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3-Hydroxy-3-methylglutaryl coenzyme A reductase (class Il HMGR) could serve as a potential target to
discover drugs fighting against the invasive diseases originated from Streptococcus pneumoniae, one of
the major causes of bacterial disease in human. However, no strongly effective inhibitors of class Il HMGR
have been found so far. In the present study, for the first time, four annonaceous acetogenins (ACGs) were
explored for the inhibition on S. pneumoniae HMGR. The results showed that the ACGs had higher inhib-
itory activities against S. pneumoniae HMGR with K; values in the range of 6.45-20.49 uM than the statin
drug lovastatin (K; = 116.25 M), a classical inhibitor of class | HMGR. Then, three-dimensional modeling
and docking simulations analyzed the possible binding mode of ACGs to S. pneumoniae HMGR and sug-
gested a kind of novel structural and binding mode for designing promising inhibitor candidates of the
targeted enzyme S. pneumoniae Il HMGR.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Streptococcus pneumoniae is one of the major causes of bacterial
disease in human, such as meningitis, septicemia, pneumonia, oti-
tis media and sinusitis. Every year, about 1 million children under
5 years die of the infection of S. pneumoniae in developing coun-
tries.”? At the same time, the increasing in strains and antibiotic
resistance of S. pneumoniae have resulted in more serious problems
in conventional antibiotic therapy.>>

The enzyme 3-hydroxy-3-methylglutaryl coenzyme A
reductase (HMGR, EC 1.1.1.34) catalyzes the NAD(P)H-dependent
reduction of HMG-CoA to mevalonate, a four-electron oxidoreduc-
tion, which is the rate-limiting step in the synthesis of cholesterol
and other isoprenoids. HMGRs are found in eukaryotes and
prokaryotes, and divided into two classes on the basis of amino

Abbreviation: ACG, annonaceous acetogenin; HMG-CoA, 3-hydroxy-3-methyl-
glutaryl coenzyme A; HMGR, 3-hydroxy-3-methylglutaryl coenzyme A reductase;
IPTG, isopropyl p-p-1-thiogalactopyranoside; SDS-PAGE, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis; S. pneumoniae, Streptococcus pneumoniae; THF,
tetrahydrofuran.
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acid sequences, structure and sensitivity to statins.®’ Character-
ized class I enzymes include those from human, Syrian hamster,
the yeast Saccharomyces cerevisiae, the thermophile Sulfolobus
solfataricus and the halophile Halaferax volcanii.®~'? In mammals,
class I enzyme serves as a critical enzyme for cellular cholesterol
synthesis and is strongly inhibited by statin drugs in the nanomo-
lar concentration range, always as the target of the statin class of
anti-hypercholesterolemic drugs used to lower cholesterol levels
in serum. On the other hand, class Il enzymes are utilized by pro-
karyotes and certain archaea, and have been characterized includ-
ing those from Pseudomonas mevalonii, Streptomyces sp.,
Staphylococcus aureus, S. pneumoniae and Archeoglobus fulgidus.'3~
18 They are less sensitive to statin drugs than class I ones, being
inhibited in the micromolar concentration range.'®* HMGR from
S. pneumoniae, a typical class I HMGR enzyme, could serve as a
potential target for drugs fighting against the invasive diseases
originated from S. pneumoniae, as it acts on an important role dur-
ing the synthesis of monoterpenes, carotenoids, quinones and
membrane components. Up to now, no strongly effective inhibitors
of class Il HMGR have been reported.

Annonaceous acetogenins (ACGs) are natural products isolated
from Annonaceae plants. Due to their novel structure features
and broad biological activities which are seldom found in other
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natural compounds, ACGs have drawn much attention. Their gen-
eral structures are characterized by long alkyl chain compounds
of 35-37 carbons containing terminal 2,4-disubstituted-y-lactone,
zero to three tetrahydrofuran (THF) rings, and a number of oxygen-
ated moieties (hydroxyls, acetoxyls, ketones or epoxides) or double
bonds. According to the number and location of THF ring along the
hydrocarbon chain, ACGs have been classified into five classes:
mono-THF, adjacent bis-THF, non-adjacent bis-THF, tri-THF, non-
classical acetogenins (tetrahydropyran and ring-hydroxylated
THF ACG).2° ACGs show potent activities by inhibiting NADH-
ubiqunone oxidoreductase (complex I) in mitochondrial transport
system. They are widely used in pesticidal, antimalarial, antimicro-
bial, antiparasitic, antiprotozoal, cytotoxic activities and antitumor
effects.?!

In the present study, we found the more potent inhibition of
class Il HMGR from S. pneumoniae by the natural substances ACGs
than that by lovastatin, a classical inhibitor of class I HMGR, and
analyzed the specific interaction relationship between the ACGs
and S. pneumoniae HMGR so as to provide detail information for
designing the potent inhibitors of class I HMGR based on novel
structure features of ACGs.

2. Material and methods
2.1. Materials and reagents
Four ACGs (Fig. 1), squamostatin A, squamostatin B, asimicin

and squamocin C, were isolated from the seeds of Annona squamosa
by Xiao-yi Wei and co-workers (South China Institute of Botany,
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Chinese Academy of Sciences) in their previous study.?? The re-
combinant plasmid pET28-HMGR was kindly provided by Deli
Liu (College of life Science, Central China Normal University). Lov-
astatin, NADPH and HMG-CoA were purchased from Sigma. Other
chemicals for the construction, expression of HMGR, protein puri-
fication and enzyme assays were purchased from commercial
products of analytical grade.

2.2. The expression and purification of S. pneumoniae HMGR

The expressing plasmid pET28a-HMGR was transformed into
Escherichia coli BL21(DE3) and inoculated in Luria-Bertani(LB)
broth containing 100 pg/ml kanamycin at 37 °C reaching a cell
density OD600 of 0.6-0.8. Then cells were induced with 0.5 mM
IPTG for 4 h at 37 °C before harvesting. Purification of the fusion
protein was carried out using a Ni>*-NTA affinity column attached
to an AKTA purifier 10 (UPC-F920, GE Healthcare Life Sciences). The
concentrations of purified proteins were determined by the
method of Bradford?® using bovine serum albumin (Tiangen) as
standard. The final purify (>95%) of the sample was verified by
SDS-PAGE and then the purified protein was stored in 50% (v/v)
glycerol at 20 °C.

2.3. Enzyme activities and kinetic analysis

Enzymatic assays were performed in a reaction mixture con-
tained 50 mM NaCl, 1mM EDTA, 25 mM KH,PO4, 5mM DTT,
0.11 pM enzyme in a final volume of 200 ul at pH 6.5. For
HMG-CoA K., determination, 0.25 mM NADPH was added and
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Figure 1. Molecular structures of four ACGs and lovastatin used for study.
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the substrate concentration (i.e., HMG-CoA) was varied between 0
and 480 pM. Reactions were at 37 °C for 1 min and the absorbance
at 340 nm was monitored in a microplate reader (BioTek Synergy2,
USA). The same procedure was utilized for NADPH K,,, determina-
tion, 100 pM HMG-CoA was added and the substrate concentration
(i.e., NADPH) was varied between 0 and 350 pM. For inhibition
constant (K;) determination, a standard reaction mixture contained
50 mM NaCl, 1 mM EDTA, 25 mM KH,PO4, 5 mM DTT, 0.25 mM
NADPH, 0.11 uM enzyme, and 20 pM 480 uM HMG-CoA. Increas-
ing concentration of each ACG (ranging from O to 50 uM) were
incubated for 5 min with HMG-CoA reductase before HMG-CoA
added. Kinetic and inhibition constants were determined by non-
linear least-squares fitting of the data using the Hill kinetic
equations (2o = (Vimax-app[S]")/ (Kf_app + [SI"), Where 1 is the initial
velocity, Km-app is the concentration of substrate eliciting half-
maximal velocity, and n is the Hill coefficient in Growth/sigmoidal
model from origin 7.0 software.

2.4. Modeling of the three-dimensional structure of S.
pneumoniae HMGR

SWISSMODEL server (Automated Comparative Protein
Modeling Server, Version 3.5, Glaxo Wellcome Experiment Re-
search, Geneva, Switzerland),?4?> has been employed to build the
homology modeling 3-D structure of HMGR from S. pneumoniae.
The X-ray crystallographic structural information of HMGR from
P. mevalonii (PDB ID: 1QAX) was selected as template, which has
42% sequence identity with the target enzyme. The substrate
HMG-CoA and NADPH were docked back to the corresponding
active site of modeled 3-D structure of HMGR from S. pneumoniae,
on which all hydrogen atoms were subsequently added to the
unoccupied valence of heavy atoms using the BIOPOLYMER mod-
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Figure 2. Purification of 6x - His-tagged S. pneumoniae HMGR. Lane 1: molecular
weight standards (kDa). Lane 2: supernatant from induced recombinant cell lysate.
Lane 3: precipitate from induced recombinant cell lysate. Lane 4: flowing through.
Lane 5: 50 mM imidazole elution. Lanes 6 and 7: 250 mM imidazole elution.
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ule of syey. 7.0 program package, further energy minimization
was also performed using ameer 8.0 to obtain reasonable structure
of HMG-CoA/NADP* complex.

3. Results and discussion
3.1. Expression and purification of S. pneumoniae HMGR

The recombinant enzyme was successfully expressed in E. coli
as a soluble protein after induction by isopropyl -p-1-thiogalacto-
pyranoside (IPTG). The purity of the recombinant S. pneumoniae
HMGR was evaluated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) with the approximately molecular
mass 54 kDa as shown in Figure 2. The calculated 6x- His-tagged
enzyme is 54.3 kDa. The protein was greater than 95% pure by
using the criterion of electrophoresis and no discernible degrada-
tion. The enzyme was purified to homogeneity by Ni*-NTA affinity
chromatography, yielding 8 mg of pure protein per liter of bacterial
culture. The purified enzyme exhibited a specific activity
27.96 pmol of NADPH oxidized min~!(mg of enzyme)~.

3.2. Kinetic properties of S. pneumoniae HMGR

HMGR catalyzes the conversion of HMG-CoA to mevalonate that
is the rate-limiting step in the synthesis of cholesterol and other
isoprenoids. The optimal pH and temperature of S. pneumoniae
HMGR for NADPH oxidation was approximately pH 6.5 and 37 °C,
different from Listeria monocytogenes (Fig. 3). L. monocytogenes
HMGR readily catalyzed HMG-CoA reduction at a pH optimum of
7.0 with NADPH and catalyzed mevalone oxidation at an optimum
pH 8.5.%6

The catalytic activity of the recombinant HMGR was evaluated
by performing enzyme velocity measurements according to the
two substrates, HMG-CoA and NADPH. Nonlinear least-squares
analysis of the experimental values with respect to the Hill equa-
tion yielded that K, was 75.8 uM with Hill constants of 1.46 for
HMG-CoA and 38.88 uM with Hill constants of 1.26 for NADPH.
The Hill coefficient values indicated little to no cooperativity of cat-
alytic activity of the recombinant HMG-CoA reductase toward
HMG-CoA and NADPH.

Significant similarities as well as differences were apparent
upon comparison of S. pneumoniae with other previously
characterized HMGRs.!%121726 A5 can be seen in Table 1, Ki-napph
of S. pneumoniae HMGR was similar to class II HMGR from
L. monocytogenes, but was different from class I HMGRs. There
was no clearly tendency of K = between class I and class II
HMGR. The substrate specific constant (K./K,) showed that
S. pneumoniae HMGR was five times less efficient using the sub-
strate NADPH than L. monocytogenes HMGR.
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Figure 3. Effects of pH and temperature on enzyme reaction. Enzyme reactions were carried out at different pH (4.3-9) and temperature (15-60 °C).
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Table 1
Kinetic parameters of S. pneumoniae HMGR and comparison to representative class I and class II

3515

Variable substrate

Streptococcus pneumoniae

Listeria monocytogenes

Staphylococcus aureus

Haloferax volcanii

Syrian hamster

Kin-MG-coa (UM) 75.86 + 4.43 19.8+1.2 40 60 20
Km-napp (tM) 38.88 + 4.69 12909 70 66 80
Keat-nappn (S71) 11.95+0.74 226
(Keat/Kim)-nappr (ST M) 3.07 x 105 1.752 x 106
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Figure 4. Effect of ACGs on S. pneumoniae HMGR activity. Assays were conducted in the presence of increasing substrate concentration of HMG-CoA in different constant

inhibitor concentrations.

3.3. Inhibition of S. pneumoniae HMGR by four ACGs

The inhibition constants (K;) for four ACGs were determined
by measuring catalytic activity with an increasing substrate
concentration (HMG-CoA) in different constant inhibitor concen-
trations (Fig. 4). The estimated K; values were listed in Table 2.
Class I HMGR from human has been targeted successfully by sta-
tin compounds (f.e. lovastatin) as drugs in the clinical treatment
for high serum cholesterol levels, coronary heart disease, anti-
inflammation et al.?” But these classical statin drugs have less
inhibition to the class Il enzyme. ACGs were found to have the
higher inhibition potency (6.45-20.49 uM) than lovastatin
(116.25 uM). The inhibition potency (K;j) of squamostatin A
(6.45 uM) was nearly 20 times higher than that of lovastatin
(116.25 uM). Some species were chosen to compare of K; val-
ues.!>171826 These results revealed that ACGs have more potent
inhibition to class I HMGR than lovastatin, a classical inhibiter
of class I HMGR.

3.4. Analysis of S. pneumoniae HMGR three-dimensional
structure model

An alignment comparing the S. pneumoniae HMGR amino acid
sequence with other HMG-CoA reductases is shown in Figure 5.
Upon alignment with class II HMGRs, the amino acid sequence of

Table 2
K; of four ACGs to S. pneumoniae HMGR and lovastatin to different resource HMGR
Source Ki (M)
Squamostatin A Streptococcus pneumoniae 6.45+0.22
Asimicin Streptococcus pneumoniae 12.17 £1.70
Squamostatin B Streptococcus pneumoniae 17.66 £ 1.04
Squamocin C Streptococcus pneumoniae 20.49+1.89
Streptococcus pneumoniae 116.25
Listeria monocytogenes 130
Lovastatin Staphylococcus aureus 320
Pseudomonas mevalonii 530
Archeogiobus fulgidus 180
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Figure 5. Comparison of the amino acid sequence of S. pneumoniae HMGR to other HMGRs.

S. pneumoniae HMGR is 42% identical to P. mevalonii HMGR, 47%
identical to L. monocytogenes HMGR, and 29% identical to Arabidop-
sis HMGR. When compared to class | HMGRs, S. pneumoniae HMGR
is 23% to human HMGR.

To gain a better understanding of detailed binding models
of ACGs, the homology modeling 3-D structure of HMGR from
S. pneumoniae was obtained using the X-ray crystallographic
structural information of HMGR from P. mevalonii'* as template.

The 3-D structural model contained two monomer subunits that
form a dimer with two flap domains (Fig. 6A).

The substrates HMG-CoA and NADP" were reasonable docked
into the corresponding active site of HMGR from S. pneumoniae
(Fig. 6A) using SURFLEX module in sybyl7.0. Energy minimization
of the final dimeric structure had been performed by using amBer
8.0 program package to eliminate unfavorable atomic interactions
and electrostatic repulsions. Our analysis results revealed that the
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Figure 6. (A) 3D structure model of S. pneumoniae HMGR. The polypeptide chain is shown in ribbons and the substrates in spacefill. (B) Interactions at the NADPH (NADP*)
binding site showing S. pneumoniae HMGR residues. (C) Interactions at the HMG-CoA binding site showing Streptococcus pneumoniae HMGR residues. (D) Interactions at the

lovastatin(Lov) binding site showing S. pneumoniae HMGR residues.

putative conserved catalytic residues of HMGR from S. pneumoniae
were almost identical to that from P. mevalonii (Fig. 6B and C)
(Table 3). In the HMG-CoA/NADP* complex, the thioester oxygen
of HMG-CoA pointed toward the N atom of Lys263. Lys263 was
located midway between the substrate and Asp279 which
was on the opposite side of Lys263 (Fig. 6C). NADP* had optimal
hydrogen bonding with Tyr144, Asn184, Asn212, Glu81, Gly327,
GIn382, Ala180, Arg150, and GIn416 (Fig. 6B).

Some studies reported that NADH oxidase assay represents an
integrated activity in which NADH is oxidized and the electrons
are transferred along the respiratory chain to be finally accepted
by molecular oxygen. Therefore, the inhibition of NADH oxidase
activity is directly attributed to the inhibition of NADH: ubiqui-
none oxidoreductase and represents a good method for evaluating
the different potency of related compounds.?® ACGs exhibit potent
inhibition of bovine complex I only when the two toxophoric moi-
eties are directly linked by the alkyl spacer and cooperatively bind
to the two putative binding sites in the Spacer Region of Acetoge-
nins studies.?®

The asimicin, squamostatin A, squamostatin B and squamocin C
were also docked into the active site occupied by NADP* of HMGR
from S. pneumoniae (Fig. 7). For these compounds, we found the
strong hydrogen bonds interacted with the residues of Tyr144,
Asn184, Glu81, Lys263, and Asn212 (Fig. 7) (Table 3). Our docking
results also showed that these residues could formate the strong
hydrogen bond with cofactor NADP*. We therefore suggested that
these ACGs compounds possibly take over the place of NADPH,

then blocke the substrate HMG-CoA to get proton from NADPH,
as a result, ACGs strongly inhibit the catalyzed activity of class II
HMGR from S. pneumoniae. Our model study suggested that four
ACGs had more effective inhibition relationship on class I HMGR
than lovastatin, possibly due to their binding with NADP* binding
sites, not HMG-CoA binding sites.

Previous reports summarized several general conclusions about
SAR of ACGs: (i) the adjacent or non-adjacent bis-THF ring ACGs

Table 3
Proposed important amino acid residues for the substrate (HMG-CoA and NADPH),
Lovistatin and ACGs binding with S. pneumoniae HMGR

Residues of binding site

Tyr144, Asn184, Lys263, Glu81,

Lys325

Tyr144, Asn184, Lys263, Glu81,

Lys325

Gly327, Asn212

Tyr144, Asn184, Lys263

Gly327, Asn212, Ser146, Ala180
Tyr144, Asn184,

Gly327, Asn212, Ser146, Ala180,
Glu416

Lys263, Glu81, Asn267

Tyr144, Asn184, Glu81,

Gly327, Asn212, Ala180, GIn382,
Arg150, Gln416

Lys263, Glu81, Asn267

Ki (uM)
6.45+0.22

Squamostatin A

Asimicin 12.17 £1.70

Squamostatin B 17.66 £ 1.04

Squamocin C 20.49 +1.89

Lovostatin 116.25

NADP* (NADPH)

HMG-CoA
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Figure 7. Proposed binding mode for asimicin, squamostatin A, squamostatin B and squamocin C with S. pneumoniae HMGR.

showed higher potencies of activity than the mono-THF ring com-
pounds which possessed the same number of hydroxyl groups; and
(ii) the potency of activity was related to the number and the
positions of the hydroxyl groups and the positions of the THF
rings.30-33

With squamostatin A and squamostatin B, four OH groups of
different positions existed, two OH groups lied in the long alkyl
chain of squamostatin A, also conforming that the position of OH
groups could significantly affect the inhibition effects. Especially
the OH group in long alkyl chain was better than that by the side
of y-lactone ring. The hydrogen bonds might be the main way that
the four ACGs bind with the active pocket of S. pneumoniae HMGR.
Therefore, the numbers and position of OH groups were of the es-
sence in the enzyme-ACGs interaction.

The various inhibition effects of squamostatin A, squamostatin
B and squamocin C indicated that the THF rings possibly play a less
important role in the optimum inhibition. Squamocin C belonging
to adjacent bis-THF type of ACGs, was less potent against the en-
zyme than the non-adjacent bis-THF type squamostatin A and
squamostatin B, suggesting that the structure of non-adjacent
bis-THF ring was more favorable for the inhibition than that of
adjacent bis-THF ring, which is inconsistent with the inhibition
of NADH oxidase of mitochondrial complex by ACGs.3?-34

4. Conclusions

In this report, we have studied the expression, purification, and
kinetic characterization of S. pneumoniae HMGR and performed the
interaction relationship analysis between S. pneumoniae HMGR
and ACGs. The kinetic characterization revealed that K,_nappy Of
S. pneumoniae HMGR was different from class | HMGRs, but there
was no clearly tendency of K,_ymc-coa between class I and class
Il HMGR. More importantly, we found that the four ACGs can inhi-
bit S. pneumoniae HMGR greater than known classical statin drugs
which have potent inhibition on class | HMGR, possibly due to their
binding with NADP* binding sites, not HMG-CoA binding sites. The

study suggested a possible kind of novel structural and binding
mode for designing promising inhibitor candidates of the targeted
enzyme S. pneumoniae Il HMGR. A potential future research would
employ site-directed mutagenesis and computer-aided drug
design (CADD) to design and discover better drugs than the
classical statins to fight against the invasive diseases originated
from S. pneumoniae.
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