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a b s t r a c t

Anti-bacterial and anti-viral neuraminidase agents inhibit neuraminidase activity catalyzing the hy-
drolysis of terminal N-acetylneuraminic acid (Neu5Ac) from glycoconjugates and help to prevent the host
pathogenesis that lead to fatal infectious diseases including influenza, bacteremia, sepsis, and cholera.
Emerging antibiotic and drug resistances to commonly used anti-neuraminidase agents such as oselta-
mivir (Tamiflu) and zanamivir (Relenza) have highlighted the need to develop new anti-neuraminidase
drugs. We obtained a serendipitous complex crystal of the catalytic domain of Clostridium perfringens
neuraminidase (CpNanICD) with 2-(cyclohexylamino)ethanesulfonic acid (CHES) as a buffer. Here, we
report the crystal structure of CpNanICD in complex with CHES at 1.24 Å resolution. Amphipathic CHES
binds to the catalytic site of CpNanICD similar to the substrate (Neu5Ac) binding site. The 2-
aminoethanesulfonic acid moiety and cyclohexyl groups of CHES interact with the cluster of three
arginine residues and with the hydrophobic pocket of the CpNanICD catalytic site. In addition, a structural
comparison with other bacterial and human neuraminidases suggests that CHES could serve as a scaffold
for the development of new anti-neuraminidase agents targeting CpNanI.

© 2017 Elsevier Inc. All rights reserved.
1. Introduction

Neuraminidases are expressed in many bacteria including
Clostridium perfringens (Cp), Streptococcus pneumonia (Sp), and
Pseudomonas aeruginosa and in viruses including influenza A and B.
Neuraminidases catalyze hydrolytic removal of terminal N-
raminidase NanI; Neu5Ac, N-
thanesulfonic acid; SpNanB,
uare deviation.
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acetylneuraminic acid (Neu5Ac) from a number of glycoconjugates
and play a pivotal role in human infection [1e3]. Viral neuramini-
dases cleave the terminal Neu5Ac from the cellular receptor to
which the newly replicated viral particles are attached, and thus
neuraminidases are involved in viral replication namely in the
release from host cells [4]. Meanwhile, bacterial neuraminidases
function at the initial stages of a pulmonary infection and partici-
pate in the biofilm formation, which plays important roles in bac-
terial growth and colonization [5,6]. Thus, neuraminidases of
pathogenic bacteria and viruses are considered promising drug
targets for prevention of infections that cause fatal human diseases
such as influenza, bacteremia, sepsis, cholera, food poisoning, and
gas gangrene [6e10]. Several anti-neuraminidase agents such as
substrate (Neu5Ac) mimics, cyclopentane, pyrrolidine-based de-
rivatives, ethanesulfonic acid derivatives, and natural compounds
are used for drug development [10e17]. Commercial antibiotics
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Table 1
Data collection and refinement statistics.

CpNanICD-CHES

Data collection
X-ray source PAL-5C
Wavelength (Å) 0.9795
Space group P21
Unit-cell parameters (Å) a ¼ 69.4, b ¼ 98.0, c ¼ 72.6, a ¼ 90.0,

b ¼ 91.0, g ¼ 90.0
Resolution range (Å) 50.0e1.24 (1.26e1.24)
No. of observed reflections 1110058
No. of unique reflections 272513
Completeness (%) 99.5 (98.6)
Rmerge

a (%) 4.7 (20.0)
Mean I/s(I) 12.0 (5.5)
Multiplicity 4.1 (3.9)

Refinement statistics
Resolution range (Å) 35.2e1.24
Rwork/Rfree

b (%) 14.4/15.8
No. of atoms
Protein 7233
CHES 26
Ca2þ 2
Water 1832

Average B factors (Å2)
Protein 9.8
CHES 9.2
Ca2þ 6.8
Water 27.3

R.m.s. deviation from ideal geometry
Bond lengths (Å) 0.006
Bond angles (�) 1.205

Ramachandran plot
Most favored regions (%) 96.4
Allowed regions (%) 3.6

Values in parentheses are for the highest resolution shell.
a Rmerge ¼

P
h
P

i jI(h)i�hI(h)ij/Ph
P

iI(h)i, where I(h) is the intensity of reflection
of h,

P
h is the sum over all reflections, and

P
i is the sum over i measurements of

reflection h.
b Rwork ¼ Shkl jjFoj-jFcjj/ShkljFoj; Rfree is the R value calculated for 5% of the data set

not included in the refinement.
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and antiviral agents including oseltamivir (Tamiflu) and zanamivir
(Relenza) have been developed to prevent bacterial and viral in-
fections. Even though various commercial drugs are available on
the market, emergence of resistance to antibiotics and antiviral
drugs resistance mandates the development of new drugs [18e20].

2-(cyclohexylamino)ethanesulfonic acid (CHES) is commonly
used as a buffering agent, and approximately 25 crystal structures
complexed with CHES are available in Protein Data Bank (PDB) [21].
CHES binds to the active site of several enzymes including neur-
aminidase NanB from Streptococcus pneumonia (SpNanB, PDB code
2VW2), papain like protease from severe acute respiratory syn-
drome coronavirus (SARS-CoV) (PDB code 4M0W), sulfotransferase
(Teg12, PDB code 3NIB), Sirtuin 5 (Sirt5, PDB code 3RIG), and hal-
oalkaloic acid dehalogenase (HAD) phosphatase (PDB code 4YGR);
the action inhibits substrate binding and enzymatic activity. These
data suggest that CHES may serve a scaffold for new drug devel-
opment for modulation on an enzyme's function. CHES contains a
hydrophilic taurine (2-aminoethanesulfonic acid) moiety and a
hydrophobic cyclohexyl groups. The amphipathic properties of
CHES raise the possibility of CHES-based development of anti-
neuraminidase agents, because the catalytic site of neuramini-
dases comprises hydrophilic residues (an arginine cluster with
three arginine residues and a catalytic aspartate residue) and a
hydrophobic pocket [22].

Clostridium perfringens, a major pathogen causing gas gangrene
and enterotoxemia in humans, has three neuraminidases including
NanH, NanI, and NanJ [23]. CpNanI, a secreted exo-sialidase, has
been evaluated to be a potential drug target for inhibition of human
infections caused by Clostridium perfringens. We obtained a seren-
dipitous complex crystal of the catalytic domain of CpNanI (CpNa-
nICD) with CHES serving as the buffer. Here we report the crystal
structure of CpNanICD in complex with CHES (CpNanICD-CHES) at
1.24 Å resolution. On the basis of the structural comparison with
other bacterial and human neuraminidases, we propose that CHES
could serve a scaffold for the development of anti-neuraminidase
agents targeting CpNanI.

2. Materials and methods

2.1. Protein expression and purification

Cloning, expression, and purification of CpNanICD (residues,
243e694) were reported previously [24]. Briefly, recombinant
CpNanICD with a direct C-terminal hexahistidine (His6) tag fusion
was expressed in Escherichia coli BL21 CodonPlus (DE3) cells. The
protein was purified using a Ni-NTA affinity chromatography col-
umnwith elution buffer consisting of 50mM sodium phosphate (pH
7.0), 300 mM NaCl, and 300 mM imidazole. The protein was then
subjected to size exclusion chromatography on a HiLoad 16/60
Superdex 200 column (GEHealthcare Life Sciences) pre-equilibrated
with gel-filtration buffer [25 mM CHES-HCl (pH 9.5) and 200 mM
NaCl]. The proteinwas concentrated to 21.8 mg/ml using an Amicon
Ultra-15 30 K (Millipore) and was stored at �80 �C.

2.2. Crystallization

Crystallization was performed by the hanging-drop vapor-
diffusion method. Well-diffracted co-crystals were grown at 20 �C
in 2 ml drops containing equal volumes of the protein solution
[25 mM CHES-HCl (pH 9.5) and 200 mM NaCl] and mother liquor
reservoir comprised of 20% (w/v) PEG 3350 and 0.2 M ammonium
sulfate. The crystals were cryo-protected in cryoprotectant con-
taining 20% (w/v) PEG 4000, 10% (v/v) glycerol and 0.2 M ammo-
nium sulfate and were flash-frozen in liquid nitrogen for data
collection.
2.3. Data collection and crystallographic analysis

The data set for the CpNanICD-CHES complex was collected using
an ADSC Q315r detector at beamline 5C in the Pohang Accelerator
Laboratory (PAL), Republic of Korea, using the X-ray beam at a
single wavelength (0.9795 Å). Diffraction data were processed and
scaled using the HKL2000 software [25]. The CpNanICD-CHES co-
crystal was diffracted up to 1.24 Å resolution and belonged to
space group P21 with cell parameters of a ¼ 69.4, b ¼ 98.0,
c ¼ 72.6 Å and b ¼ 91.0�. Two molecules of the CpNanICD-CHES
complex were present in an asymmetric unit and the Matthews
coefficient (VM) was calculated to be 2.40 Å3Da�1, which corre-
sponds to solvent content of 48.8%. The structure of the CpNanICD-
CHES complex was solved by themolecular replacement method in
the MOLREP software using the apo-structure of CpNanICD (PDB
code 2VK5) as the search model [26]. Automated ligand building of
CHES (ligand ID NHE) in the structure was carried out using the
phenix.ligandfit [27]. Cycles of manual rebuilding were performed
using Coot software, and subsequent refinement was carried out
using Refmac5 and phenix.refine, with the final crystallographic R
value of 14.4% (Rfree ¼ 15.8%) [28e30]. The composite omit map
(mFo-DFc) of CHES contoured at 1.5 s was generated by phe-
nix.mtz2map software [30]. The weak electron density regions
(residues 691e694) were excluded from the final structure. The
Ramachandran statistics were calculated using program MolPro-
bity showing no residues with torsional angles in forbidden areas:
96.4% of the residues were in the favored regions and 3.6% of the
residues were in allowed regions [31]. Data collection and



Fig. 1. Structure of the catalytic domain (CpNanICD) of Clostridium perfringens in complex with 2-(cyclohexylamino)ethanesulfonic acid (CHES): CpNanICD-CHES. (A) A ribbon di-
agram of CpNanICD-CHES structure. CHES and residues are displayed as stick representation. (B) Chemical structure of CHES. (C) Stereoview of CHES binding mode in the CpNanICD
catalytic site. A water molecule (W1) is shown as a red sphere. Hydrogen bonds are shown as dashed lines. The composite omit map (mFo-DFc) of CHES is contoured at 1.5 s and
displayed as mesh (green). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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refinement statistics are summarized in Table 1. Atomic coordinates
have been deposited in the Protein Data Bank under accession code
5TSP.

2.4. Homology modeling

Model structures of human neuraminidases Neu1, Neu3, and
Neu4 were built using the structural template of human Neu2 (PDB
code 1VCU) by MODELLER 9v7 software as described in our pre-
vious studies [24,32].

3. Results and discussion

3.1. Overall structure of CpNanICD-CHES

The crystal structure of the CpNanICD-CHES was determined at
1.24 Å resolutionwith an R-factor of 14.4% (free R-factor of 15.8%) by
molecular replacement using the CpNanICD-apo structure (PDB
code 2VK5) as a template (Table 1). The crystal of CpNanICD-CHES
contains two molecules in an asymmetric unit with a root mean
square deviation (RMSD) of 0.27 Å for 437 Ca atoms. The overall
structure of the CpNanICD-CHES complex shows not only the six-
bladed b-propeller fold and Arg-Ile-Pro (RIP) and Asp-box motifs
but also the catalytic site (including the arginine cluster, catalytic
aspartate, glutamate, and tyrosine) as in other neuraminidases
ranging from bacteria and viruses to humans (Figs. 1A and S1)
[1,16,33].

CHES comprises a hydrophilic taurine (2-aminoethanesulfonic
acid) moiety and hydrophobic cyclohexyl groups and binds at the
center of a catalytic site (Fig. 1B and C). The sulfonic acid group of
CHES forms direct hydrogen bonds with side chains of the arginine
cluster (R266, R555, and R615). The secondary amine of CHES also
interacts with D291 (thus forming a direct hydrogen bond) as well
as with R285 and D328 through hydrogen bonding mediated by a
water molecule (W1). The cyclohexyl group of CHES interacts with
the residues in the hydrophobic pocket (b-carbon of D291, side
chains of I327, F347, F353, W354, and F460) (Fig. 1C). Thus, func-
tional groups of CHES including sulfonic acid, secondary amine, and
cyclohexyl groups strongly contribute to the tight interaction with
CpNanICD.

3.2. Structural comparison of apo, Neu5Ac, and CHES complexes of
CpNanICD

The CpNanICD-CHES structure is similar to that of the apo-form
and Neu5Ac-bound form, with RMSD of 0.21 and 0.19 Å among
393 Ca atoms, respectively (Fig. 2). In a detailed view, however,
torsion angles of some of residues at the catalytic site are different
among the three structures (Fig. 2B). Taking advantage of the high
resolution structures, we can confidently analyze multiple confor-
mations of some side chains. In the apo-form, D291, the acid/base
catalyst, has a dual conformation. Meanwhile, in the Neu5Ac
complex, the side chain of D291 adopts a single conformation
forming a stable hydrogen bond with the 4-hydroxyl group of
Neu5Ac. In case of the CHES complex, D291 forms a conformation
similar to that of the substrate-bound structure interacting with the
secondary amine of CHES (Fig. 2B).

Residue I327 behaves differently in the three structures. The
side chain of I327 in CpNanI-apo has a dual conformation (aI327/
bI327) and both conformations interact with F347 (Fig. 2B). In the
Neu5Ac complex, the I327 side chain also has a dual conformation.
Nevertheless, the positions are different from those in the apo-



Fig. 2. Structural comparison among the catalytic domain (CpNanICD) of Clostridium perfringens NanI apo-form and Neu5Ac and 2-(cyclohexylamino)ethanesulfonic acid (CHES)
complexes. (A) Stereoview of superimposed structures of apo-form (PDB code 2VK5, yellow), Neu5Ac complex (PDB code 2BF6, green), and the CHES complex (cyan). Neu5Ac and
CHES in the catalytic site are highlighted in green and cyan, respectively. Water molecules (W10 in the apo-form, W1 in the CHES complex) are presented as yellow and cyan spheres,
respectively. Hydrogen bonds are shown as the dashed lines. (B) A zoomed in stereoview of D291 and I327 described in 2A. The residues for dual conformation were named aD291/
bD291 and aI327/bI327, respectively. Hydrophobic interactions (I327 and F347 in the apo structure; Neu5Ac/CHES and I327 in the complex structures) are highlighted with the red
eyelashes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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form. Although one of dual conformations (aI327) maintains a hy-
drophobic interaction with F347, the other conformation (bI327)
forms a hydrophobic contact with 50-acetamide moiety of Neu5Ac
together with the b-carbon of D291. It is interesting to note that
I327 in the CHES complex has only one conformation: the one
interacting with the cyclohexyl group of CHES. In addition, water
molecules (W1 in the CHES complex and W10 in the apo-form) are
located at a position similar to that of the 4-hydroxyl group of
Neu5Ac and interact with R285 and D328 (Fig. 2A and B).
Fig. 3. Structural comparison of complexes of the catalytic domain of the Clostridium per
(SpNanBCD) with 2-(cyclohexylamino)ethanesulfonic acid (CHES). Neuraminidases, CHES, a
green, respectively. The residues of the hydrophobic pocket are highlighted with the black b
referred to the web version of this article.)
3.3. Structural comparison between the complexes of CpNanICD and
SpNanBCD with CHES

To evaluate the structural differences between complexes,
CpNanICD-CHES and SpNanBCD-CHES, we superimposed both
complex structures. The CHES molecules located at the similar
position in the catalytic sites of CpNanICD and SpNanBCD interact
with the same residues including the arginine cluster (R266, R555,
and R615 in CpNanICD versus R245, R557, and R619 in SpNanBCD)
fringens NanI (CpNanICD) and the catalytic domain of Streptococcus pneumoniae NanB
nd water (W1) molecules in CpNanICD and SpNanBCD (PDB code 2VW2) are cyan and
oxes. (For interpretation of the references to colour in this figure legend, the reader is
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and the catalytic aspartate residue (D291 of CpNanICD versus D270
of SpNanBCD) (Fig. 3). Of note, the water molecule (W1) bridges the
hydrogen bond between the secondary amine of CHES and R285/
D328 in CpNanICD and R264/D327 in SpNanBCD, respectively, indi-
cating that the water molecule (W1) plays an indispensable role in
the CHES binding.

One the other hand, residues in the hydrophobic pocket (F347,
F353, W354, and F460 in CpNanICD; M346, N352, N353, and Y489 in
SpNanBCD) are less conserved in CpNanI and SpNanB. Nevertheless,
the hydrophilic residues (arginine cluster and catalytic aspartate)
that interact with 2-aminoethanesulfonic acid of CHES are well
conserved (Figs. 3 and S2). To compare the hydrophobicity levels of
the cyclohexyl-binding pocket of CpNanICD and SpNanBCD, we
calculated the hydrophobic pocket areas using software DeepView.
We found that the hydrophobic contact area of CpNanICD (300 Å2,
formed by b-carbon of D291, side chains of I327, F347, F353, W354,
and F460) is two fold wider than that of SpNanBCD (162 Å2, formed
by b-carbons of D270 and N352, side chains of I326, M346, N353,
and Y489). Although cyclohexyl groups of CHES interact with a
similar hydrophobic pocket in CpNanICD and in SpNanBCD, CHES
may form stronger hydrophobic contacts with CpNanICD than with
SpNanBCD because of the wider hydrophobic contact area [34].

3.4. Structural comparison of CpNanICD with human
neuraminidases

Among the four human neuraminidases (Neu1�Neu4), Neu2's
structure was already reported (PDB code 1VCU) [35], and we
modeled human Neu1, Neu3, and Neu4 reported in our previous
studies (Fig. 4) [24]. In the CpNanICD-CHES structure, the hydro-
phobic pocket (residues I327, F347, F353, W354, and F460) con-
tributes to the stable interactionwith the cyclohexyl group of CHES.
In human neuraminidases, however, hydrophobic pockets include
polar residues (E111 and Q112 in Neu2; E113 and R114 in Neu3;
E111 in Neu4). Thus, we predict that the hydrophobic interaction of
CHES with human neuraminidases is less stable. In addition, CHES
interacts with R285 and D328 of CpNanICD, and this interaction is
mediated by one water molecule (W1). On the other hand, the
residues corresponding to D328 of CpNanICD (G140 in Neu1, N86 in
Fig. 4. Structural comparison of the catalytic domain of Clostridium perfringens NanI (CpNanI
with CHES (cyan) and catalytic domains of human Neu2 (PDB code 1VCU, brown), Neu1 (gree
modeled using human Neu2 as a template (see Materials and Methods). CHES, residues, and
interpretation of the references to colour in this figure legend, the reader is referred to the
Neu2, N88 in Neu3, and N86 in Neu4) are not conserved, and the
water-mediated hydrogen bonding with CHES may be different in
human neuraminidases. Collectively, our data suggest that CHES
interacts less favorably with human neuraminidases (Neu1eNeu4)
because of a less hydrophobic interactionwith the cyclohexyl group
of CHES and the absence of water-mediated hydrogen bondingwith
the secondary amine of CHES.

3.5. Strategies for modification of CHES for anti-neuraminidase
candidates

We compared the CpNanICD-CHES structure with the structures
of bacterial and viral neuraminidase complexed with oseltamivir
and zanamivir (Fig. S3). After a structural comparison of human
Neu1�Neu4 structures, we were able to suggest strategies for
modification of CHES to facilitate for the development of new anti-
neuraminidase agents targeting CpNanI. CHES contains a sulfonic
acid group showing binding similar to that of a carboxyl group in
Neu5Ac, oseltamivir, and zanamivir, where it interacts with the
arginine cluster in the catalytic site (Figs. S3A and B). Nonetheless,
there is a lack of hydrophilic functional groups such as the 6-
glycerol side chain, the 4-hydroxyl group of Neu5Ac, the 4-amino
group of oseltamivir, and 4-guanidino group of zanamivir. Thus,
addition of a glycerol group at C3 of CHES and a hydrophilic group
(such as hydroxyl, amino, or guanidine group) at nitrogen (N4) of
CHES may replace the water molecule (W1) bridging the hydrogen
bonds between CHES, R285 and D328 and may enhance the
interaction of CHES with residues of CpNanICD (D291, R285, D328,
E539, Y485, and R555) (Figs. 2 and S4). Moreover, introduction of
additional moieties into the cyclohexyl ring of CHES was reported
to increase the inhibitory effect on SpNanB [17]. Thus, we propose
that the additional hydrophobic moieties such as linear hydro-
phobic groups (hydrophobic pentyloxy substituents) at the C3 po-
sition and cyclohexyl substituents (aryl groups of phenyl and
benzyl, cycloalkane functional groups of cycloheptyl, and cyclo-
octyl) of CHES should enhance hydrophobic interactions as well as
p-p stacking in the hydrophobic pocket of the bacterial neur-
aminidase catalytic sites. In addition, we predicted that addition of
hydrophobic moieties in the cyclohexyl groups would also block
CD) with human neuraminidases. Stereoview of the superimposed structure of CpNanICD
n), Neu3 (pink), and Neu4 (yellow). The structures of human Neu1, Neu3, and Neu4 are
the water molecule (W1) are displayed as stick models and a sphere, respectively. (For
web version of this article.)



Y. Lee et al. / Biochemical and Biophysical Research Communications 486 (2017) 470e475 475
the interaction with human neuraminidases.
The cyclohexyl group of CHES binds to a less conserved hydro-

phobic pocket; thus, it is possible to design a specific inhibitor of
CpNanI by means of CHES's targeting this less conserved hydro-
phobic pocket of the catalytic site. On the basis of the structure-
based comparative analyses of bacterial and human neuramini-
dases, we suggest strategies for modification of CHES for the
development of specific anti-neuraminidase agents targeting
CpNanI.
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