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Binding conformers searching method for ligands according to the structures of
their receptors and its application to thrombin inhibitors'
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AIM: To develop a method of finding binding
conformers for ligands according to the three-
dimensgional structures of their receptors.
METHODS: Combining the systematic search
method of ligand with the molecular docking
approach of ligand fitting into its receptor, we
developed a binding conformer searching method for
ligands. RESULTS: The binding conformers of
phosphoncpeptidyl  thrombin  inhibitors  were
recognized. The binding { interaction ) energies
between these inhibitors and thrombin were
calculated with molecular mechanical method.
CONCLUSION: Both of the total binding energies
and steric binding energies have good correladons
with the inhibitory activities of these thrombin
inhibitors, demonstrating that our approach is
reasonable. It can also be used to explain the
inhibition mechanism of thrombin interacting with
these inhibitors.

The interaction of ligands with their receptor
macromolecules are central to all of hiological
processes, because that tells us the binding fashion
of the ligands to their receptors, and from the
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interaction fashions, one can design novel ligands
which might bind to the receptors tightly'!.
Nowadays, there is accumulating evidence that
ligand-receptor non-covalent interactions can be
modeled and simulated with relatively simple
molecular mechanical approaches!?”. Among these
approaches, the key difference, of course, is the
sampling problem, since one should, in principle,
consider the many alternative conformational states
the ligands, and the

But how to recognize

of the macromolecule,
complexes of them'?).
binding { bicactive} conformer of a ligand when
which interacts with the receptor is still an unsolved
problem. especially for the ligand with a large
number of freedoms of flexibility. QOur present
approach attempts to go one step further to solve
this kind of problem .

In this approach. we combined the systematic
search method of ligand with the molecular docking
approacht’ of ligand fitting into its receptor to try
to find the binding conformer on the basis of the 3D
Once the

binding conformer of a ligand has been found, one

structure of the active site of a receptor.

can perform the calculation of the ligand interacting
with the receptor, and design more potent molecules
to bind to the receptor.

Thrombin, a trypsin-like serine protease, is the
final enzyme in the blood coagulation cascade!’,
and is an ideal target for the development of an
anticoagulant protease inhibitors®®’. Modeled on
the *fibrinogen-like” sequence D-Phe-Pro-Arg, a
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series  of phosphonopeptides  { I)-Ala-Pro-Aa’
{ OPh): ) as the thrombin inhibicrs were
synthesized and assayed‘r’]. With the binding
conformational search method, we recognized the
binding cunformer of these phosphorus-containing
peptidomimetics, and calculated the interactions
between these inhibitors and thrombin.  The
calculation results can be used to explain the
inhibitory mechanism of the phosphonopeptides
which

resonableness  and

verified the
binding

satisfacrorily, tested  and
reliability  of our

conformational search approach.

METHODS

Uur computatonal paradigm 1s that: first we perlorm a
systematic conformattonal search for an isolated ligand with
the subrcutne SEARCH of SYBYL 6.1°'. and save the
sampled conformers into a mulecular spreadsheet (MSS) table
{orher conformational search methods. such as random search
or molecular dvnamics, can be used to local the vunformations
of the ligand) 3 second, bring the conforroers one hy one from
the ME2 and dock them miu the active site of a receptur:
third, merge the abstracted conformers onto receptor and
calculate the rotal energies of rthe complexes of the ligand-
receptot { E ) 3 the fourth step is to caleulate the binding
energy { Ey_4)ol each conformer with folluwmng formula:

Ere = Eonpen ™ Elgand 7 E receptor (1
whete E . is the conformational total energy of che ligand,
and E ... 15 the energy of the receptor.  All above energies
are calculated with the routine MAXIMINZ enceded in SYBYL
§ 1-7'; the final step 1s to save above binding energies, E 4.
back inta the MSS table, and using the statistical tools uf
MSS 10 find the conformer having the lowest binding energy.
which s the probahle binding conformer of the ligand.

With SYBYL programming Language { SPL Y we
comvert above computational paradigm  foto a  computer
prugramme., named BCSPL { binding conformation search
program fur ligand}, and unplemented this program into the
interface of SYBYL.

RESULTS AND DISCUSSION

We applied the above approach to recogmze the
binding conformers of these phosphonopeptides
according 1o the three-dimensional siructure of
active site of thrombin'® and calculated the
interactwons berween these inhibitors and human a-
thrombin.  The caleulation result gave a gixd
explanation for the structute-activity relationship of

the above phosphonopeptidyl thrombin inhibitors,

The structural formulae of these phosphonopeptides

are shown in Fig 1.

0 Ry
I P
AN
N
§ Mo,
Ry
R, Ra R, Rs. Rs
1 PhCH; H n-peneyl (R) Ph
2 Ph.CH H n-pentvl (R) Ph
3 PhCH, H 3-methoxypropyl (R) Ph
4 Ph,CH H 3-methoxypropyl (R) Ph
5 PhCH; PRCOO - pentyl {RY Ph
6 PhCH, H z-pentyl {R) H
7 Ph;CH H n-pentyl {R) H
8 PhyCH H n-penty] {3) H

Fig 1. Structure Fformulae of phosphonopeptides.

With above BCSPL
program, we recognized the binding conformers of
The probable binding
conformers of these 8 inhibitors of thrombin are

Binding conformers
the 8 phospheonopeptides.

shown in Fig 2, their alignments in the active site of
thrombin are shown in Fig 3, and the structural
mode of the complexes of inhibitor-thrombin is
shown in Fig 4.

From the optimized

structures of phosphonopeptide-thrombin complexes

Interaction mode

{Fig 4), we found that the interaction mode of
phosphonopeptides to thrombin is similar to that of
PPACK'. Like that of PPACK in PPACK-
thrombin complex, these inhibitors run antiparallel
to Ser214-Gly2l6 and are stabilized by very
thrombin. The
substituents of D-Aa lie in the hydrophobic pocket of
thrombin formed by His537, Tyr60A, Trpb0D,
Leud9. Tlel74, and Trp215, which is the apolar

binding site of thrombin-*1.

favorable interactions with

The Pro residue also
lies within this apolar site. The n-pentyl or
methoxypropyl is located in the S1 site of thrombin
in an extended conformation and interacts with the
Alal90. Gls216 and Gly219 by hydrophobic
interactions. The PO ({OPh); group of some of

these inhibitors lies in a hydrophobic and aploar
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Fig 2. Binding conformations of the title inhibltors.

pocket formed by Ala33, His57. Cys58, Glyl193,
Aspl94, Ser195, and Ser214, and interacts with
these residues wusing hydrophobic and aploar
interactions.

The hydrogen-bond interaction fashion between

these mhubitors and thrombin and the hydrogen-

N
i
e
sy

bond lengths are shown in Fig 5.

From Fig 5. we can see that for all of the 8
inhibitors, the amino or imino group of D-Aa
hydrogen bonds to the carbonyl oxygen of Gly2186,
while the carboxyl group forms a hydrogen bond

with the hydrogen of amide group m Gly216. For
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Fig 3.
site.

Alignment of binding conformers {n thrombin active

compounds 1— 6, phosphoryl oxygen forms a triplet
hydrogen-bond with the two NH groups in Gly193
and Serl195, a.d HG of Serl95, respectively, and
the phosphoroso-oxygen of R, hydrogen bonds to
HG atom of Serl95. For compound 5, there is an
another hydrogen bond between the hydrogen of NH
group in Gly219 and carboxylate oxygen in R;
substituent. besides
hydrogen bonds formed with thrombin, other 3
hydrogen bonds exist between these compound and
thrombin; phosphoroso-hydrogen of R, bonds to OG
of Ser195; phosphoroso-hydrogen of Ry bonds to
NE2 of His37; and phosphoroso-hydrogen of Rj
bonds to OEl of Glyl93. For compounds 7. the
hydregen bonds formation is similar to compound 6,

For compound 6, above

excepting there is no hydrogen bond between

PEAFFER 1997 Jan: 1B 1) -39 -
phosphory]l oxygen and NH of Ser193. From our
modeling  results, we found that absolute

configuration of the inhibitor can affect the hydrogen
bonds formation. When compound 7 from its R
configuration (for C * atom) converted to its S
configuration, the hydrogen bond
number was decreased dramatically {Tab 1). This
probably is one of the reasons that why the activity

compound 8.

of S configuration of phosphonopeptides is lower

than that of R configuration!®:.

Tabh 1. The inhibitory activity of phosphonopeptides to

thrombin®.

Compound ICsy —lg ICy K,
1 - - 1.70
2 0.00094 9.02p9 0.48
3 0.012 7.9208 3.10
4 0.0024 8.6189 >31.0
§ 0.019 7.7212 >98.0
6 4.40 5.35065 2.3
7 0.082 5.,0862 -
8 D.75° 5.8751" 35.0°

*Activity values are from reference 11.
*These values corresponds 1:1 ratio of diasterecmers.

Structore-activity relationship The biclogical
- lg IC;y and K, are listed in Tab
1. The conformational energies ( E) correspond-
ing to the binding conformers of the 8 phosphono-
peptidyl thrombin inhibitors, the binding energies of

activities. ICs; .

these inhibitors with human e-thrombin (Ey,,), the
global minimum energies { E,,), and the energy
differences (AE ) between Ecf and Emin are listed in
Tab 2.

Tab 2. Calculation energy (keal-mol ™'} of phosphonopeptides®.

Eva :
Compound voral wene elec Eq E AE
Ebm bind Efma

1 — 187.666 —-178.574 -9.092 15,3385 4,796 10,5425
2 - 196.078 —186.986 —-9.092 25.8532 5.793 20.0602
3 — 183.477 -176.715 -6.762 16.4500 5.422 11.0680
4 - 187.381 —180.320 - 7.062 23.7749 6.313 17.4619
5 - 206.692 —200.247 -6.715 30.3381 1.658 28.6807
6 —135.590 - 118.883 - 16.707 9.6151 5.009 4.6061
7 - 141.37% - 125.894 —15.482 17.8482 6.304 11.5442
& - 111,821 - 109.223 —2.597 34 2088 £.433 25.8638

srare

* Ei™ is the total binding energy, EF is stenc binding energy, EET is the electrostatic binding energy ,

E is the conformational energy of the binding conformer, E ., is the global minimum energy of the inhibitors.
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Fig 4.

From Tab 1 and Tab 2, we can find that the

biclogical activities,  —lg ICsp.  have good
correlations with the total binding energies and steric
binding energies of phosphonopeptides  with

thrombin, respectively (Fig 6). With partial least
squares ( PLS) method'™"’, we got the regression
equations berween the  hiclogical activities,
—lglCsy, and the hinding energies, Eppnq, of the
inhibitors interacting with thrombin. They are
shown in equations {2} ~ (3a}, respectively.

~lg ICs = —0.126 - 0.043E

n=6, r*=0.786. (2)

F(nl=1, a2=4; 0 =0.019)~=14.694,

The complex of molecule 1 and thrombin, showing only the main residues of the active site.
the hydrogen bonds between the inhibitor and thrombin.

The arrow lines represent

s=0.746

~lg ICyp=—2.138 - 0.057E&S

n=5, r*=0.979, {Omit compound 5) (2a)
Finl=1, n2=3; a=0.001}=141.851,
5=0.267

~1g ICsp=1.223 - 0.038EPF

n=6, r+=0.792, {3}
Finl=1, n2=4; a=0.018)=15.189,
s=0.736

- lg ICs; = — 0.255 - 0.049 Ejr

n=5, r’=0.971, {Omit compound 5) (3a)
Finl=1, n2=3; a=0.002}=101.148,
s=0.315
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d, d; ds d, ds
1 01538 02362 02612 0.2529 0.1861
2 Q1521 02357 02634 02568 (.187]
3 O 1364 002337 02703 02416 01777
4 01862 02436 02782 02391 0.16099
5 O.I60 02365 02568 02365 0.1925
G 01526 023530 02527 02636 (1951
7 01718 02832 02544 - 0.1930
8 ioyy 02438 - - -

d dy dy dy dio dy
G420 - - . - -
01447 - - - - -
0. 1406 - - - - -
0.1408 - - - - -
0.1423 - - 0. 2464 -
01029 0.1832 @¢.1255 0.2729 . -
0.0976 0.1822 01261 02669 - -

- - - - - 0.2256

Fig 5. Hydrogen-bond network and their lengths (nm) of inhibitor-thrembin complexes,

10.0 T T T T T T T T T

B.O| ® 1

~lg ICsp
| ]
s

ToF B

6.0} L r 4

® .
50 I 1 L 1 i H 1 1
=210 ~200 ~-190 =180 =170 =180 150 -14D =130 ~120 =190
Blnding Energles / kcal mo) ™1

Fig 6. Correlation between binding energies { @ = lotal
binding energies. 7 = hinding energies) of the title inhibiters
and their activities.

Equations {2) - {3a) indicate that the activity of the
phosphonopeptides against thrombin is in inverse
proportion to the binding energies between the
both for total binding
But the

electrostatic binding energy has no correlation with

inhibitors and thrombin,

energles and steric binding energies.

the activity of these inhibitors, which can be seen
Tab 2.  This that the

interactions, which may include van der Waals

from indicates steric
interaction. hydrophobic interaction and hvdrogen
interaction, are important for these inhibitors to
bind to thrombin. The reason may be thar the
active site, 8§ — 83, of thrombin is formed by a
hydrophobic

hydrophobic interaction is the driven force of these

series  of residues, therefore.
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inhibitors binding to thrombin, and then these
compounds adjust their conformation and orientation
to fit the active site of thrombin in favourable
On the other hand,
tendency of the activities of the phosphonopeptides

interactions. the wariable
in pace with the total and steric binding encrgies
indicates that the binding conformers of these
probably reasonable, and this
conclusion +was tested and werified by the
comparative molecular field analysis (CoMFA), this

inhibitors are

result will be published in another paper.

From Tab 2 and Fig 6, we found that the
orders of both total binding energies and steric
binding energies of the inhibitors are in agreement
with that of their activities except compound 3.
This can be illustrated by the difference’ of the
conformational energy and the global minimum
energy (AE).
process of inhibitor interacting with its receptor with
two steps: the first step is that the flexible inhibitor
is locked in its binding conformation to fit the active

We can consider the overall binding

site structure of the receptor, which will cost some
energy; the second step is the inhibitor binds to the
receptor at the state of its binding conformer, which
Normally, the binding
energy is the sum of above two kinds of cnergies.

will release some energy.

From Tab 2, we can see that the difference of the
conformational energy and the global minimum
energy of compound 5 is the largest among these
inhibitors.  This indicates that the addition of
substituent group, RK;, at the amide nitrogen of D~
Aa increases the flexibility of compound 5, which
increases the energy tequirement from its minimum
conformer to convert to its binding conformer, and
deduces the activity. Regressing the activities with
the binding energies without compound 5 gave a
more good regression result [ see equations {2a) and
(3a)].

The activity of compound 8 is dramatically
This
can be explained by the interaction mode of the
inhibitor to thrombin.

‘lower than that of its antimer compound 7.

From Fig 5. we can see that
the configuration conversion decreased the hydrogen
‘bond formation ability of compound 8 with
thrombin, which reduced its ability to interact with
Serl95, His57 and Gly193 {Fig 5), and thercfore
the compound can not form covalent enzyme-

inhibitor complex with thrombin. This might be
why the activity of the S
atom C* (Fig 1) of the
than that of R

the reason that
configuration for
phosphonopeptides  is  lower
configuration .

Inhibition mechanism According to pharma-

(6] phosphonopeptides presumably

cological test
formed covalent enzyme-inhibitor complexes, and
thought that the interaction between these inhibitors
and thrembin involved two mechanisms: the direct
dephosphonylation from the serine residue on
thrombin to and,

speculatively, the hydrolysis of the phenyl ester

release  active  enzyme
group to give a more stable enzyme-inhibitor
complex. Our calculation result is in accordance
with the above suggestion. From Fig 5, we can see
that the oxygen atoms of phosphonyl group in the
diphenylphosphonates { compounds 1 ~ 5) form
hydrogen bonds with Glyl93 and Serl95, The
hydrogen bond lengths of ds{zbout 0.185 nm) and
dg {about 0.15 nm) is shorter than that of the
normal hydrogen bond length (from 0.25 nm to
0.29 nm) in protein, which indicates that the
diphenylphosphonates have formed transition state
These hydrogen bond

interactions weaken the bond P =0, which makes

complexes with thrombin.

diphenylphosphonates to  be
hydrolyzed by water. The hydrolyzed products of
diphenylphosphonates bind to thrombin
covalent interaction, which can be seen from the

it easy for the
with

hydrogen bond formation of compounds 6 and 7.
For compounds § and 7, three more hydrogen bonds
are formed between phosphoroso-hydrogen of R, and
OG of Ser195; phosphoroso-hydrogen of R, and
NE2 of His57; and phosphoroso-hydrogen of Rs and
QE1 of Gly193. The hydrogen bond lengths of ds
and ds become shorter than that of biphenyl ester,
which indicates that the phosphoric acid inhibitor
may react with thrembin to form covalent enzyme-
inhibitor complex.  Accordingly, we conclude
three-step process is invelved in the inhibition of
thrombin by diphenylphosphenates.  The probable
first step is the recognition of diphenylphosphonates
by thrombin with the hydrophobic and hydrogen-
bonding interactions; the second step is the
hydrolysis of the diphenylphosphonates catalyzed by

Serl95 and Glyl93 1w produce phosphoric acid
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analogs; the finally step is the formation of covalent
complexes between phosphonic acid and thrombin.
The reason why the activities of phosphonic acid
analogs are lower than the corresponding ester
anzlogs is that the two phenyl groups of ester
analogs increase the hydrophobic interaction to these
inhibitors interacting with thrombin, and the
hydrophobie interaction may be, as described above.
the driven force for the inhibitors bind to thrombin.
This can also be seen when comparing the (Ph).CH
and PhCH. substituted
compounds, such as compounds 1 and 2. The
{Ph),CH and PhCH- groups lie in the hydrophobic
packet {54 site) of thrombin, and the hydrophobility
of { Ph),CH is larger than that of PhCH, group.

therefore, the actuvity of the former substituted

substituted compounds

analogs is higher than that of the later.
CONCLUSION

The binding conformation of a ligand is not

always corresponding to  its  global minimum

conformer.  Therefore, many methods have been
suggested to recognize the binding conformer for the
ligand, such as Active Analogs Approach
{AAAU | and DISCOUY

methods are based on the pharmacophoric concept

However, all these

for small molecules and not based on recepror site.
Even if the three-dimensional strucrure of a receptor
site is known, it is difficult to find the binding
For this

reason, we suggest this new approach of finding

conformers for the flexible ligands.

binding conformers for the flexible ligands according
to the siructure of receptor site.

With our
BCSPL, we found the probable binding conformers
thrombin

conformational search approach

of phosphonopeptidyl inhibitors, and
caleulated the binding energies of these compounds
The binding energies
linear correlation with their inhibitory

—lg ICsq. The binding mode of the
inhubitors interacting with thrombin were suggested

interacting with thrombin.
have a

activities,

based on the calculation results, which can give a
reasonable explanation for the interaction fashion of
the phosphonopeptides with thrombin.

All these factors indicate that our approach is

reasonable and reliable,  Moreover the calculation

structure of the ligand-receptor complex can be used
as initial strueture to perform  further accurate

sophisticated
[13)

theoretical calculation with more

methods, such as molecular dynamics or free

energy perturbation (FEP) approach[“:,
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Pharmacokinetics of recombinant human granulocyte
colony-stimulating factor in rabbits and mice

LIU Xiu-Wen. TANG Zhong-Ming' ({ Department of Pharmacology, Institute of Radiation Medicine,
Academy of Militury Medicul Sciences, Beijing 100850, China)

KEY WORDS granulocyte colony-stimulating
factor; gel chromatography; pharmacckinetics

AIM: To study the pharmacokinetics of recom-
binant human granulocyte colony-stimulating factor
{ thGCSF) in rabbits and mice, METHODS:
1251 rhGCSF was prepared by iodogen method and
determined by size exclusive HPLC { SEHPLC).
RESULTS;: Concentration-time curves after iv
B1.rhGCSF in rabbits were best fitted with 2-
compartment open model. The a and terminal
elimination T% were 0.25-0.33 and 3.2-4.6 h,

respectively. AUC increased with doses, and i,
and Klg were similar, Tpeak was 0.59 £ 0.25 h
after sc, and elimination T% was similar to that
after iv. The bicavailability after sc was 1.0. In
mice the highest level was found in renal system,
the next was bile-enteric system. Levels in lymph
nodes, bone marrow, end spleen  were
approximately equal to or slightly lower than that in
plasma, while the levels in brain, fat, and muscles

Vimrespondence 1o Peod TANT: Zheng-Ming
Recvreed 199504115 Accepted 1494-009-03

lowest. About 68 %-86 % were
recovered in urine and feces. CONCLUSION:
Pharamcokinetics of **I-thGCSF in rabbits and
mice provided & useful index for clinical trial.

were the

Granulocyte colony-stimulating factor { GCSF)
18.8 LkDa

proliferation of bone marrow precursor cells and

is a stimulates the

protein that
their differentiation into granulocyte colonies. The
bacterially synthesized recombinant human GCSF
{rhGUSF ) supports the formation of granulocyte
colonies from precursor cells. In this paper the
pharmacokinetic profile of thGUSF!'* was studied.

MATERIALS AND METHODS

lodogen. synthesieed by Prof LI De-Yu of the Institute
of Pharmacology and Toxicology. Academy of Military
Medical Sciences. Na'>* [, 0,74 TBgq -+ L' { Amersham,
radiuchemical purity 99.4 %, specific activity 577.2 TBq/g
ol iodine ), thGCSF was produced by Associate Professor
CHEN Hui-Peng ( batch number 9403, purity >98 % . 0,83
g L 'in0.60 mL} in uur Institute of Radiation Medicine.
Sephactyl 5-200 HR (Pharmacia}; Protein-Pak 125 column,
Waters, packed by Dahan Elite Scientific Instruments Co. [D
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