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ABSTRACT: Hint1 has recently emerged to be an important
target of interest due to its involvement in the regulation of a
broad range of CNS functions including opioid signaling,
tolerance, neuropathic pain, and nicotine dependence. A series
of inhibitors were rationally designed, synthesized, and tested
for their inhibitory activity against hHint1 using isothermal
titration calorimetry (ITC). The studies resulted in the
development of the first small-molecule inhibitors of hHint1
with submicromolar binding affinities. A combination of
thermodynamic and high-resolution X-ray crystallographic studies provides an insight into the biomolecular recognition of
ligands by hHint1. These novel inhibitors have potential utility as molecular probes to better understand the role and function of
hHint1 in the CNS.
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Human histidine triad nucleotide binding protein 1
(hHint1) has emerged a protein of interest due to its

widespread expression in the CNS and recently discovered
potential as a new target for the treatment of pain.1,2 Human
Hint1 belongs to the histidine triad (HIT) superfamily, which are
characterized by their conserved sequence motif, His-X-His-X-
His-XX, where X is a hydrophobic residue. Human Hint1 exists
as a homodimer and possesses nucleoside phosphoramidase and
acyl-AMP hydrolase activity, with a substrate preference for
purine over pyrimidine nucleosides.3 Structural and kinetic
studies have shown that hHint1 possess two identical and
independent nucleotide-binding subunits.4−6 Each monomer
consists of five antiparallel beta strands and two alpha helices. A
conserved string of hydrophobic residues in or adjacent to the β-
sheets creates a binding pocket (S1) for the nucleobase, while the
aspartate (43) residue anchors the ribose sugar. The α-
monophosphate group interacts with a conserved string of
polar residues including the partially positive His114 and the
nucleophilic His112 in the active site. The side chains of the
nucleoside phosphoramidates or acyl-AMP can occupy a relative
shallow and solvent accessible pocket containing the only
tryptophan residue in hHint1. A nucleophilic histidine (His112)
residue forming part of the active site triad of hHint1 is
responsible for the catalysis. A detailed investigation of the
kinetic mechanism of hHint1 has revealed that the mechanism
proceeds by rapid formation of the nucleotidylated-His
intermediate, followed by partially rate limiting water mediated
hydrolysis and subsequent release of the nucleoside mono-
phosphate from the active site.5 The nucleoside phosphor-
amidase activity of hHint1 has been shown to be necessary for

the activation of several preclinical and clinically approved
antiviral and anticancer phosphoramidate pronucleotides.7−10 In
addition, Chou and Wagner et al. have demonstrated that lysyl t-
RNA synthetase-generated lysyl-AMP is also a substrate for
hHint1 in vitro.11

Hint proteins are highly conserved across all the kingdoms of
life, suggesting that they have an important biological function.
Hint1 has been implicated in the regulation of MITF/USF2
transcriptional activation complex in mast cells,12 t-RNA
synthetase amino acid adenylation,11 apoptosis,13 and tumor-
igenicity.14 Hint1 is widely expressed in the region of brain
primarily responsible for the modulation of pain [periaquaductal
gray area (PAG)], addiction properties (nucleus accumbens),
and the motor and sensory functions (cerebral cortex).1 In
agreement with these results, alterations in gene function or
aberrant expression of hHint1 have been found in the brain
tissues of clinical patients suffering from schizophrenia and
bipolar disorders.15 Moreover, Hint1−/− mice have been shown
to exhibit hypersensitivity to amphetamine and decreased
dependence on nicotine in self-administration studies.16,17 In
addition, the NMDAR mediated feedback inhibition of the
analgesic response has been demonstrated to be critically
dependent on the coassociation of Hint1 with MOR and
NMDAR.18 Hence, Hint1−/− mice have been shown to display
an enhanced analgesic response to morphine.19 Nevertheless, the
roles of the Hint1 active site and the potential endogenous
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substrate regulating its response in these signaling pathways have
remained enigmatic.
Chemical genetics is a powerful approach to elucidate

biological functions of genes or proteins of interest using screens
of diverse and targeted small molecules. Screening small
molecule libraries for a compound that induces a phenotype of
interest represents forward chemical genetics, whereas the
reverse approach uses small molecules targeted to a protein or
gene of interest, to probe their biological function.20 Both
approaches offer particular advantages of reversibility and the
potential to modulate a single function. Recently, our laboratory
has designed and synthesized a nonhydrolyzable analogue for
hHint1 (compound 3, see Figure 1a), by replacing the acyl-

adenylate or phosphoramidate backbone in the substrate
(compounds 1 and 2, see Figure 1a) with a carbamate linker.
Compound 3 inhibits hHint1 with a low micromolar binding
affinity (Kd = 3.65 ± 1.0 μM).2 Using reverse chemical genetics,
we demonstrated that compound 3 not only enhances morphine
analgesia but also rescues and prevents the development of
NMDAR mediated morphine tolerance in mice.2 Importantly,
the increase in the analgesic response and reduction in morphine
tolerance were only observed in the wild type mice and not in
Hint1−/− animals.2 Thus, compound 3 acts as a selective
modulator of Hint1 in vivo. Moreover, a single dose of 3 was able
to reduce mechanical allodynia in animals for several days.
Nevertheless, compound 3 suffers from poor solubility and low
micromolar binding affinity for hHint1. Hence, the development
of water-soluble analogues with a higher binding affinity would
enhance the capability of the probe to serve as a pharmacological
tool for elucidating the biological role of the Hint1 active site on
the regulation of NMDAR.
Replacement of the acyl-phosphate linker of enzyme

substrates with a bioisosteric acyl-sulfamate or acyl-sulfamide
backbone has been shown to be a successful strategy for the
generation of water-soluble and potent inhibitors. For example,
5′-amino-5′-N-(biotinyl)sulfamoyl-5′-deoxyadenosine (Bio-
AMS) is a bisubstrate subnanomolar inhibitor of biotin protein
ligase and contains a acylsulfamide backbone. Bio-AMS displays
potent antitubercular activity against multidrug-resistant Myco-
bacterium tuberculosis strains.21 Consequently, we report here our
preliminary evaluation of nonhydrolyzable nucleotide analogues
for hHint1 that contain an acyl-sulfamate or acyl-sulfamide linker
that mimics the corresponding phosphoramidate and acyl-
phosphate moieties.

We began by comparing the effect of a nonhydrolyzable
nucleotide analogue Bio-AMS with compound 3 on the activity
of hHint1 using a fluorescence assay described previously.3 At a
fixed saturating substrate concentration, both Bio-AMS and
compound 3 exhibited a dose-dependent decrease in the activity
of hHint1 with maximum half inhibitory concentration (IC50)
values of 1.0 ± 0.3 and 25.5 ± 6.0 μM, respectively
(Supplementary Figure 1). We next employed isothermal
titration calorimetry (ITC) to investigate the nature of
noncovalent interactions on the inhibitory activity of Bio-AMS
on hHint1. The ITC studies provided an experimental
dissociation constant (Kd) of 0.32 ± 0.1 μM with an n value of
1.0 ± 0.1 indicating one binding site per hHint1 monomer. Bio-
AMS was found to bind approximately 11- and 209-fold more
tightly than compound 3 and guanosine monophosphate
(GMP), respectively, and to be dominated by enthalpy and not
entropy (Supplementary Table 1).
In order to avoid potential off-target effects on enzymes

utilizing adenosine and adenosine nucleotide based substrates,
we sought to develop analogues of compound 3 containing an
acyl-sulfamate or acyl-sulfamide backbone (see Figure 1b). The
first inhibitor examined was based on the replacement of the
carbamate backbone in 3 with a bioisosteric acyl-sulfamate
backbone. The synthesis of compound 4 (Scheme 1) began with

5′-OH sulfamoylation of 2′,3′-O-isopropylidene guanosine (8)
to provide intermediate 9. Coupling of 9 with the N-
hydroxysuccinic acid ester of 3-indole propionic acid in the
presence of DBU (1,8-diazabicyclo[5.4.0] undec-7-ene) afforded
10. Deprotection of the acetonide in compound 10with aqueous
TFA yielded the final compound 4. In similar fashion compound
5 with a butyric acid side chain was synthesized.
Structural studies performed using X-ray crystallography or

NMR provide a very important insight into the molecular
recognition driving the interaction between a protein and a
ligand. Using 2D-NMR studies, Shapiro and co-workers
investigated and identified key interactions between nucleoside
monophosphates and mouse Hint1.22 Their 1H−15N HSQC
investigations revealed large chemical shift perturbations (Δδ >
0.2 ppm) for the residues surrounding the canopy holding the
nucleobase and sugar upon addition of the nucleoside mono-
phosphate. Isoleucine 44 in the S1 hydrophobic pocket exhibited
the largest chemical shift difference of Δδ = 1.11 ppm indicating
that nucleobase recognition maybe a key event in driving the
molecular recognition of nucleotide based ligands by Hint1.
We chose to explore the impact of a hydrophobic nucleoside

inhibitor with an acyl-sulfamate backbone by replacing the
guanosine base in 4 with a tricyclic ethenoadenosine base.

Figure 1. (a) Chemical structures of the hHint1 substrates (compounds
1 and 2) and a previously reported hHint1 inhibitor (compound 3). (b)
Design of the new generation hHint1 inhibitors with an acyl-sulfamate
or sulfamide backbone to improve solubility and potency over
compound 3.

Scheme 1a

aReagents and conditions: (i) NH2SO2Cl, DMA, 85%; (ii) 22, DBU,
DMF 55%; (iii) 80% aq. TFA quant.
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Compound 7 provides an additional advantage of stability
toward cyclonucleoside formation when compared to an
adenosine nucleobase due to the extensive delocalization of the
N-3 nitrogen electrons into the tricyclic ring system. The
synthesis of compound 7 (Scheme 2) began with the cyclization

of exocyclic amine in 11 with chloroacetaldehyde in mildly acidic
sodium acetate buffer at 40 °C to yield the fluorescent compound
12. The formation of 12 in the reaction mixture can be easily
monitored on thin layer chromatography due to its fluorescent
properties. Compound 12 was then treated with sulfamoyl
chloride in the presence of triethylamine to yield compound 13.
Coupling of 13 with theN-hydroxysuccinic acid ester of 3-indole
propionic acid in the presence of DBU followed by deprotection
of the acetonide with aqueous TFA yielded compound 7. To
avoid potential decomposition due to the intrinsically acidic free
acyl-sulfamate group, all the acyl-sulfamate compounds (4, 5, and
7) were prepared and purified as a triethylammonium salt using
reverse phase chromatography. Stability studies performed on all
the compounds using high performance liquid chromatography
(HPLC) revealed no cyclonucleoside formation at 37 °C over 48
h in phosphate buffered saline (Supplemental Figure 3). This
result is in striking contrast to the previously reported rapid
decomposition of the acyl-sulfamate analogue of Bio-AMS via
cyclonucleoside formation.21

Replacement of the 5′-oxygen atom in the acyl-sulfamate with
a nitrogen affords an acyl-sulfamide backbone, which increases
the pKa of the backbone NH by 2−3 units. The increased pKa has
been shown to increase the stability and the binding affinity of
Bio-AMS toward biotin protein ligase.20 Hence, we designed
compound 6 to investigate the impact of the enhanced negative
charge of the backbone on the binding affinity of hHint1. The
synthesis of compound 6 (Scheme 3) began with protection of
the exocyclic nitrogen on compound 8 with N,N-dimethylfor-
mamide dimethylacetal to yield N,N-dimethyl aminomethylene-
2′-3′-O-isopropylidene guanosine (14). Iodination of the 5′-
hydroxy group in 14 with methyltriphenoxyphosphonium iodide
(MTPI) in a Moffat reaction afforded compound 14a (see
Supporting Information). Displacement of the iodide in 14awith
sodium azide followed by reduction under the Staudinger
reaction conditions yielded compound 16with a 5′-amine on the
ribose sugar. Next, the corresponding 5′-amino nucleoside was
converted to the 5′-sulfamide by refluxing compound 16 with
sulfamide (NH2SO2NH2) in 1,4-dioxane for 2 h.23 Surprisingly,
this step also resulted in the removal of the N,N-dimethyl

aminomethylene of the exocyclic amine along with the formation
of the desired product. The crude 5′-sulfamide nucleoside was
then stirred in sodium hydroxide/methanol solution to
completely deprotect the N,N-dimethyl aminomethylene group
to afford 17 in an overall yield of 34% over two steps. Coupling of
17 to theN-hydroxysuccinic acid ester of 3-indole propionic acid
in the presence of DBU followed by the deprotection of the
acetonide with aqueous TFA (trifluoroacetic acid) yielded the
final compound 6. All the compounds prepared above displayed
superior aqueous solubility compared to compound 3. Stock
solutions up to 5 mM for the guanosine analogues (compounds
4, 5, and 6) and 20 mM for 7 were easily prepared in aqueous
buffers.
Our next step was to evaluate the in vitro binding affinity of the

new series of analogues for hHint1 using isothermal calorimetry
(ITC). In comparison to 3, compound 4 displayed a 4.5-fold
increase in binding affinity with a measured dissociation constant
of 0.81 ± 0.11 μM for hHint1 (Table 1). The increased binding

affinity of 4 is likely due to electrostatic and/or hydrogen-
bonding interactions of the acyl-sulfamate backbone, with polar
side chains in the active site, as indicated by the increased gain in
the enthalpic component over 3. Increasing the pKa of the
backbone with a sulfamide in compound 6 did not alter the
binding affinity of compound 1 as indicated by their similar
dissociation constants. Attachment of an indole side chain
intramolecularly to a nucleoside has been shown to dynamically

Scheme 2a

aReagents and conditions: (i) chloroacetaldehyde, NaOAc 0.1 M, pH
6.5, 40 °C, 30%; (ii) NH2SO2Cl, DMA, 85%; (iii) 22, DBU, overnight,
55%; and 80% aq. TFA, 1 h quant.

Scheme 3a

aReagents and conditions: (i) MTPI, THF, −70 °C for 30 min and
then RT for 4 h 92%; (ii) NaN3, DMF, RT overnight, 55%; (iii)
triphenyl phosphine/aq dioxane, triethylamine, 50 °C, 3 h, 54%; (iv)
NH2SO2NH2, 1,4-dioxane reflux for 2 h; and 4 N NaOH/MeOH for 2
h, 33%; (v) 22, DBU in DMF, overnight, 55%; and 80% aq. TFA, 1 h
quant.

Table 1. Thermodynamic Parameters and Dissociation
Constants of hHint1−Ligand Complexes Determined Using
ITC

compd Kd (μM) ΔH (kcal mol−1)
−TΔS

(kcal mol−1)
ΔG

(kcal mol−1)

3a 3.65 ± 1.00 −13.54 ± 1.00 9.54 ± 4.17 −4.1 ± 2.0
4 0.81 ± 0.11 −16.51 ± 0.17 8.05 ± 0.88 −8.46 ± 0.4
5 2.90 ± 0.25 −13.59 ± 1.12 7.71 ± 0.27 −5.81 ± 1.0
6 0.92 ± 0.07 −14.75 ± 0.12 6.57 ± 0.17 −8.24 ± 0.12
7 0.23 ± 0.01 −17.31 ± 0.05 8.19 ± 0.13 −9.13 ± 0.11
GMPb 67 ± 7.9

aData adapted from previously published result by Garzon et al.2
bData shown from the NMR titrations previously reported by Shapiro
and co-workers.22
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quench the fluorescence of the indole side chain due to stacking
interaction of the indole ring on the nucleobase.24 Therefore, one
might predict that compounds 4 and 5 are likely to encounter a
higher entropic penalty upon binding to hHint1. Consequently,
one might propose that removal of the indole group in
compound 5 would likely increase the binding affinity by
decreasing the entropic cost of binding to hHint1. Surprisingly,
the dissociation constant for compound 5 for hHint1 was found
to be in a 3−4-fold greater in comparison to 4 (Table 1).
Comparing the thermodynamic parameters of 4 and 5 revealed
no significant differences in the entropy of binding. However,
compound 5 displayed a nearly 2 kcal mol−1 decrease in the
enthalpy of binding. These results indicate that increasing
interactions associated with the active site can improve the ligand
binding affinity. Consistent with this observation, compound 7 in
which a tricyclic nucleobase has been incorporated, resulted in an
increased binding affinity with a measured dissociation constant
of 0.23± 0.01 μM. Compound 7 displayed an increase in binding
affinity of 16- and 291-fold over compound 3 and GMP,
respectively. In comparison with 4, a nearly 1 kcal mol−1 increase
in the enthalpy of binding was observed for 7, with no observable
difference in the entropic component. These results indicate that,
while ligand and active site desolvation is important, the
interactions of the ligand with the active site appear to dominate
biomolecular recognition of the ligands by hHint1.
To identify the molecular interaction most critical to the

potency of compound 7 and Bio-AMS, we solved the cocrystal
structures with hHint1 at 1.6 and 1.25 Å resolution, respectively
(Figure 2 and Supplemental Table 2). Compared to the structure

of AMP (pdb: 3TW2),25 an additional hydrogen bond between
the carbonyl of the acyl-sulfamate of 7 and active site Ser107 was
observed. Interestingly, this interaction was not found in the
structure with Bio-AMS (Supplementary Table 2). When
compared with the hHint1-AMP structure, a rotation around
the 5′-O−S bond is observed for 7 compared to the 5′-O−P for
AMP binding, thus positioning the Ser107 further away and 2.6 Å
from the carbonyl. These results are consistent with the gain in
the binding affinity and the observed increase in the enthalpic
contribution to binding (Table 1). They also are consistent with
the preference of hHint1 for acyl-nucleoside monophosphate
(NMP) substrates, suggesting a role for Ser107 in stabilizing
negative charge development on the substrate carbonyl during

catalysis. Examination of the ribose ring revealed that, as
observed for all Hint nucleotide structures, active site binding of
the ribose sugar 2′,3′-hydroxyl are driven by hydrogen bond
interactions with the side chain oxygen atoms of Asp43 (2.6 and
2.4-Å). With regard to the 5′ side-chain of compound 7,
stabilizing van der Waals interactions were observed between the
linking methylenes and the indole ring of Trp123 (Figure 2A). In
addition, the planar tricyclic ring of the nucleobase is well
accommodated by the hydrophobic S1 pocket (which largely
comprises Ile18, Phe19, Ile22, Ile27, and Ile44). When compared
to the AMP bound structure, minor changes were observed in the
side chain of the isoleucines in the S1 pocket (Figure 2B), with
no significant variation in the protein backbone structure.
Moreover, no significant changes in the overall conformation of
the protein were observed when compared to the apo or
nucleotide bound structures.
In conclusion, we have designed, synthesized, and evaluated a

series of nucleotidomimitic inhibitors of hHint1 with improved
solubility and binding to hHint1. These studies, which focused
on the optimization of the backbone linker, side chain, and
nucleobase, resulted in the identification of the acyl-sulfamate 7,
which exhibits approximately 16- and 300-fold higher binding
affinity toward hHint1 than 3 and GMP, respectively. High-
resolution X-ray crystal structure analysis of hHint1 in complex
with 7 revealed an additional hydrogen bond and a gain in van
der Waals interactions over the hHint1-AMP complex. Results
from ITC and SAR studies indicate that a favorable enthalpic
contribution and a fine balance between hydrophilicity/hydro-
phobicity of the ligand are likely necessary for maintaining the
binding affinity of ligands toward hHint1. It is possible that a part
of these enthalpic contributions originate from nonclassical
hydrophobic effects as seen with the complexation of arenes and
aromatic substrates with biological receptors in water.26−28

Future investigations on the free energy of solvation of the
ligands, as well as water map calculations on the protein−ligand
complex, may assist in defining the role of multiple hydrophobic
effects on ligand molecular recognition by the hHint1 active
site.26,27 Ongoing studies of the in vivo effects of these ligands on
morphine analgesia and tolerance, as well as neuropathic pain,
are currently under investigation and will be reported in due
course.
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