hydrochloride (185 mg,

1.1 mmol) in anhydrous DMF (5.0 mL), using EDCI.HZBO mg, 1.2 mmol) and HOBt (162
mg, 1.2 mmol) as coupling reagents, and DIEA (43) 83 mmol) as a base. Modifications in
the general procedure for amide coupling includsthgin-butanol instead of ethyl acetate to
dilute the reaction mixture, and performing therastion with 1 M HCI (2X) and water (2X).

230 mg of the benzonitrile derivative was obtaila@d used without further purification (yield:
75%). This product was then reacted with hydroxyhenhydrochloride (156 mg, 2.3 mmol) in

the presence of DIEA (290 mg, 2.3 mmol) accordm¢he general procedure for the conversion
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of benzonitrile derivatives th-hydroxybenzamidines. Thé-hydroxybenzamidine (204 mg, 0.6
mmol) was then reacted with acetic anhydride (180 I8 mmol) and hydrogenated according
to the general procedure for the conversioh-difydroxybenzamidines to benzamidines. 198 mg
of the final product was obtained after purificatinith reverse phase HPLC (yield: 86%)
NMR (CDs0OD) 1.93 (s, 3H), 2.05 (m, 3H), 2.35 (m, 1H), 2(883H), 3.46 (m, 1H), 3.58 (m,
1H), 4.27 (m, 1H), 4.48 (d, J = 16.0 Hz, 1H), 4(@1J = 16.0 Hz, 1H), 7.57 (d, J = 8.0 Hz, 2H),
7.78 (d, J = 8.0 Hz, 2H)?C NMR (CD;OD) 23.23, 24.93, 31.51, 33.94, 42.56, 49.51, 62.60
127.33, 127.95, 128.02, 145.94, 167.50, 1744, (LCMS, ESI): found 325.2 [M + Hj
[C14H20N40sS + HT requires 325.1

4.3.8.7. §)-1-(Trifluoromethanesulfonyl) pyrrolidine-2-carboxylic acid (8i)

The commercially available-proline tert-butyl ester (342 mg, 2.0 mmol) was dissolved & 3.
ml anhydrous DCM. TEA (610 mg, 6.0 mmol) was adtiethe solution, which was then cooled
to 0°C and stirred. Trifluoromethanesulfonyl chtteri(6.5 mL of a 0.36 M DCM solution, 2.3
mmol) was then added gradually to the reaction umétunder inert atmosphere. The mixture
was allowed to warm up to room temperature and tvas stirred overnight. Upon reaction
completion, the solvent was evaporated and theuesvas dissolved in acetonitrile and purified
by reverse phase HPLC to give 315 mg of the pro@etd: 52%). The product, which is the
tert-butyl ester of8i, was then subjected to deprotection of teet-butyl ester using
trifluoroacetic acid (TFA). This was carried out lyssolving the ester in 5.0 ml of 50%
TFA/DCM solution, and stirring the solution for 5 The solution was then evaporated, and the
residue was lyophilized and used without furtherfpation (233 mg oBi was obtained, 91%);
m/z (LCMS, ESI): found 246.0 [M - H][CeHsFsNO4S - HJ requires 246.0

4.3.8.8. §)-N-(4-Carbamimidoylbenzyl)-1-(trifluoromethanesulfonyl) pyrrolidine-2-
carboxamide acetate (8)

Following the general procedure for amide coupliogmpound8i (222 mg, 0.9 mmol) was
reacted with 4-(aminomethyl)benzonitrile hydrocider(168 mg, 1.0 mmol) in anhydrous DMF
(5.0 mL), using EDCILHCI (210 mg, 1.1 mmol) and HOB49 mg, 1.1 mmol) as coupling
reagents, and DIEA (390 mg, 3.0 mmol) as a bas&a&tion was not used to separate the

product; rather, the reaction mixture was diluteithvacetonitrile and was applied directly to
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reverse phase HPLC in order to separate the benomlerivative in a pure form (225 mg,
yield: 69%). The product was then reacted with bygilamine hydrochloride (132 mg, 1.9
mmol) in the presence of DIEA (250 mg, 1.9 mmolading to the general procedure for the
conversion of benzonitrile derivatives khydroxybenzamidines. Thi-hydroxybenzamidine
(158 mg, 0.4 mmol) was then reacted with aceticydntle (120 mg, 1.2 mmol) and
hydrogenated according to the general proceduréhéoconversion oN-hydroxybenzamidines
to benzamidines. 144 mg of the final product watsioled after purification with reverse phase
HPLC (yield: 82%)H NMR (CD;0OD) 1.91 (s, 3H), 2.15 (m, 3H), 2.41 (m, 1H), 3(68 1H),
3.78 (m, 1H), 4.46 (d, J = 16.0 Hz, 1H), 4.51 (id),14.60 (d, J = 16.0 Hz, 1H), 7.57 (d, J = 8.0
Hz, 2H), 7.79 (d, J = 8.0 Hz, 2H)yz (LCMS, ESI): found 379.1 [M + H] [C14H17FsN4O3S +
H]* requires 379.1

4.3.8.9. §)-1-(3-Phenylpropanoyl) pyrrolidine-2-carboxylic aad (11i) [1]

Following the general procedure for amide couplingroline benzyl ester hydrochloride (507
mg, 2.1 mmol) was reacted with 3-phenylpropioniid §800 mg, 2.0 mmol) in anhydrous DMF
(20 mL), using EDCI.HCI (460 mg, 2.4 mmol) and HOB24 mg, 2.4 mmol) as coupling
reagents, and DIEA (850 mg, 6.6 mmol) as a base.MJ of the product was obtained after
purification with flash chromatography (yield: 71%)he product obtained from this reaction,
which is the benzyl ester dfli, was subjected to hydrogenation to remove the yegroup
according to the general procedure for benzyl edgprotection. 337 mg of the desired product
(11i) was obtained and used without further purificat{6%); Wz (LCMS, ESI): found 246.2
[M - HJ’; [C14H17NOs - H] requires 246.1

4.3.8.10. §)-N-(4-Carbamimidoylbenzyl)-1-(3-phenylpropanoyl) pyrrolidine-2-
carboxamide acetate (11)1]

Following the general procedure for amide coupliogmpoundlli (247 mg, 1.0 mmol) was

reacted with 4-(aminomethyl)benzonitrile hydrocider(185 mg, 1.1 mmol) in anhydrous DMF
(5 mL), using EDCIL.HCI (230 mg, 1.2 mmol) and HO@1#%62 mg, 1.2 mmol) as coupling
reagents, and DIEA (430 mg, 3.3 mmol) as a bas8. rB8§ of the product, which is the
benzonitrile derivative, was obtained after pudfion with reverse phase HPLC (yield: 80%).

This product was then reacted with hydroxylaminerbghloride (166 mg, 2.4 mmol) in the
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presence of DIEA (310 mg, 2.4 mmol) according t® gieneral procedure for the conversion of
benzonitrile derivatives tdN-hydroxybenzamidines. ThM-hydroxybenzamidine (197 mg, 0.5
mmol) was then reacted with acetic anhydride (180 In5 mmol) and hydrogenated according
to the general procedure for the conversioh-difydroxybenzamidines to benzamidines. 188 mg
of the final product was obtained after purificatiith reverse phase HPLC (yield: 86%
NMR (DMSO-d;) 1.70 (s, 3H), 1.85 (m, 3H), 2.02 and 2.13 (2ngetber 1H), 2.62 (t, J = 7.2
Hz, 2H), 2.81 (t, J = 7.2 Hz, 2H), 3.41 (m, 1HB8(m, 1H), 4.32 (m, 3H), 7.15 (m, 2H), 7.23
(m, 3H), 7.33 and 7.41 (2d, J = 8.4 Hz, togethe), 265 and 7.72 (2d, J = 8.4 Hz, together 2H),
8.41 and 8.70 (2t, J = 6.0 Hz, together 1H), 46®0 (brs, 4H)m/z (LCMS, ESI): found 379.2
[M + H]™; [Co2H26N405 + H]' requires 379.2

4.3.8.11. §)-1-(Benzyloxycarbonyl)N-(4-carbamimidoylbenzyl) pyrrolidine-2-carboxamide
acetate (13)

Following the general procedure for amide couplid® mg (1.0 mmol) of Cbe-proline (L3i)
was reacted with 4-(aminomethyl)benzonitrile hydodde (185 mg, 1.1 mmol) in anhydrous
DMF (5.0 mL), using EDCI.HCI (230 mg, 1.2 mmol) aH®Bt (162 mg, 1.2 mmol) as coupling
reagents, and DIEA (430 mg, 3.3 mmol) as a bas8. 18§ of the product, which is the
benzonitrile derivative, was obtained after puafion with reverse phase HPLC (yield: 78%).
This product was then reacted with hydroxylaminerbghloride (166 mg, 2.4 mmol) in the
presence of DIEA (310 mg, 2.4 mmol) according t® gieneral procedure for the conversion of
benzonitrile derivatives ttN-hydroxybenzamidines. ThM-hydroxybenzamidine (198 mg, 0.5
mmol) was then dissolved in 4.0 ml glacial acet@al63 mg of zinc dust (2.5 mmol) was
added to the solution at room temperature, andrixéure was stirred at 60°C overnight. The
reaction mixture was then filtered, and the sohlutwwas concentrated under vacuum. The
concentrate was dissolved in 50% acetonitrile-wat@ntaining 1% glacial acetic acid and
purified by reverse phase HPLC to give 143 mg efdesired product (yield: 65%)%1 NMR
(DMSO-ds) 1.70 (s, 3H), 1.82 (m, 3H), 2.15 (m, 1H), 3.42 @H), 4.18-4.32 (m, 3H), 4.95-5.12
(m, 2H), 7.25-7.43 (m, 7H), 7.64 (d, J = 7.2 Hz)1A72 (d, J = 7.1 Hz, 1H), 8.58 (m, 1H),
9.40-10.60 (brs, 4H)m/z (LCMS, ESI): found 381.2 [M + H] [C21H24N4Os + H]™ requires
381.2
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4.3.8.12. §)-1-(Benzylcarbamoyl) pyrrolidine-2-carboxylic acid (15i)

To a stirred solution of-proline benzyl ester hydrochloride (483 mg, 2.0 afjnrand benzyl
isocyanate (293 mg, 2.2 mmol) in anhydrous DCM (@&l0) was added TEA (610 mg, 6.0
mmol) gradually. The reaction mixture was therrstirat room temperature for 5 h, diluted with
ethyl acetate (120 mL) and extracted with 1 M HEX), saturated sodium bicarbonate (3X), and
brine (2X). The organic layer was then dried ovemarous sodium sulfate, and the solvent was
evaporated under vacuum to give the product, winMak purified by reverse phase HPLC (472
mg, yield: 70%). This product (i.e., the benzyleestf 15i) was subjected to hydrogenation to
remove the benzyl group according to the gene@quiure for benzyl ester deprotection. 323
mg of the desired produclfi) was obtained and used without further purificat(83%); m/z
(LCMS, ESI): found 247.2 [M - H] [C13H16N20s - H] requires 247.1

4.3.8.13. §)-1-(Benzylcarbamoyl)N-(4-carbamimidoylbenzyl) pyrrolidine-2-carboxamide
acetate (15)

Following the general procedure for amide coupliogmpoundl5i (248 mg, 1.0 mmol) was
reacted with 4-(aminomethyl)benzonitrile hydrocider(185 mg, 1.1 mmol) in anhydrous DMF
(5.0 mL), using EDCILHCI (230 mg, 1.2 mmol) and HOB62 mg, 1.2 mmol) as coupling
reagents, and DIEA (430 mg, 3.3 mmol) as a basé. rB8§ of the product, which is the
benzonitrile derivative, was obtained after puafion with reverse phase HPLC (yield: 79%).
This product was then reacted with hydroxylaminerbghloride (166 mg, 2.4 mmol) in the
presence of DIEA (310 mg, 2.4 mmol) according ® general procedure for the conversion of
benzonitrile derivatives tdN-hydroxybenzamidines. ThH-hydroxybenzamidine (198 mg, 0.5
mmol) was then reacted with acetic anhydride (180 In5 mmol) and hydrogenated according
to the general procedure for the conversioh-difydroxybenzamidines to benzamidines. 191 mg
of the final product was obtained after purificatiith reverse phase HPLC (yield: 87%
NMR (DMSO-d) 1.69 (s, 3H), 1.85 (m, 3H), 2.03 (m, 1H), 3.27, @thl), 3.46 (m, 1H), 4.16-
4.38 (m, 5H), 6.82 (t, J = 6.8 Hz, 1H), 7.18 (m,)1AH26 (m, 4H), 7.40 (d, J = 7.0 Hz, 2H), 7.69
(d, J=7.0 Hz, 2H), 8.41 (t, J = 6.9 Hz, 1H), 92D80 (brs, 4H)m/z (LCMS, ESI): found 380.2
[M + H]™; [C21H25N50, + HJ' requires 380.2

Supplementary Data
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Supplementary discussions of the correlation betwgmtein-ligand interaction energy and
binding affinity, and of functional group coopexatly in relation to bioisosterism are included.
Also the synthesis and characterization of compsuhd, 6, 7, 9, 10, 12, and 14, and their
intermediates, as well as representative NMR sadotrcompounds, 6, 7, 12, 14, and15 are

included.
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ABBREVIATIONS

Bn: benzyltert-Bu: tertiary butyl, DCM: dichloromethane; DIEA:isbpropylethylamine, DMF:

dimethylformamide, EDCI.HCI: 1-ethyl-3-(3-dimethyénopropyl)carbodiimide hydrochloride,
HOAc: acetic acid, HOBt: hydroxybenzotriazole, HRUtigh pressure liquid chromatography,
Me: methyl, MeOH: methanol, QM: quantum mechani&AR: structure-activity relationship,

TEA: triethylamine, TFA: trifluoroacetic acid.
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Figure, Scheme, and Table Captions

Figure 1: A schematic representation of the general scafiblgreviously reported benzamidine
thrombin inhibitors [1][4], binding in the thrombiratalytic site. The C=0 group which accepts
an H-bond from the Gly216 residue is shown in [@dod enclosed in a blue rectangle. This C=0
group can be replaced by other bioisosteric graugs as S© The hydrophobic pockets of the
thrombin active sites are shown as curves andatelicas S1, S2, and S3.

Figure 2: Calculation of the binding free energy contributmfrthe C=0 group that forms an H-
bond with Gly216. This contribution was found to-Be2 kJ/mol.

Figure 3: A) ligand2 bound to the active site of thrombin. The crystalcture PDB # 2Z12 was
used to construct the thrombneomplex.B) Ligand 3 bound to the active site of thrombin.
Thrombin2 complex, along with molecular modeling, was u#itizto construct the thrombh-
complex. The geometric parameters of the H-bondspaed by ligand® and3 from Gly216 are
shown (Each of the distances shown is betweenxigenm H-bond acceptor and the nitrogen H-
bond donor heteroatoms). In throml@momplex, note that one of the Saxygens is H-bonded
to Gly216, and the other is exposed to the solv&lsb, note that the Me of the Meg@oes not
make significant contacts with any of the protasidues.

Figure 4: Correlating the trend of change in ligand bindirifinay for the studied thrombin
inhibitors with the electron donating/withdrawingoperties of the CECH, bioisosteres when
these bioisosteres are adjacent to the C=0 or @eh$drogen bond acceptors; Note: binding
affinity is expressed as free energies.
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Figure 5: A plot of the free binding energ\WG” for ligands2, 4, 5, 6, and7 vs. “-Ey" of the
corresponding L-W models. “4 represents the desolvation penalty of the C=0 and
demonstrates positive linear correlation wittG" for the plotted ligands with Rvalue of 0.92

Scheme 1:The strategies used to design the studied ligaBassosteric replacement of the
C=0 group (e.g.3); and modulating the C=0/S®asicity via modifying the adjacent G/d&H,
groups to decreaséd,, 6, and8) or increaseq, 9, 12/13, and14/15) the basicity.

Scheme 2Synthesis of ligands, 2, 3,4, 5, 6, 9, 10, 11, 14, and15
Scheme 3Synthesis of ligandg, 12, and13

Scheme 4 Synthesis of ligan&

Table 1: The values of the inhibition constants)(End the corresponding binding free energies
(AG) of ligandsl to 15

Table 2: QM models representing the H-bonds accepted bydig@ and 3 from Gly216
(models A and B) and from a water molecule (modelg And B,). The calculated energies of
these H-bonds are listed in both au and kJ/mottinit

Table 3: QM models representing the H-bonds accepted bywsriigands from Gly216
(models L-P1 and L-P2) and from a water moleculedets L-W). The calculated energies of
these H-bonds (or energies of interaction betweedeincomponents) are listed.
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Tables:

Table 1: The values of the inhibition constants))End the corresponding binding free energies

(AG) of ligandsl to 15

Compound Ki (uM) AG (kJ/mol)
1 250 £ 60 -20.6 £0.6
2 68 £ 15 -23.8+0.5
3 689 -23.8+04
4 44 + 2 -24.9£0.12
5 17.9+0.5 -27.1 £0.07
6 13.5+1.3 -27.8+0.2
7 59+3 -24.1+£0.11
8 7.1+0.9 -29.4+£0.3
9 163 £ 17 -21.6+0.3
10 42+04 -30.7£0.2
11 0.72 £0.06 -35.1£0.19
12 11.9+1.6 -28.1+0.3
13 4.0+£0.5 -30.9+£0.3
14 367 -254+£0.5
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15 145+0.5 -27.6 +0.09

Table 2: OM models representing the H-bonds accepted bwdigi2 and 3 from Gly216
(models A and B) and from a water molecule (modelg And B,). The calculated energies of
these H-bonds are listed in both au and kJ/mottnit

QM Model tztgg ?‘% QN}; "*}E:

M €
Model A, Model B, ¢ Model A,, Model B,, ®
En-bond= Ent (AU) -0.012112 -0.007267 -0.010726 -0.007831
EH-bond= Eint
(kd/mol) -31.80 -19.08 -28.16 -20.56

% Bt stands for the calculated energy of interactiamben the two molecules in each system

Table 3: OM models representing the H-bonds accepted byuwsriligands from Gly216
(models L-P1 and L-P2) and from a water moleculedets L-W). The calculated energies of
these H-bonds (or energies of interaction betweedaincomponents) are listed.

QM Moder, En-bond= Eint QM MOder1 En-bond= Eint QM Moder, Eint
L-P1 (au, kd/mol) L-W (au, kd/mol) L-P2 (au, kd/mol)
; -0.012112, &, :g -0.010726, -0.008634,
-31.80 M ¢ -28.16 & © -22.67
Model A; ¢ Model A,, Model A,
° &, ;
-0.010978, -0.009798, . -0.008073,
: -28.82 oA -25.73 * . -21.20
Model C, ¢ Model C,,

t; -0.009718, ‘. -0.008919, : -0.008624,
. -25.51 ol -23.42 . -22.64
Model D, Model D,

Model D,
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()
} g -0.000427, & %{ -0.008072, v ‘g( -0.005075,
i ¢
© " -24.75 ¢ -21.19 ¢ -13.32

Model E; Model E,, Model E,
o € 0011663, ¢ ¢ -0.010849,
-30.62 -28.48
Model F, © Model F,,
} 0013453, ¢ € -0.0120868,
| -35.32 , -31.68
Model G; Model Gw"

"Models A represent ligan8, C’s represent, D’s represenb, E's represen6; F’s represent
12/13 and G’s represerid/15

Figures:

Figure 1: A schematic representation of the general scaffbloreviously reported benzamidine
thrombin inhibitors [1][4], binding in the thrombicatalytic site. The C=0 group which accepts
an H-bond from the Gly216 residue is shown in laod enclosed in a blue rectangle. This C=0
group can be replaced by other bioisosteric graugh as S@ The hydrophobic pockets of the
thrombin active sites are shown as curves andatelicas S1, S2, and S3.
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Figure 2: Calculation of the binding free energy contributmfrthe C=0 group that forms an H-
bond with Gly216. This contribution was found to-Be&2 kJ/mol.
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Figure 3: A) ligand2 bound to the active site of thrombin. The crystalicture PDB # 2Z12 was
used to construct the thromkZneomplex.B) Ligand 3 bound to the active site of thrombin.
Thrombin2 complex, along with molecular modeling, was uétizto construct the thromb-
complex. The geometric parameters of the H-bondsmed by ligand? and3 from Gly216 are
shown (Each of the distances shown is betweenxigen H-bond acceptor and the nitrogen H-
bond donor heteroatoms). In thromdcomplex, note that one of the $Qxygens is H-bonded
to Gly216, and the other is exposed to the sol&isb, note that the Me of the MeS@oes not
make significant contacts with any of the proteisidues.
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Figure 4: Correlating the trend of change in ligand bindirifinay for the studied thrombin
inhibitors with the electron donating/withdrawingoperties of the CECH, bioisosteres when
these bioisosteres are adjacent to the C=0 or @eh$drogen bond acceptors; Note: binding
affinity is expressed as free energies.
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Figure 5: A plot of the free binding energ\WG” for ligands2, 4, 5, 6, and7 vs. “En" of the
corresponding L-W models. “4# represents the desolvation penalty of the C=0 and

demonstrates positive linear correlation wittG" for the plotted ligands with Rvalue of 0.92.

47



Schemes:

Scheme 1:The strateqgies used to design the studied ligaRassosteric replacement of the
C=0 group (e.g.3); and modulating the C=0/S®asicity via modifying the adjacent G/&H,
groups to decreasé, 5, 6, and8) or increased, 9, 12/13, and14/15) the basicity.

NH NH NH

o O~ o~ HIa" o " o ~)s"

T T T g e
N N N N

9 7 12,13 R 14,15

L Nge} o) (o}
S? 2 10,11
/0 3 74 \ER ’
10, 12, and 14: R = tert-Bu
11,13, and 15: R=Bn
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Scheme 2Synthesis of ligand$, 2,3, 4,5, 6,9, 10,

11 14 and15

0O
O o ()
NH. HCI

DEd.a 1)RNCO, e
)f N
DCOOH
DCOOH N
N 1) XSOZCI, b 1) (R"CO)ZO, d /&O
B 2)f 1) RCQOH, ¢ f RN
2)f H
1i D, 14i: R' = CH,C(CH3);
COOH 15i: R' = CH,CH,CH
COOH 2 2%-6'15
N e
x/(wsjw:o R,,/Eo
g h,i COOH o
3i: X = Me Q i' R"=CH, g hi
9i: X = NH, ju o g,, z EZFCH
R O 1 RT=CK
4i: R' = FCH,
o /\Q\&{S‘z 10i: R' = CH,C(CH3); 0 /\Q\<NH2
CfNH NH 11i: R' = CH,CH,C¢Hs NH NCEZ
® N B}
[\lW 2CH,CO0™ | g h,i g h,i N__o CHsCOO
H | F
| g hi R/NH
14: R' = CH,C(CHy),
15: R' = CH,CH,C¢Hs
Y
! NH
o) 12 (
G O—E N i
NH, 2
N. 0 CHCOO" NFO CH,CO0
X/ \\O RII
2:R" =CH
3:X=M 3
o X o Nl_elz o) h©\<%"z 5: R" = F,CH
O)-NH NH, 6:R" =CF,
NFO CH,C00"
Rl
4:R'=FCH,

10: R' = CH,C(CH3);
11: R' = CH,CH,C¢H5
a) 3.0 equiv. KCO3, DMF, 80°C, overnight, 72%) 3.0 equiv. TEA, anhydrous DCM, 0%@r.t,
8 h, 64-68%c) 1.2 equiv. EDCI.HCI, 1.2 equiv. HOBt, 3.3 equiv.HA, anhydrous DMF, r.t.,
overnight, 69-74%) anhydrous pyridine, 0°Gr.t, 5-7 h, 51-59%) 3.0 equiv. TEA, anhydrous
DCM, rt., 5 h, 63-70%f) H,/Pd-C, MeOH, r.t., overnight, 90-9799) 1.1 equiv. 4-
(aminomethyl)benzonitrile HCI, 1.2 equiv. EDCIL.HQ,2 equiv. HOBt, 3.3 equiv. DIEA,
anhydrous DMF, r.t., overnight, 64-828) 3.0 equiv. HNOH.HCI, 3.0 equiv. DIEA, anhydrous
MeOH, r.t., overnight, 71-88% 3.0 equiv. (CHCO)0, glacial HOACc, r.t., 30 min, followed by
H./Pd-C, glacial acetic, r.t., overnight, 82-91%.
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Scheme 3:Synthesis of ligandg, 12, and13

NH,
(0] <'®
@COOH a, b, thencord NH \

) -
N CH;COO"
X/go \FO
Ti: X = NH2 X 7:X= NH2
12i: X = OC(CHj3); IZf X i OC(CHj3);3
13i: X = OCH,C¢Hj; 13: X =O0OCH,C¢Hj

a) 1.1 equiv. 4-(aminomethyl)benzonitrile HCI, 1.2 aquEDCI.HCI, 1.2 equiv. HOBt, 3.3
equiv. DIEA, anhydrous DMF, r.t., overnight, 65-789 3.0 equiv. HNOH.HCI, 3.0 equiv.
DIEA, anhydrous MeOH, r.t., overnight, 66-73%3.0 equiv. (CHCO),0O, glacial HOAc, r.t.,
30 min, followed by H/Pd-C, glacial acetic, r.t., overnight, 78-8&8Pcfor 13: 5.0 equiv. Zn dust,
glacial HOAc, r.t—60°C, overnight, 65%.

Scheme 4:Synthesis of ligang

Q @gz
<
0 @COOH . N o
O)( /% 1) CF380,Cl, a N c,d,e 2
0 —— | — i
_ N
N 2)b FoC—§=0 Ng0  CHCOO
/ \\0
FsC
8i 8

a) 3.0 equiv. TEA, anhydrous DCM, r.t., overnight, 52%TFA, DCM, r.t.,, 5 h, 91%) 1.1
equiv. 4-(aminomethyl)benzonitrile HCI, 1.2 equiDCI.HCI, 1.2 equiv. HOBt, 3.3 equiv.
DIEA, anhydrous DMF, r.t.,, overnight, 69%) 3.0 equiv. HNOH.HCI, 3.0 equiv. DIEA,
anhydrous MeOH, r.t., overnight, 7689 3.0 equiv. (CHCO),0, glacial HOAc, r.t., 30 min,
followed by H/Pd-C, glacial acetic, r.t., overnight, 82%.
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Highlights

» Therole of H-bond basicity in SAR studies was explored in thrombin inhibitors.
» H-bond basicity/strength was systematically modul ated via bioisosterism.

* Improved strength of H-bonds to the protein did not improve binding affinity.

» Decreased strength of H-bonds to water of desolvation lead to better inhibitors.

* Bioisosteric replacements were found to produce synergism in SAR modifications.



