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Although ANG-I (Asp1-Arg2-Val3-Tyr4-Ile5-His6-
Although angiotensin (ANG)-I is a substrate sensi- Pro7-Phe8-His9-Leu10) is a substrate of the chy-

tive to chymase, the cleavage site differs among the mase, the cleavage site is different among the chy-
chymase families. While human chymase (HC) hy- mase family. Human chymase (HC) cleaves the Phe8-
drolyses the Phe8-His9 bond of ANG-I to ANG-II, rat His9 bond of ANG-I to generate ANG-II specificallychymase (RMCP-I) degrades the Tyr4-Ile5 bond of [7], while rat chymase known as rat mast cell prote-ANG-I to the inactive fragments. To clarify this differ-

ase I (RMCP-I) cleaves the Tyr4-Ile5 bond and conse-ent catalysis for ANG-I at the atomic level, three-di-
quently degrades the ANG-I to biologically inactivemensional structures of HC and RMCP-I were con-
fragments [8]. It appears important to elucidate thestructed by the molecular dynamic simulation. The en-
structural basis concerning such a species differenceergy-refined models clearly showed the significant
of the enzymatic activity at the atomic level, becausedifference in the electrostatic potential of the solvent
this is surely useful to effectively design the inhibitorsurface. From the modeling study of their complex
which can control the function of chymase. On thestructures with ANG-I, the functional difference be-
other hand, the molecular dynamics (MD) simulationtween both enzymes was clearly related with the elec-
[9, 10] has been developed as a convenient and con-trostatic difference, especially at the C-terminal sub-

strate-binding site. q 1998 Academic Press firmed methodology in the field of the structural bio-
chemistry, supported by the acute development of
computational facilities and the accumulation of
three-dimensional (3D) atomic coordinates of biomol-Angiotensin (ANG)-II plays diverse biological func- ecules. Its application includes the 3D prediction oftion in the development of cardiovascular diseases. an unknown biomolecule from the homologous 3DIt is well known that the ANG-II is produced in blood structure [11] and the quantitative estimation of con-circulation through the renin-angiotensin system formation-activity relationship between the mutated(RAS) [1]. However, it has been recently demon- proteins [12].strated by the molecular biological study that the Concerning the 3D structure of chymase, the X-rayANG-II is locally biosynthesized to regulate cell func- structure of rat mast cell protease II (RMCP-II) is nowtion and tissue reorganization in paracrine manner available [13]. To make clear the structural/functional[2]. Our previous studies showed that the chymase difference between the ANG-I-binding pockets in HCalso contributes to the generation of ANG-II in blood and RMCP-I at the atomic level, we report here thevessels of human, monkey, and dog [3-6]. The chy- prediction of 3D structures of HC and RMCP-I andmase belongs to a chymotrypsin-like serine protease their complexes with ANG-I using the X-ray atomicfamily. It is characteristic that the catalytic efficiency coordinates of RMCP-II and the MD simulation.and product of the chymase markedly differs among

the different species, although their amino acid se-
MATERIALS AND METHODSquences are highly homologous to one another.

Molecular modeling of HC and RMCP-I 3D structures from X-ray
structure of RMCP-II. An alignment between chymases of different1 Corresponding Author. Fax: /81-726-84-6518.
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FIG. 1. Alignment table of HC, RMCP-I, and RMCP-II. The lines of ‘id2’ and ‘id3’ show identical (*) and similar (.) residues between
the HC and RMCP-I and among the HC, RMCP-I and -II, respectively. Homologous factor are as follows: HC - RMCP-I, identical 61%,
similar 78%; HC - RMCP-I, identical 59%, similar 73%; RMCP-I - RMCP-II, identical 73%, similar 84%. Cysteine residues (_) forming
disulfide bonds and the active triad (/) are commonly conserved in all chymases. The multiple alignment was dome using CLUSTAL-W
version.1.6 program [14] in the following default condition, i.e., weight matrices of BLOSUM series [18], gap opening penalty Å10.0, gap
extension penalty Å0.05, protein gap separation distance Å 8 with residue specific penalties where hydrophilic residues Å GPSNDQEKR.
The definition of similar residues is summarized by M. Vingron et.al. [19].

species, analyzed by CLUSTAL-W program [14], is shown in Fig.1, tive enzymes were included. The calculation condition is as follows:
iteration stepÅ0.002ps, 300 steps of heat-up and equilibrium, 5000where the serial number of amino acid residues of RMCP-II [13] is

used for the HC and RMCP-I model buildings. The atomic coordi- steps of molecular simulation, no constraint for protein atoms. The
most stable model in the final 2000 steps was then subjected tonates (PDB code: 3RP2) of RMCP-II backbone chain were used for

the constructions of the HC and RMCP-I 3D structures, and the the energy minimization. The final structures of HC and RMCP-I
enzymes consist of 5181 and 5370, atoms and have total energies ofatomic coordinates of respective side chains were arbitrary built us-

ing a graphical interactive system QUANTA (Molecular Simulation 01.961105 and 02.091105 kcal/mol and r.m.s. forces of 0.495 and
Inc., USA). The molecular dynamics (MD) simulation program 0.465 kcal/molÅ, respectively.
CHARMm2.2 [10] was used for the conformational optimization. The

Molecular modelings of HC - and RMCP-I - ANG-I complexes.standard residue topology file (RTF) was prepared in the iteration
Atomic coordinates of ANG-I were generated as a beta-strand struc-steps, in which the residue specifications of total charge, atom defini-
ture using the sequence builder tool in QUANTA system and weretions, bond, angle, dihedral/improper angle, hydrogen-bond donor/
relaxed with TIP3 water molecules within 8Å from each atom ofacceptor, and internal atomic coordinate information for each residue
ANG-I. The conformation of Pro7 was employed as trans. Takingare included, and these were used for the calculations of internal
into the consideration that the scission position of ANG-I is different(bond, bond angle and torsion) and external (electrostatic and Van
depending on the species of chymase (Tyr4-Ile5 for HC and Phe8-der Waals) energy terms for the minimization of total energy [10].
His9 for RMCP-I), two kinds of binding modes were adopted for theA coordinate set of RMCP-I was calculated by Remington S.J. et al.
docking of ANG-I to respective enzymes, i.e., (i) the side chain ofusing their RMCP-II X-ray structure[13], but it was replaced only
Tyr4 (for 4-5 cleavage model) or Phe8 (for 8-9 cleavage model) ofsidechain conformation fixing the backbone of RMCP-II molecule.
ANG-I was placed at the entrance of the P1 holes and (ii) the re-For the consideration of the slight differences between backbone
maining moiety of ANG-I was then fitted along the deep catalyticstructure of chymases, the whole molecules were unfixed in a series
clefts of respective enzymes. During the preliminary optimization,of our optimization except for the preliminary steps.
no solvent molecules were included, and only residues within 8Å2193 atoms for HC or 2169 atoms for RMCP-I were subjected into
from ANG-I atoms were subjected to 200 steps energy minimization.the 200 steps of energy minimization before the MD simulation,
Then 10ps MD simulation was performed for each model includingwhere solvent molecules were not included. Cutoff distance for non-
TIP3 water molecules within 8Å from the surface atoms of eachbonded interactions was set to 15Å, and dielectric constant was 1.0
complex, where the condition is as follows: iteration stepÅ 0.002ps,in the calculating of electrostatic energy. Non-bonded pair list was
300 steps of heat-up and equilibrium, 5000 steps of MD simulation,updated every 25 steps. To avoid the conformational dependency
no constraint for protein atoms. In this calculation, no any constraintof the initial energy-minimized structure, 10ps MD simulation was
was imposed on the atomic pairs between ANG-I and chymase. Theperformed, where 1004 (HC) and 1054 (RMCP-I) TIP3 water mole-

cules [15] existing within 8Å from the molecular surfaces of respec- most stable model in the iterations of the final 2000 steps was sub-
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FIG. 2. Exposed residues and electrostatic potentials of active clefts of HC and RMCP-I. Exposed residues and electrostatic poten-
tials of the active clefts in HC (a) and RMCP-I (b) are displayed in the right and left sides respectively. The active center is indicated
by red arrows. The positive, negative, non-charged hydrophilic, and hydrophobic residues are indicated by blue, red, yellow, and white
spheres, respectively. The positive and negative charges on the molecular surface in the vacuous circumstance are colored with red
and blue, respectively. Calculations of electrostatic potential were performed by QUANTA system using partial atomic charges obtained
from CHARMm calculations [10] with a solvent probe radius of 1.4Å and a dot density of 15dots/Å2. Maximum and minimum potential
values on the enzyme were 54.78 and 044.2 kcal/mol in HC, and 78.0 and 045.9 kcal/mol in RMCP-I. For the purpose of comparing
HC and RMCP-I, however, a range from 050.0 kcal/mol to 60.0 kcal/mol was figured.
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FIG. 3. Structures of the 8-9 and 4-5 cleavage models of HC - ANG-I and RMCP-I - ANG-I complexes. The structures of the 8-9 (a) and
4-5 (b) cleavage models of HC - ANG-I complex and the 8-9 (c) and 4-5 (d) cleavage models of RMCP-I - ANG-I complex are shown. Each
active center, N-terminal and C-terminal sides of ANG-I, and the related residues are indicated by orange, yellow, green, and white colors,
respectively. Nitrogen and oxygen atoms related to the electrostatic interactions and/or hydrogen bonds are marked with purple and red
colors, respectively, together with their interatomic distances.

jected to the energy minimization. The final structures consist of tive triad is located at the center of the cleft on the
5347, 5356, 5380, and 5434 atoms, and have total energies of surface between two domains.
02.051105, 02.041105, 02.051105, and 02.101105 kcal/mol and av- The electrostatic potential around the active site ineraged root-mean-square (r.m.s) forces of 0.455, 0.490, 0.492, and

HC and RMCP-I models is shown in Fig.2, together0.448 kcal/molÅ for HC, 8-9 cleavage model, HC, 4-5 cleavage model,
RMCP-I, 8-9 cleavage model, and RMCP-I, 4-5 cleavage model, re- with the notation of exposed residues. The electrostatic
spectively. All of the calculations and graphical operations were car- potential at the active groove of RMCP-I seemed to be
ried out on a IRIS Indigo2 workstation (Silicon Graphics Inc., USA). undulating more gently than that of HC. The Asp139

of HC, which is located at C-terminal side, shows more
RESULTS AND DISCUSSION clear undulation of negative charge than that of RMCP-

I, and the positive charges of Arg130 and Lys179 in
The alignments among the HC, RMCP-I, and RMCP- HC are located close to the place so as to function syner-

II amino acid sequences are shown in Fig.1. These se- gistically. On the other hand, the charged residues of
quences are highly homologous. Six cysteine residues Arg158, Asp159, and Asp161 in HC, which correspond
related to the disulfide bond formations in RMCP-II to those of Phe158, His159 and Asn161 in RMCP-I,
are all conserved in HC and RMCP-I, and Ser182, respectively, are located at N-terminal side. As a result,
His45, and Asp89 constituting the active triad are also the active site of HC is characteristically surrounded
commonly conserved. No significant differences from by the charged residues, while that of RMCP-I is consti-
the 3D structure of RMCP-II were observed for both tuted by the non-charged hydrophilic residues. Al-
HC and RMCP-I; the r.m.s difference was 1.04 and 1.09 though the shape of cleft (active site) as a whole is
Å for Ca carbon atoms, and 1.02 and 1.05 Å for main similar to each other, that of HC is narrowed down by

Phe29 side chain, compared with that of RMCP-I bychain atoms of HC and RMCP-I, respectively. The ac-
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TABLE I

Intermolecular Interactions of A-I with HC or RMCP-I in Each Complex Model

HC 8-9 model HC 4-5 model RMCP-I 8-9 model RMCP-I 4-5 model

A-I HC A-I HC A-I RMCP-I A-I RMCP-I

Hydrogen Bonds and Asp1 N Asp159 OD1 Leu10 OT1 Lys179 NZ Leu10 OT1 Lys27 NZ
Electrostatic Asp1 N Asp159 OD2 Leu10 OT2 Lys179 NZ
Interactions1) Asp1 OD1 Arg158 NH1

Asp1 OD2 Arg158 NH2
Arg2 NH1 Asp161 OD1
Arg2 NH2 Asp161 OD2
Leu10 OT1 Lys179 NZ
Leu10 OT2 Arg130 NH1

Hydrogen Bonds1,2) *Phe8 O Gly180 N Asp1 N Ser84 O Asp1 OD1 Tyr160 N Arg2 NH1 Asn86 OD1
*Phe8 O Asp181 N Asp1 OD1 Leu86 N Arg2 NH1 Phe158 O Arg2 NH2 Tyr81 OH
His9 ND1 His-45 O Asp1 OD2 Phe160 N Val3 O His159 ND1 Tyr4 OH Ala177 O

Arg2 NH1 Tyr81 OH Tyr4 OH Gln165 NE2 *Tyr4 O Gly180 N
Tyr4 OH Asp181 OD1 *Phe8 O Gly180 N His6 ND1 Lys27 O
His6 ND1 Phe29 O His6 O Thr29 N
Pro7 O Arg130 NH1 Phe8 N Thr29 O
Phe8 O Arg130 NH1
His9 ND1 Tyr17 OH

Hydrophobic Tyr4 Tyr198 Pro7 Phe29 Phe8 Trp128
Interactions3) Leu10 Phe29

1) Hydrogen bonds and electrostatic interactions were listed with 3.6 Å of cutoff distance.
2) Interactions between the peptide moiety of A-I cleavage and the anion hole of each chymase were marked as *. HC 4-5 complex model

has no intermolecular interaction related with the anion hole.
3) Hydrophobic interactions were listed where hydrophobic sidechains were closed in 4.0Å except for the interactions related with P1

hole.

Thr29. In addition, the lysine residue of Lys28 in HC hydrogen bonds of Lys179 - ANG-I Leu10, and the
cleavage peptide of Phe8 - His9 is closed to the anionand Lys27 in RMCP-I, both of which are located on

the same b-sheet structure, are placed at inside and hole, Gly-180 N (Fig.3c).
In the 4-5 cleavage model, on the other hand, manyoutside of the enzyme, respectively. These electric and

steric differences at the active sites of HC and RMCP- hydrogen bonds stabilized the whole structure of HC -
ANG-I complex (Table I). However, the charge repul-I could be a main origin of exhibiting their diverse di-

gestion and/or substrate-specificity for ANG-I (dis- sion could be observed between the Asp139 of HC and
ANG-I C-terminal carboxylate (Fig.3b) and conse-cussed later).

To investigate the different catalytic function of quently the 4-5 amide moiety of ANG-I is considerably
far located from the active center of HC (ANG-I Tyr4these chymases against ANG-I at the atomic level, two

kinds of ANG-I binding modes (4-5 and 8-9 cleavage O - Gly180 NÅ7.4 Å). In the RMCP-I - ANG-I complex,
contrastly, the 4-5 model could be preferable becausemodels) were considered for the complex formation

with HC and RMCP-I. Respective final structures, ob- the complex is highly stabilized by nine hydrogen bonds
and the C-terminal moiety of ANG-I is tightly fixed bytained by the MD simulation, are shown in Fig.3. The

intermolecular interactions between the ANG-I and en- the electrostatic interaction with Lys27 side chain of
RMCP-I; this is not the case in HC - ANG-I complexzyme in the respective complexes are summarized in

Table I. (Table I). Furthermore, the Thr29 side chain of RMCP-
I, in contrast with the Phe29 in HC, allows the ap-In the 8-9 cleavage models (Fig.3a and 3c), it is char-

acteristic that both chymases hold the side chain of proach of Tyr4 - Ile5 amide bond of ANG-I to the active
site via hydrogen bonds (Fig.3d).ANG-I Phe8 in the P-1 hole and the negative charge of

ANG-I C-terminal is placed near at the side chain of Based on these findings, it could say that the ‘up and
down’ undulation of electrostatic potentials around theLys179. The ANG-I in HC complex is tightly stabilized

by hydrogen bonds or electrostatic interactions of active site of HC, especially Arg130 and Asp139, pro-
vides an important factor of determining its substrate-Arg130 - ANG-I C-terminal, Arg158 - ANG-I Asp1,

Asp159 - ANG-I N-terminal, and Asp161 - ANG-I Arg2 specificity against the ANG-I (ANG-II production); the
Arg130 acts as the fixation of the C-terminal charge of(Fig.3a and Table I). On the other hand, the ANG-I

complexed with RMCP-I is fixed to the active site via ANG-I with the help of the interaction with Lys179 in
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