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Traditional Tibetan medicine provides an abundant
source of knowledge on human ailments and their
treatment. As such, it is necessary to explore their
active single compounds used to treat these ailments
to discover lead compounds with good pharmacologic
properties. In this present work, animal medicine,
Osteon Myospalacem Baileyi extracts have been sepa-
rated using a two-dimensional preparative chromato-
graphic method to obtain single compounds with high
purity as part of the following pharmacological
research. Five high-purity cyclic dipeptides from chro-
matography work were studied for their dihydroorotate
dehydrogenase inhibitory activity on recombinant
human dihydroorotate dehydrogenase enzyme and
compound Fr. 1-4 was found to contain satisfying inhi-
bition activity. The molecular modeling study suggests
that the active compound Fr. 1-4 may have a terifluno-
mide-like binding mode. Then, the energy decomposi-
tion study suggests that the hydrogen bond between
Fr. 1-4 and Arg136 can improve the binding mode to
indirectly increase the van der Waals binding energy.
All the results above together come to the conclusion
that the 2, 5-diketopiperazine structure group can
interact with the polar residues well in the active
pocket using electrostatic power. If some proper
hydrophobic groups can be added to the sides of the
2, 5-diketopiperazine group, it is believed that better 2,
5-diketopiperazine  dihydroorotate = dehydrogenase
inhibitors will be found in the future.
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Osteon Myospalacem Baileyi, known as Sai long gu (in
Tibetan language, ‘blind rat bone’), is the whole skeleton
of the Tibetan plateau rodentia animal Myospalax Baileyi
Thomas. Osteon Myospalacem Baileyi has been widely
used in the Tibetan region, and since 1991, Osteon Myos-
palacem Baileyi has been listed in the Pharmacopoeia of
the People’s Republic of China as a new first-class animal
medical material. The medicinal properties of Osteon
Myospalacem Baileyi’s crude extract have been proven by
modern pharmacological research, including studies on
antirheumatoid arthritis (1), anti-osteoporosis (2), analge-
sics (3), and anti-inflammation (4). However, the complexity
of Osteon Myospalacem Baileyi extracts makes purification
so difficult that very little information about their chemical
composition has been reported, and even less information
on the chemical compounds responsible for therapeutic
effects. Therefore, it is extremely desirable to separate the
single compounds from Osteon Myospalacem Baileyi in
order to conduct the following pharmacological research
activity.

Preparative HPLC is one of the most efficient technologies
used in the preparation of single chemicals in complex
samples, which is applied in separating compounds from
complex Chinese traditional medicine in recent years.
However, taking into account the complex chemical com-
position of natural medicinal extracts, it is virtually impossi-
ble to obtain compounds of high purity by only one-
dimensional preparation due to limited resolution and peak
capacity. Two-dimensional HPLC separation, associated
with enlarged peak capacity and enhanced selectivity,
seems to be potentially suitable for the purification of sin-
gle compounds from complex crude samples (5). In the
process of two-dimensional HPLC purification, several
chromatographic separation modes can be selected, and
different systems can be constructed for the separation of
complex matrices with different properties in which RPLC
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coupled with reversed-phase liquid chromatography (RP/
RP-LC) is one of the most prospective separation systems
available owing to its high separation efficiency (6-9). In
light of the above, an RP/RP-LC two-dimensional HPLC
separation system was employed for the purification of sin-
gle compounds from a crude sample of Osteon Myospala-
cem Baileyi in the current work.

Cyclic dipeptides (CDPs) are generated by cyclization of
two amino acids, and they characteristically contain a 2,
5-diketopiperazine skeleton. CDPs, commonly biosynthe-
sized from amino acids, are found in various nature prod-
ucts such as cordyceps sinensis (10), cocoa (11), roasted
coffee (12), and marine sponge Axinella vaceleti (13).
Some of the chemical properties of 2, 5-diketopipera-
zines, such as a resistance to proteolysis, mimicking of
peptidic pharmacophoric groups, substituent group ste-
reochemistry (defined and controlled in up to four combi-
nations), conformational rigidity, and donor and acceptor
groups for hydrogen bonding (favouring interactions with
biological targets), can be very interesting for medicinal
chemistry. In addition, the compounds show a common
scaffold, which is easily obtained by conventional proce-
dures that favor structural diversity as a function of
substituent side chains, particularly orientated. Favorable
pharmacodynamic and pharmacokinetic characteristics
are acquired by the compounds through these properties,
leading to promising agents for the development of new
drugs (14-16).

Dihydroorotate dehydrogenase (DHODH), localized in the
mitochondria, is an enzyme essential to pyrimidine de
novo biosynthesis (17). It catalyzes oxidative conversion of
dihydroorotate to orotate using the cofactors flavin mono-
nucleotide (FMN) and ubiquinone (CoQ) in the redox pro-
cess. As blocking pyrimidine biosynthesis has an
antiproliferative effect on rapidly dividing cells (18), inhibi-
tors of human DHODH (hDHODH) have been pursued and
developed for the treatment of cancer (19,20) and
immunologic disorders, such as rheumatoid arthritis (21)
and multiple sclerosis (22). Inhibitor of human DHODH has
been shown to be the active metabolite of a recently
approved treatment for rheumatoid arthritis. Strong evi-
dence has also been reported that the mechanism for
action in the positive control of the drug teriflunomide
(A771726) is the inhibition of de novo pyrimidine biosyn-
thesis in these cells (23,24).

Drug discovery from natural products includes a multidisci-
plinary approach combining biological science, organic
chemistry, and chromatography science. Drug discovery
starts with an analysis of binding sites in target proteins, or
an identification of structural motifs common to active
compounds, and ends with the generation of small mole-
cule ‘leads’ suitable for further chemical synthetic work.
Focal points include, but are not limited to, analysis of pro-
tein-ligand complexes (database searching, docking, and
de novo design), quantitative assessment of binding inter-
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actions (free energy calculations and scoring functions),
development of pharmacophores, and analog design. Due
to rapid advances in structural biology and computer tech-
nology, structure-based computer aided drug design
(CADD) using docking techniques, virtual screening, and
library design, along with target/structure, focusing combi-
natorial chemistry, has become a powerful tool in new
drug discovery (25-27).

In this study, an RP/RP-LC two-dimensional HPLC sepa-
ration method was used for the preparation of single com-
pounds from a complex sample extracted from Osteon
Myospalacem Baileyi. The inhibition capacities of purified
single compounds were then tested in a recombinant
human DHODH enzymatic assay. At last, we performed a
docking study of the purified single compounds against
the molecular target DHODH receptor to investigate the
interaction of the purified single compounds with the resi-
dues present at the active site. As far as we knew, few
HPLC column chromatograph purification methods for the
separation of mammal organ extracts could be found. The
RP/RPLC two-dimensional separation method used for the
purification of the compounds in mammal bone extract
could serve as a good reference for following similar sepa-
ration work. Additionally, the results of the DHODH assay
could also provide some useful information for the CDPs
research, both in functional food or medicinal areas.

Materials and Methods

Apparatus and reagents

A prep-HPLC system was used for the purification of sin-
gle compounds. The system consisted of two prep-HPLC
pumps, an UV detector, and an HPLC workstation (Han-
bang, China).

Chromatographic analysis was performed on an Agilent
HPLC system which contained an Agilent 1260 Infinity
Binary Pump, an Agilent 1260 Infinity Diode Array detector,
an Agilent 1260 Standard Degasser, an Agilent 1260 auto-
sampler, an Agilent Infinity Thermostatted Column Com-
partment, and an Agilent 1260 Infinity HPLC work station
software (Agilent, Santa Clara, CA, USA).

MS and NMR were employed for the analysis of chemical
structures. Mass spectrometry was performed on a Bruker
esquire 6000 LC-MS (Bruker, Karlsruhe, Germany). The
NMR spectrum was measured by a Bruker DXR 600 NMR
spectrometer (Bruker) with CD3OD as a solvent.

The solvent of Prep-HPLC grade mobile phase was pur-
chased from Concord Technology Co. Ltd., Tianjin, China.

Dihydroorotate (DHO), CoQio, 2, 6-dichloroindophenol
(DCIP), phenylmethylsulfonyl fluoride (PMSF), Tris, glycerol,
and Triton X-100 were purchased from Sigma Chemistry
Co. (St. Louis, MO, USA). The recombinant Homo sapiens
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dihydroorotate dehydrogenase was purchased from Abno-
va Co. (Taipei City, Taiwan).

The piscovery sTubio v 2.5 software (Accelrys Inc., San
Diego, CA, USA) was used for molecule modeling.

Sample preparation

Osteon Myospalacem Baileyi was collected from Qinghai
Province and authenticated by Professor Lijuan Mei, of the
Northwest Institute of Plateau Biology under the Chinese
Academy of Science. Nine kilograms of the medicinal
material were powdered by an ultrafine grinder machine
under —40 °C. Then, the superfine powder was extracted
by 100 L deionized water at 60 °C for 60 min, three
times. After filtration, the decoctions were combined and
concentrated by rotary evaporation at 60 °C in a vacuum.
The concentrated decoctions were separated by an n-
butyl alcohol/water 1:1 v/v liquid-liquid extraction system.
Then, the n-butyl alcohol part was dried by rotary evapo-
ration at 60 °C in a vacuum. The n-butyl alcohol part
extract was dissolved in a solution of water/methanol
70:30 v/v and kept for 24 h at 4 °C. After centrifugation,
the supernatant was filtered through 0.45 um membranes.
The final concentration of the filtered sample solution was
200 mg/mL.

Chromatographic conditions

The first dimensional preparation was performed on a C18
prep column (50 x 250 mm i.d., 10 um, 120 A, DAISO).
The mobile phase A was water and mobile phase B was
methanol. The linear gradient elution steps were as fol-
lowed: 0-5 min, 18% B; 5-35 min 18-40% B. The flow
rate was 80 mL/min. The sample concentration was
200 mg/mL. The injection volume was 4 mL. Chromatog-
raphy was recorded at 214 nm. Preparation for the first
dimensional purification simplified the extraction of the raw
materials into fractions.

Each fraction was analyzed on YMC C18 AQ column
(4.6 x 250 mm i.d., 10 um, 100 A, YMC). The mobile
phase A was water and mobile phase B was methanol.
The flow rate was 1 mL/min. The injection volume was
10 pL. The lIsocratic elution procedure for fraction 1 was
15% B for 30 min, for fraction 2 was 23% B for 30 min.
The chromatographic data were collected at 214 nm.

The second dimensional purification was performed on
YMC C18 AQ (10 x 250 mm i.d., 10 um, 100 A) column.
The mobile phase A was water and mobile phase B was
methanol. Fractions collected from the first dimensional
separation were further separated on C18 AQ column to
obtain single compounds. Different isocratic elution condi-
tions were adopted to separate fractions collected from
the first dimensional preparation. The isocratic elution pro-
cedure for fraction 1 was 15% for 30 min, for fraction 2
was 23% B for 30 min. The sample concentration was
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500 mg/mL. The injection volume was 700 ulL. The flow
rate was 4 mL/min. The chromatographic data were col-
lected at 214 nm.

Purity test of each single compound was performed on
YMC C18 AQ column (4.6 x 250 mm, 5 um, 100 A,
YMC). The mobile phase A was water and mobile phase B
was methanol. The flow rate was 1 mL/min. The injection
volume was 10 ulL. The linear gradient elution procedure
for Fr. 1-4, Fr. 1-5, and Fr. 1-6 was 10% to 25% B for
30 min, for Fr. 2-1 and Fr. 2-2 was 20% to 35% B for
30 min, respectively. Chromatography data were collected
at 214 nm.

Structure identification

The structure of the compounds was determined using
nuclear magnetic resonance (NMR)  spectroscopy
equipped with a 2.5-mm microprobe. NMR Spectrometer
using CDs0D was deployed to measure 'H and '*C and
2D NMR. All spectra were recorded at 23 °C. One-dimen-
sional 'H and C NMR experiments as well as two-
dimensional 'H-'"H correlation spectroscopy (COSY),
"H-"8C heteronuclear multiple bond correlation (HMBC),
and 'H-'8C heteronuclear multiple quantum coherence
(HMQC) experiments were performed according to Bruker
standard pulse sequences. Chemical shifts are reported
relative to the solvent peaks. (CDsOD: 'H 6 3.30 and '3C
0 49.0).

MS was performed on a Bruker esquire 6000 LC-MS
system under the ion scan mode of 100-500 m/z range.
Optical rotation of the compounds was measured using a
Perkin Elmer PL341 polarimeter (PerkinElmer Co., Wal-
tham, MA, USA) at 25 °C in Methanol.

Inhibition of human DHODH activity

Inhibition of human DHODH activity by the compounds
tested was assessed in 96-well plates by a DCIP-linked
assay (18). Recombinant human DHODH (final enzyme
concentration between 20 and 60 nM in the assay well)
were incubated at 37 °C in 50 mm Tris—=HCI, 0.1% Triton
X-100, 1 mm KCN, pH 8.0 with coenzyme Qo (100 um),
and the tested compounds at different concentrations
(final DMSO concentration 0.1% v/v). The reaction was ini-
tiated by the addition of DHO (500 um), and the reduction
of DCIP (50 um) was monitored through a decrease in
absorbance at 650 nm. The initial rate of the enzymatic
reaction in the presence (V) and in the absence (V1) of an
inhibitor was measured, and the ICsy value was calculated
from egn (1):

ve 1 (1)

(1 * |g]50>

Among which [I] was the inhibitor concentration.
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Molecular modeling

Chemical properties of the purified dipeptides were cal-
culated by cHemBioorrice 2010. The three-dimensional
structure of the protein was retrieved from a Protein
Data Bank (PDB) which was a repository for the pro-
cessing and distribution of the 3D structure data of large
molecules of proteins and nucleic acids. The docking
study of the dipeptides with the DHODH receptor (1D3G
and 1D3H) was carried out by Libdock of piscovery sTu-
pio v 2.5 software (Accelrys Inc.). The software allowed
us to virtually screen a database of compounds and
predict the strongest binders based on various scoring
functions. It explored the ways in which the molecules
and their receptors bonded together and docked to
each other well.

The three-dimensional structures of positive control drugs
and purified dipeptides were drawn by DISCOVERY STUDIO V
2.5 software. Hydrogen bonds were added, and the
energy was minimized using CHARMM force field in all the
compounds. PDB protein 1D3G and 1D3H structures
were chosen for the receptors with a good resolution
when compared with other structures. The ligands were
removed from the protein, and the chemistry of the protein
was corrected for the loss of atoms. Crystallographic dis-
orders and unfilled valence atoms were corrected by alter-
nate conformations and valence monitor tools. Following
the above steps of preparations, the protein was subjected
to energy minimization by the CHARMM force field. The
active site of the protein was first identified, and it was
defined as the binding site.

The amvBer 11.0 software was used to perform all the MD
simulations in this study. The inhibitors were minimized
using the piscovery sTubio v 2.5 software. General Amber
force field (GAFF) parameters were assigned to the
ligands, while partial charges were calculated using the
AM1-BCC method as implemented in the Antechamber
suite of avBer 11.0. The complexes were neutralized by
adding 10 sodium counterions and were surrounded by a
periodic box of TIP3P water molecules extending up to
10 A from the solute. First, energy minimizations using a
steepest decent method, followed by the conjugate gradi-
ent method, were performed for each system. Then, each
system was gradually heated from 0 K to 300 K within
30 ps. This was followed by a further 500 ps of equilibra-
tion at 300 K carried out to obtain a stable density. After-
ward, an unconstrained production phase was initiated
and continued for 4 ns in an NPT ensemble at 1 atm and
300 K. During the simulations, the long-range electrostatic
interactions were evaluated by the Particle Mesh Ewald
(PME) algorithm. The cutoff distance for the long-range
van der Waals interaction was set to 8 A. The SHAKE
method was applied to constrain the bond lengths of
hydrogen atoms attached to heteroatoms. The time step
used for the MD simulations was set to 2.0 fs, and the tra-
jectory files were collected every 1 ps for the subsequent
analysis.
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The interaction between inhibitor and each residue was
computed using the MM/GBSA decomposition process
by the mm_pbsa program in auveer 11.0. The binding
interaction of each inhibitor-residue pair includes three
energy terms: van der Waals contribution (Gyqy), €lectro-
static contribution (Gge), and solvation  contribution
(Ggowation)- All energy components were calculated using
the 300 snapshots extracted from the MD trajectory
from 1.0 to 4.0 ns.

Results and Discussions

First dimensional separation

The first dimensional preparation was performed on a
DAISO C18 prep column. The sample loading was 0.8 g
per injection. One whole preparation procedure took
65 min, which consisted of 15 min for column balance,
15 min for column washing, and 35 min for preparation.
The retention times of the components differed signifi-
cantly due to the complex composition of the crude
sample. It was not enough to adopt a simple isocratic
method. Gradient elution was necessary for the first
dimensional preparation. Linear gradient offered the best
separation performance for the components with differ-
ent retention times. Finally, elution methods, including O—
5 min for 18% B and 5-35 min for 18% to 40% B,
were used for the preparation. Preparation of the total
2.2 g crude sample required seven injections over an 8-
h period. The fractions were collected according to UV
absorption intensity to reduce the complexity of each
fraction as much as possible. The cross in each fraction
had been minimized due to good separation repeatabil-
ity. As shown in Figure S1, two fractions were collected
in the first dimensional separation and their amounts
by weight ranged from 0.74 g for Fr. 1 to 0.58 g for
Fr. 2.

Purification of the single compounds

To purify the compounds effectively, the separation condi-
tion was optimized for each fraction. In this method, the
condition optimization was performed in an analytical
scale. The analytical scale conditions were transformed to
preparative scale conditions. It was found that isocratic
conditions were enough for the separation of all the frac-
tions, and the application of an isocratic elution method
would avoid extra time for reconditioning in gradient elu-
tion. The content of methanol was optimized to ensure the
retention time of the peaks between 10 and 40 min. After
a minor revision of the elution method of the analytical
conditions, the separation conditions were easily trans-
formed to a preparative scale, as shown in Figure S3. The
analytical chromatograms in Figure S2 showed similar pat-
terns with the preparative chromatograms in Figure S3,
which demonstrated the feasibility of the transformation
from an analytical scale to a preparative one. In addition, it
was noteworthy that heart cutting was used as the
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repeated separation strategy to insure the purity of com-
pounds. The preparation chromatograms of Fr. 1 and 2
are shown in Figure S3.

After isolating Fr. 1 and 2, five pure compounds were
obtained and dried through rotary evaporation at 60 °C in
a vacuum. All in all, compound 1 (Fr. 1-4, 14.1 mg), 2 (Fr.
1-5, 12.8 mg), 3 (Fr. 1-6, 12.6 mg), 4 (Fr. 2-1, 22.1 mg),
and 5 (Fr. 2-2, 19.2 mg) had enough amounts to be char-
acterized by NMR. In consideration of the impurities with
quite different retention times, it was not appropriate to
conduct the homogeneity test with isocratic elution meth-
ods. The methanol content in the mobile phase was not
higher than 30% in the second dimensional preparation.
Therefore, linear gradient elution methods described in 2.3
were enough for all the possible impurities to be tested.
The purity of these compounds checked by HPLC is
shown in Figure S4, and the purity of all compounds was
more than 98%. The structures of these compounds are
shown in Figure 1. The NMR and ESI-MS data are shown
in supporting information Files.

Inhibition of DHODH

The purified dipeptides were assessed for their DHODH
inhibitory activity on recombination human DHODH. A pro-
cedure adapted from the literature was employed (see
Experimental) in which oxidation of DHO to ORO was moni-
tored by following the concomitant reduction of the chromo-
phore 2, 6-dichlorophenolindophenol (DCIP). Teriflunomide
was taken as reference. The reduction of DCIP was
detected by the decrease in absorbance at 650 nm. The
results were collected in Table 1. Analysis of Table 1 shows
that compounds Fr. 1-5, Fr. 1-6, Fr. 2-1, and Fr. 2-2 dis-
played no inhibitory potency at the dose of 50 um. However,
if a hydroxyl group was added to Pro-y-carbon site of Fr. 2-
2, the inhibition potency was about 40 times higher (Fr. 1-
4). Although the inhibition potency of Fr. 1-4 was still 11
times lower, compared with positive control teriflunomide,
its inhibitory potency was already in the nanomolar range
(ICs0 = 0.77 mm). As a novel structure skeleton natural
DHODH inhibitor, Fr. 1-4 was competent to be a lead com-
pound for future structure modification work.

Computer modeling

General properties analysis of the chemicals

According to the previous experience, compounds should
possess certain properties to be accepted as drug. Those
properties were formulated by Lipinski in 1997. It is a rule
of thumb to evaluate drug likeness, or to determine
whether a chemical compound with a certain pharmaco-
logical or biological activity has properties that would make
it a likely active drug. The properties are summarized as
‘Lipinski’s rule of five’ (28). It is suggested that any pair-
wise combination of the following conditions: molecular
weight >500, log p > 5, hydrogen bond donors >5, hydro-
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gen bond acceptors >10 or rotatable bonds>10 may result
in compounds with poor permeability. In this connection, it
is very much clear from Table 1 that the purified chemicals
comply perfectly with the Lipinski’'s Rule of Five and are
considered to be more likely to have good absorption and
permeability.

Docking analysis

Next, we have performed a docking study to understand
the interactions between the dihydroorotate dehydroge-
nase (DHODH) enzyme and its inhibitors to explore their
binding mode using the Libdock method of receptor—
ligand interactions protocol under piscovery sTubio 2.5. The
inhibitors  were found at the coenzyme Q site, as
expected. L-dihydroorotate (DHO) and flavin mononucleo-
tide (FMN) were also observed in the structures which
were solved at a resolution of 1.9-2.1 A. Because only
compound Fr. 1-4 had satisfying in vitro inhibition capac-
ity, the following docking analysis focused on how the
compound Fr. 1-4 interacting with the protein receptor.
The complexes of human DHODH with brequinar (PDB 1D
1D3G) and of human DHODH with a teriflunomide (PDB ID
1D3H) were chosen for the docking analysis. The two dif-
ferent human DHODH complexes were selected to ascer-
tain whether differences in the conformation of active site
pocket side chains might affect the binding mode, as
observed by Baumgartner and co-workers (29).

Leflunomide is an isoxazol derivative, which acts as a pro-
drug. After absorption, it is rapidly converted into its active
metabolite teriflunomide (A771726), which is assigned to
the Z-configuration. Brequinar (BQN) was developed for
cancer therapy, but failed in clinical trials due to limited
therapeutic windows (30). In the complexes 1D3G and
1D3H, the binding sites for both A771726 and Brequinar
are located at the narrow end of the channel that ubiqui-
none uses to accomplish a redox reaction with FMN.
Several charged and polar side chains (GIn47, His56,
Tyr356, Thr360, and Arg136) are present at this position.
In the case of A771726, the deprotonated enolic hydroxy
group interacts via hydrogen bond with Tyr356, while the
amide carbonyl is hydrogen bonded to Arg136 through a
water molecule (Figure 2A). Moving to BQN, the binding
mode is quite different. Here, the carboxylate group forms
a salt bridge with Arg136 and is hydrogen bonded to
GIn47. In addition, the biphenyl moiety establishes a num-
ber of hydrophobic contacts with several lipophilic residues
of the tunnel (Figure 2).

The docking protocol is able to accurately reproduce the
brequinar and teriflunomide experimental pose in 1D3G
and 1D3H (Figure 2), which means the docking results
of the docking are credible. Moving to Fr. 1-4, wide dif-
ferences are observed between the poses obtained on
1D3G and 1D3H. The results of the docking work with
1D3G and Fr. 1-4 as receptor and ligands show that
Fr. 1-4 cannot insert into the activity channel to interact

Chem Biol Drug Des 2015; 86: 626-636
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Figure 1: Structures of the purified compounds.

Table 1: Dihydroorotate dehydrogenase inhibition capacity, Libdock scores, and general properties of cyclo dipeptides
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Libdock score

Chemicals IC50 + SE (um) 1D3H 1D3G  Logp Molecular weight Hbond acceptors Hbond donors  Rotatable bonds
Fr. 1-4 0.773 + 0.007 107.51 68.34 —0.129 260.288 3 2 2
Fr.1-5 >50 94.53 59.65 0.705 210.273 2 1 2
Fr. 1-6 >50 86.44 61.81 0.637 210.273 2 1 2
Fr. 2-2 >50 92.433  69.75 0.962 244.289 2 1 2
Fr. 2-1 >50 86.123  56.88 0.249 196.246 2 1 1
Teriflunomide 0.064 + 0.004 105.86 2.091 270.207 3 2 3
Brequinar 132.80 4.534 374.36 3 1 3

with any charged and polar side chains (GIn47, His56,
Tyr356, Thr360, and Arg136) (Figure 4D). So no hydro-
gen bond is observed in 1D3G-Fr. 1-4 docking results.
On the contrary, Fr. 1-4 can easily contact the polar
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pocket at the end of the activity channel of 1D3H (Fig-
ure 4A). Several hydrogen bonds are formed between
Fr. 1-4 and the receptor 1D3H. All the cases indicated
that Fr. 1-4 can only bind with 1D3H and the binding
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pose is in a teriflunomide-like fashion. The binding
modes of Fr. 1-4 and positive controls are shown in
Figures 3 and 4.

For compound Fr. 1-4 (shown in Figures 3A and 4A), a
hydrogen bond network is observed around the hydroxyl
group at the Pro-y-carbon site, which not only makes
hydrogen bonds to a water molecular (H201) but also to
Arg136. We speculate that these Hbonds provide main
electrostatic interaction power, and it is also the primary
reason why Fr. 1-4 has some activity. However, com-
pared with positive control A771726, the Hbond power
of Fr. 1-4 is much weaker. As it is shown in Figure 3C,
A771726 not only can form Hbond with Arg136 through
a water molecular, but also can construct Hbond inter-
action with Tyr356. We think it is part of the reason
why the activity of Fr. 1-4 is weaker than that of
A771726. Comparing the binding mode of Fr. 1-4 with
that of Fr. 2-2, we can obtain more information about
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Figure 2: Experimental (colored by
elements) and in silico docking (colored in
green) results of positive control
teriflunomide interacting with 1D3H (A) and
brequinar with 1D3G (B). Green dotted line
indicates hydrogen bond formation.

how important the hydroxyl group to Fr. 1-4 to make it
active. As it is demonstrated in Figure 3B, without the
hydroxyl group, Fr. 2-2 cannot form any Hbond with
protein receptor in the same docking parameters set-
tings. Fr. 2-2 only rely on the weak Electrostatic and
Van der Waals interactions to dock with protein recep-
tor. We think it is the part of the reason why Fr. 2-2 do
not have activity.

Decomposition of the binding free energy

To gain a detailed picture of the inhibitor/DHODH interac-
tions, the binding free energy was decomposed into
inhibitor-residue pairs. The quantitative information is
extremely useful to understand the difference of the bind-
ing mechanism between Fr. 1-4 and Fr. 2-2. The Elec-
trostatic and Van der Waals interactions between the
inhibitors and the important residues of DHODH can be
observed in Figure 4.
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Figure 3: The interaction mode of Fr. 1-4 (A), Fr. 2-2 (B), and
positive control teriflunomide (C) with Arg136 and Tyr 356.

From Figure 4, one can see that the inhibitors Fr. 1-4 and
Fr. 2-2 share the similar binding mode. Comparison of
energy between Fr. 1-4 and Fr. 2-2 shows that interac-
tions of Fr. 1-4 with Met43, Asp51, Glu53, and Thr360
(=0.9, —1.8373, —0.939, and —0.709 kcal/mol) are stron-
ger than those of Fr. 2-2 (-0.524, —0.806, —0.811, and
0.451 kcal/mol) (Tables S1 and S2). However, the interac-
tions of Fr. 2-2 with Tyr356 and Leu359 (—0.303 and
—0.791 kcal/mol) are stronger than those of Fr. 1-4 (0.238
and —0.092 kcal/mol). It is demonstrated in the Figure 4
that most of the interaction residues provide van der
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Waals energy. So the differences of the van der Waals
power may be the main reason leading to the large biolog-
ical activities differences. To prove our inference, we com-
pared the van der Waals energy interaction between
inhibitors and the important residues. As it is shown in
Tables S1 and S2, the interactions of Fr. 1-4 with GIn47,
Pro52, Arg136, Tyr356, Leu359, and Thr 360 (—0.831,
—1.012, —0.657, —1.283, —2.31, and —3.439 kcal/mol)
are much stronger than those of Fr. 2-2 (—0.224, —0.538,
—0.298, —0.721, —1.878, and —2.603 kcal/mol). Only one
residue Phe62 (—0.132 kcal/mol) interacting with Fr. 1-4
has lower van der Waals interaction energy than that of
Fr. 2-2. The result is consistent with the inhibitor activity
result in Table 1, which supports our inference that the dif-
ference of the van der Waals interactions between ligand
and protein determine the difference of the activities
between Fr. 1-4 and Fr. 2-2.

The electrostatic interaction of Fr. 1-4 with Arg136
(—8.234 kcal/mol) is much stronger than any other resi-
dues. This phenomenon is the result from the hydrogen
bonds between Fr. 1-4 hydroxyl group and Arg136 men-
tioned above. It is expected that this hydrogen bond elec-
trostatic interaction energy of Fr. 1-4 with Arg136 is much
stronger than that of Fr. 2-2, but unexpectedly the total
electrostatic energy (Geie) Of Fr. 1-4 is generally the same
as that of Fr. 2-2. Comparison of the total van der Waals
energy (Gyaw), electrostatic energy (Gge), and solvation free
energy (Geowation) of Fr. 1-4 (—18.368, —3.417 and
17.118 kcal/mol) and Fr. 2-2 (-14.731, —4.012 and
18.543 kcal/mol) complex shows that the main promotion
energy for interaction is van der waals energy and the
main opposition energy is solvation free energy. Although
electrostatic interactions are generally the same in both of
the complexes, the total van der Waals energy of Fr. 1-4
is much stronger than that of Fr. 2-2. We think the Hbond
of Fr. 1-4 can improve the binding mode of the inhibitor in
the pocket. With the assistance of Hbond, inhibitor can
obtain more van der Waals from the non-polar residues.
From the results we obtain above, we get the conclusion
that the hydrogen bond is very important for the binding of
Fr. 1-4. This Hbond of Fr. 1-4 cannot contribute much
electrostatic energy to the complex but can help the inhibi-
tor to maintain the right binding mode to gain more van
der Waals energy from the non-polar residues.

Chemical structure-biological effect relationship
analysis

It can be clearly demonstrated from Figure 5 that the
active pocket of DHODH is like an asymmetric sand-
wich. In the middle of the sandwich, a polar residue ring
constructed of GIn47, Arg136, and Tyr 356 is observed.
These polar residues can form electrostatic interactions
with the ligands, which help ligands to dock with protein
better by making them closer to the protein receptor to
gain more van der Waals energy. The diketopiperazine
structure has two Hbond donors and two Hbond
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Figure 4: The interaction of Fr. 1-4 (A), Fr.
2-2 (B), and positive control teriflunomide (C)
with 1D3H and the interaction of Fr. 1-4 (D),
Fr. 2-2 (E), and positive control teriflunomide
(F) with 1D3G. The purple bubbles are the
residues mainly providing electrostatic
binding energy, and the green bubbles are
the residues mainly providing van der Waals
binding energy.

acceptors and so, this structure can easily interact with
polar residues to help obtaining van der Waals power.
This diketopiperazine structure can serve as the core
structure for the future DHODH chemical derivation
design. The head (Val143 and Val134) and the tail

Gln47, Tyr356
N\,\IVWVVMM

O
R
N/ ’
Vall43,
Vall34
Ry
O

Ry
N
Ry ﬁ‘)\
Diketopiperazine core

M Y

Arg136, Thr360

Non-polar head Polar residue ring

Non-polar tail

(Alab5, Leu359, Ala59, Met43, LeudB, Pro364, Leu68,
and Leu67) of the pocket are full of non-polar residues
which mainly provide van der Waals energy. It is sug-
gested that chemicals with higher Log p will interact
with these residues better. Compared with positive

Ala55, Leu359,
Ala59, Met43,
Leu46, Pro364,
Leu68, Leu67

Figure 5: The binding mode analysis of
diketopiperazine chemicals in DHODH active
pocket.
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controls, the Log p of the dipeptides are too low. So in
the future chemical modification work, adding some
hydrophobic groups at the sides of the diketopiperazine
core will make the new derivatives more suitable for
binding in the active pocket of DHODH to show lower
ICso value.

Conclusions

A practical 2D-preparation method was employed for the
purification of high-purity compounds from the Osteon
Myospalacem Baileyi extract. A DAISO C18 prep column
was used to make fractions in the first dimensional prepa-
ration. Then, an YMC C18 AQ column was used to pre-
pare compounds of high purity in the second dimensional
preparation. Benefiting from good orthogonality and opti-
mized collection operation, nine compounds (Fr. 1-4,
14.1 mgq), (Fr. 1-5, 12.8 mg), (Fr. 1-6, 12.6 mg), (Fr. 2-1,
22.1 mg), and (Fr. 2-2, 19.2 mg) with more than 98% pur-
ity were yielded in the second dimensional preparation.
The docking study compared the poses of active DHODH
inhibitor Fr. 1-4, non-active chemical Fr. 2-2, and positive
control teriflunomide. The Hbond interaction of hydroxyl
group at the Pro-y-carbon site with Arg136 was the rea-
son why Fr. 1-4 has inhibition activity but Fr. 2-2 do not.
Chemical Fr. 1-4 and positive control teriflunomide had
almost the same binding mode at the Arg136 site, but Fr.
1-4 could not form Hbonds with Tyr356. It was part of the
reasons why ICsq of Fr. 1-4 was higher than that of teri-
flunomide. From energy decomposition analysis, it was
found that the Hbond could not provide much electrostatic
energy to total binding energy but could help the ligands
to gain more van der Waals energy by correcting their
binding poses. At last, we suggested diketopiperazine
structure could serve as the core structure for the future
modification work due to its good affinity to the polar resi-
due ring in the middle of the binding pocket. However, the
natural diketopiperazine chemicals had too low Log p
value. It was suggested that adding some hydrophobic
groups at the sides of the diketopiperazine core could help
new ligands to bind in the active pocket better.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. First dimensional preparation of crude sample
on C18 prep column (50 x 250 mm i.d., 10 um, 120 A
DAISO). The elution program was 0-5 min for 18% B, 5-
35 min for 18% to 40% B. The flow rate was 80 mL/min.
The concentration of the loading sample was 200 mg/mL.
The injection volume was 4 mL. Chromatograph was
recorded at 214 nm.

Figure S2. HPLC analysis of Fr. 1 and 2 on YMC C18
AQ column (4.6 x 250 mm i.d., 10 gm, 100 A, YMO). Iso-
cratic elution procedure for Fr. 1 was 15% B for 45 min
and for Fr. 2 was 23% B for 27 min. The flow rate was
1 mL/min. The injection volume was 10 uL. Chromatogra-
phy data were collected at 214 nm.

Figure S3. Second dimensional preparation of Fr. 1 and
2 on YMC C18 AQ (10 x 250 mm i.d., 10 um, 100 ,&)
column. Isocratic elution procedure for Fr. 1 was 15% for
40 min and for Fr. 2 was 23% B for 30 min. The sample
concentration was 500 mg/mL. The injection volume was
700 uL. The flow rate was 4 mL/min. Chromatography
data were collected at 214 nm.

Figure S4. Purity evaluations of single compounds on
YMC C18 AQ column (4.6 x 250 mm, 5 um, 100 A,
YMC). The flow rate was 1 mL/min. The injection volume
was 10 ulL. The linear gradient elution procedure for Fr. 1-
4, Fr. 1-5, and Fr. 1-6 was 10% to 25% B for 30 min, for
Fr. 2-1 and Fr. 2-2 was 20% to 35% B for 30 min,
respectively. Chromatography data were collected at
214 nm.

Table S1. Decomposition analysis of free energy of Fr. 2-
2 (Energy unit is kcal/mol)

Table S2. Decomposition analysis of free energy of Fr. 1-
4 (Energy unit is kcal/mol)

Appendix S1. The optical rotation, nuclear magnetic reso-

nance and mass spectrum data of the purified com-
pounds.
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