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Abstract Angiogenesis is the formation of new blood vessels induced by tumors as a lifeline for oxy-
gen and nutrients and as exits for spread of cancer cells. Blocking tumors' blood supply could starve
tumors thus saving cancer patients, and is termed antiangiogenesis. Matrix metalloproteinases (MMPSs)
are a class of proteins containing?Zim the active site that cleave the constituents of the extracellular
matrix and control angiogenesis. Selective inhibitors of MMPs therefore hold promise in antiangiogenesis
for treating cancers, but development of such inhibitors is currently hampered by a paucity of effective
computational methods for evaluating the intermolecular interactions between zinc and its coordinates
and for performing nanosecond length molecular dynamics simulation of zinc proteins. Here | report
an approach for simulating the four-coordinate zinc complex in proteins without use of covalent bonds
or harmonic restraints applied to the zinc complex. This approach uses four cationic dummy atoms
tetrahedrically placed around the zinc nucleus to mimic zinc's*4s¢pnt orbitals that accommodate
lone-pair electrons of the zinc coordinates thus imposing the orientational requirement for the zinc
coordinates and simulating zinc's propensity to a tetrahedral coordination geometry. It hence permits
evaluating binding free energy of zinc coordinates and simulating the exchanges of zinc's ambidentate
coordindes in poteins, and is expected to expedite the search of effective angiogenesis inhibitors to
combat cancers.

Keywords Force field parameters, Endostatin, Matrix metalloproteinases, Carbonic anhydrase,
Carboxypetidase A

Running title Zinc Protein Molecular Dynamics Simulations

ply could starve tumors, thus saving cancer patients, and is
termed antiangiogenesis [1]. Matrix metalloproteinases
i o ) ) MMPs) are a class of proteins containingZn the active
Angiogenesis is the formation of new blood vessels inducedjte that cleave the constituents of the extracellular matrix
by tumors as a lifeline for oxygen and nutrients and as exitgnq control angiogenesis [2,3]. Selective inhibitors of MMPs
for spreading cancer cells. Blocking the tumors’ blood suptherefore hold promise in antiangiogenesis for treating can-
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Table 1 The bonded parameters of the tetrahedral zinc divalent cation (ZN*=afid DZ = dummy atom, for the nonbonded
parameters see Figure 1)

Bond K [kcal-molt-A?] Req [A]

Dz-ZN 540.0 0.90

Dz-Dz 540.0 1.47

Angle K [kcal-mol*-radian?] Toq[deg.]

DZ-ZN-Dz 55.0 109.50

Dz-Dz-Dz 55.0 60.00

Dz-DZ-ZN 55.0 35.25

Torsion IDIVF V /2 [kcal-mol] y [deg.] n
ZN-DzZ-DZ-Dz 1 0.0 35.3 2.0
DZ-ZN-Dz-Dz 1 0.0 120.0 2.0
Dz-Dz-Dz-Dz 1 0.0 70.5 2.0

cers, but development of such inhibitors is currently hamg-
. . . esults

pered by a paucity of effective computational methods for
evaluating the intermolecular interactions between zinc and ) ) . .
its coordinates and for performing nanosecond length ni@-develop an effective method for zinc protein MD simula-
lecular dynamics (MD) simulation of zinc proteins. tions, we have recent!y surveyed zinc protein cryst.al struc-

Two general methods have been reported for zinc protBiFes and reported the inherent uncertainty in classifying zinc’s
MD simulations. The first one, termed thendedmodel, five- and six-ligand coordination patterns in proteins due to
uses covalent bonds between zinc and its coordinates to m&f-experimental resolutions [11)le have accordingly pro-
tain the polyhedral zinc coordination geometry in proteiR§Sed that the zinc divalent cation coordinates to only four
during MD simulations [4-6]. Use of such covalent bond®ordinates [11].Th|s is mainly because of its electronic struc-
prevents one from evaluating the intermolecular interactioitée that energetically favorably accommodates four pairs of
between zinc and its coordinates and from simulating tB#Ctrons in its vacantsdp® orbitals. In other words, zinc's
exchanges of the zinc coordiea. Thesecond one termed coordination geometry is determined mainly by its electronic
nonbondedmodel [7-9] maintains zinc's polyhedral geom-
etry with the electrostatic and vader Waals faces instead.
However, in our nanosecond length MD simulations of zin 359 ]
containing farnesyltransferase employing the Particle Me ]
Ewald (PME) method [10] to calculate the long-range ele
trostatic interactions, the four-coordinate (tetrahedral) zi
complex identified in the X-ray structure of farnesyltransfera
was always changed to a six-coordinate (octahedral) z
complex despite exhaustive efforts using different force fie
parameters of the zinc divalent cation developed within t
paradigm of thenonbondednodel. Technically, the tetrahe-
dron-to-octahedron problem was caused by the force fii
parameters of the zinc ion that were developed with a z
ion coordinating to six water molecules [8]. Using such p
rameters, a tetrahedral zinc complex will inevitably be co
verted to an octahedral complex if the tetrahedral comple S T Ty T
exposed to water long enough in an MD simulation. Conce¢ 200 Distance (A)
tually, this problem is due to the simplification that zinc’s
coordination geometry is solely determined by the repulsiPiyure 1 The zinc-water interaction potentials obtained from
among the zinc coordinatesde infrg). Although both meth- the quantum mechanics calculationgden and from the
ods are useful in many cases, the limitations of the two matislecular mechanics calculans with the tetrahedral zinc
ods described here have hampered the use of computatidnallent cation(red) and with the conventional zinc divalent
approaches in the search of effective angiogenesis inhibiteegion plug). Zr#* and the cationic dummy atom are abbre-

viated as ZN and dummy, respectively.

ZN-Water Interaction Potentials

280 — MP2/6:311+G(2d,2p)

] ——ZN:r*=3.14, epsilon=1E-6, charge=0; Dummy:
180 4 r*=epsilon=0, charge=0.5¢.

i —— ZN:1*=2.7A, epsilon=1E-6, charge=2.0e; No
80 | dummy.

Interaction Energy (kcal/mol)
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Table 2 Nonbonded dis-
tances (A) calculated from
the structures of the 2.0 ns

average * deviation (no.)

MD structure

X-ray structure

MD simulations and the X-

Carboxypetidase A[a]
ray structures. Zn-OW (Wat?) 1.9 + 0.03 (2000) 20+0.1(8)
Zn-ND1 (H®) 2.1 + 0.04 (2000) 2.1 +0.07 (13)
Zn-ND1 (H.9) 2.1 + 0.04 (2000) 2.1 +0.05 (13)
Zn-OE1 (F?) 2.2 + 0.3 (2000) 2.2 +0.09 (13)
Zn-OE2 (E?) 2.6 + 0.5 (2000) 2.3+0.2 (13)
Zn-CD (E?) 2.8 + 0.1 (2000) 2.6 +0.09 (12)
Zn-OH (Y2%9) 17.7 + 0.7 (2000) 19.1 + 0.8 (3)
Zn-OE1 (B9 5.4 + 0.9 (2000) 4.7 +0.1 (3)
[a] The X-ray stuctures of zn-OE2 (B9 5.2 + 1.0 (2000) 4.1 +0.06 (3)
carboxypetidase Awith zn-CD (B7) 5.6 + 0.6 (2000) 4.9 + 0.06 (3)
resolutions higher than or OW-OE1 (Wat™, E279) 4.1 + 0.8 (2000) 3.3+0.1(3)
equal to 2.0 A include 5cpa, OW-OE2 (Wat?, E279) 4.0 + 1.0 (2000) 2.6 +0.1(3)
6cpa, laye, 7cpa, 1bav, BcpaOW-OH (Wab™., Y248) 16.1 + 0.7 (2000) 17.6 £ 0.8 (3)
1cbx, 3cpa, lcpx, 1pca,
lyme, 2ctb, and 2ctc. Carbonic anhydrase II[b]
[b] The X-ray stuctures of zn-Ow (Wat53) 1.9 + 0.02 (2000) 2.1+0.1(17)
carbonic anhydrase Il with zn-NE2 (H4) 2.0 = 0.03 (2000) 2.1+0.1(34)
resolutions higher than or zn-NE2 (H%) 2.0 + 0.03 (2000) 2.1+0.08 (34)
equal to 2.0 A include lave,zn-ND1 (H!19) 2.0 £ 0.04 (2000) 2.0+0.1(34)
1bcd, 1bic, 1bv3, 1cao, lcil, zn-NE2 (H*) 8.1+ 0.7 (2000) 8.6+ 1.2 (31)

lcng, 1lcni, 1cnj, 1cra, 1hea,zn-CD (E%)
lheb, 1lhec, lhed, 1muazn-OE1 (299
1ray, 1raz, luga, lugb, 1ugc,zn-OE2 (EL%)

4.5 + 0.6 (2000)
4.9 £ 1.0 (2000)
3.9 + 0.6 (2000)

4.9 £ 0.06 (34)
5.5 + 0.09 (34)
4.0 £ 0.09 (34)

lugd, luge, lugf, 2cbd, 1ydbzn-cD (E17) 6.7 + 0.2 (2000) 7.0 £ 0.1 (31)
lydc, 3caz, 2ca2, 1ca2, 1zsbzn-OE1 (B17) 7.0 + 0.4 (2000) 7.8 £0.1 (31)
1zsc, 2cba, 2cbb, and 2cbe. zn-OE2 (B 6.5 + 0.2 (2000) 6.6 + 0.07 (31)
[c] The devidgion of the zn-OG1 (T 4.4 + 0.4 (2000) 3.8+ 0.1 (34)
nonbonded distance in thezZzn-OG1 (T%) 7.2 £ 0.5 (2000) 6.2 £0.2 (33)
structure of lirn was esti-
mated from Rubredoxin[c]
Zn-SG (©) 2.1 + 0.04 (2000) 24 +0.5 (1)
J(Eﬁ + Bj)/(8n2) ,Where B Zn-SG (@) 2.1 + 0.04 (2000) 23+0.5(1)
Zn-SG (&) 2.1 + 0.04 (2000) 24 +0.5 (1)
and Bare the B values of at- 7 o~ (o) 2.1+ 0.04 (2000) 23+05 (1)

oms i and j, respectively.

structure and not by the repulsion among the zinc coordamely, using thiolate, imidazolate, carboxylate, and hydrox-
nates. Experimental observations of the five- and six-cooritie as zinc coordinates in proteins.
nate complexes were due to one or two pairs of ambidentatelo construct theetrahedral zinc divalent catigifour iden-
coordinates that exchanged over time and were averageticat dummy (pseudo) atoms are placed at the four apices of
bidentate coordinates [11]. We have also perforatedhitio a tetrahedron with the zinc nucleus located at the center of
calculations of proton dissociation energies of common zithe tetrahedm. Thedummy atoms are covalently bonded to
coordinates and reasoned that, just like thiolate [12] and the zinc nucleus with the bonded parameters developed within
deprotonated peptide nitrogen atom [13], histidine tke framework of the AMBER 95 force field [15] (Table 1).
deprotonated as anionic histidinate when coordinating?o Zithe zinc nucleus is assigned only with the dan Waals
in proteins [14]. parameters (i.e., r* = 3.1 & = 1E-6 kcal-mot, and q = 0),
Accordingly, | have devised a method,nexd thecati- while the dummy atom is assigned only with charge (i.e., r*
onic dummy atonmodel, for simulating zinc proteins with=¢ =0, and q = 0.5 e). The four cationic atoms are dummy in
two critical attributes. The first is to replace’Zwith a five- a sense that they do not sterically interact with other atoms,
atom molecule termetktrahedral zinc divalent catioto ef- but they represent zinc's four vacaistg® orbitals, thus im-
fectively maintain the tetrahedral zinc complex in MD simyosing the orientational requirement for the zinc coordinates
lations. Thesecond is to deprotonate all zinc coordinateand simulating zinc's propensity to a tetrahedral coordina-
tion geometry. Energy minimizations of highly distorted zinc-
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Table 3 Angles (deg. of arc)
calculated from the structures
of the 2.0 ns MD simulations

average * deviation (no.)

MD structures

X-ray structures

and the X-ray structures.

Carboxypeptidase A [a]

OWS7LZn-OE 172 120 + 8 (2000) 118 + 8 (6)
[a] The X-ray stuctures of q\\s71. 71 NpD16® 108 + 4 (2000) 114 + 9 (6)
carboxypgtidase AWith oys71 7 Np1196 107 + 4 (2000) 104 + 10 (6)
resolutions higher than or qg 72 7 Np169 123 + 5 (2000) 120 + 7 (14)
equal to 2.0 A include 5¢pa, o172 7. Np 1198 88 + 3 (2000) 95 + 7 (14)
6cpa, 1aye, 7cpa, 1bav, 8cpay s 7n-ND 1196 102 + 4 (2000) 100 + 4 (14)
1Cbx' 23‘386‘* 3CZPX’ 1pca, o\s7izn-0E22 101 + 8 (2000) 925 (6)
yme, 2ctb, and 2ctc. OE22-Zn-ND16° 99 + 11 (2000) 99 + 11 (14)
[o] The X-ray stuctures of Gz 70 Npy1os 136 +16 (2000) 149 + 8 (14)
carbonic anhydrase Il with
resolutions higher than or Carbonic anhydrase 11 [b]
equal to 2.0 A include 1ave,qy a6 7 N s 111 + 4 (2000) 105 + 5 (16)
1bcd, 1bic, 1bv3, 1cao, 1Cil, oppea 710 NESS 108 + 4 (2000) 113 + 4 (16)
ﬁ”g' 11ﬁ”'* 11‘;]”16 11"“"’ 1hl’ea‘*0\/\/26‘>3-2n-ND1119 107 + 4 (2000) 114 + 4 (16)
€0, INeC, hed, IMua, Lra¥ 201 7n-NE 26 109 + 4 (2000) 107 + 3 (34)
ﬂzze' 11“3;* ;‘égg* 11‘;%% 11‘;%‘1N E2%-Zn-ND1119 115 + 4 (2000) 114 + 3 (34)
] ’ ’ ’ 6. - 119
B e S e Y ONEZ*-Zn-ND1 106 + 4 (2000) 102 + 3 (34)
2cba, 2cbb, and 2cbc. Rubredoxin [c]
[c] Theang'ef dle."'a“o” inthe g 7n-s@ 106 + 4 (2000) 113 + 12 (1)
Sriowre o 'art”ar"lvﬁgg’/g)s“' SG-Zn-SG® 114 + 4 (2000) 112 + 12 (1)
ated Jrom 2tambiD).  s@.zn-sa? 110 + 4 (2000) 105 + 12 (1)
the SG.71 distance. ('grgoA)SGQ-Zn-SQQ 109 + 4 (2000) 104 + 12 (1)
| Do an diance (05 M)sezn-sa 110 + 4 (2000) 112 + 12 (1)
e R e =man AiStanCeg G0 7 s 107 + 4 (2000) 112 + 12 (1)

2.4 A).

containing protein structures can sometimes cause drasdined from our survey of zinc protein crystal structures [11].
deformations of the geometry tife tetrahedral zinc diva- However, the calculated zinc solvation energy was improved
lent cation However, this can be avoided by introducing covés -448 kcal-mol, which is about 8% smaller than the ex-
lent bonds between the dummies with the parameters ligbedimental measurement of -485 kcal th{il6]. The force
in Table 1. An alternative approach is to energy minimize theld parameters dahe tetrahedral zinc divalent ¢@n thus
highly energetic structure with harmonic restraints applieelpresent a balance between the zinc coordinate distances
to the tetrahedral zinc divalent catioand its coordinates and the zinc coordinate interaction energies in MD simula-
followed by an energy minimization without the harmonitons. Asindicated in Figure 1, the interaction surface ob-
restraints. tained from theab initio calculations employing the Gaussian
The cationic dummy atonmodel uses the deprotonate®4 program [17] reveals a flat region (the Zn-O distance ranges
carboxylate goup of Asp and Gluthiolate, imidazolate and from 1.8 to 2.0 A) where a minimal energy (maximal asso-
hydroxide in the first zinc coordination shell, and the proteaiation energy) of -94.6 kcal-mbtan be obtained; the inter-
nated carboxylate gup of Asp and Glu in the second zincaction surface derived from the molecular mechanics calcu-
coordination shell when it forms a hydrogen bond with thations using th&etrahedral zinc divalent catiogives a mini-
first-shell coordinates directly or indirectly via a water motnal energy of —103.0 kcal-mbht the Zn-O distance of 1.8
ecule or the hydroxyl group of Ser or Thr serving as a reldy.whereas the interaction surface derived from the molecu-
To minimize the difference of the zinc solvation free efar mechanics calculations with the traditional zinc divalent
ergy between the calculated and experimental values dueaton yields a minimum of —61.5 kcal-mdalt the same Zn-
the under-evaluation of zinc’s interaction energy inherit€dldistance. Clearly, use of ttedrahedral zinc divalent cation
from the additive force field that can not effectively addresggnificantly alleviates the problem of the under-evaluation
the polarization of the zinc complex, the \der Waals ra- of zinc’s interaction energy inherited from the additive mo-
dius of the zinc nucleus of thetrahedral zinc divalent cation lecular mechanics force field.
was shortened to 3.1 A in order to strengthen the interactionThe practicality of theationic dummy atormodel is dem-
of the zinc ion with its coordites. This value caused a re-onstrated by the MD simulations of carbonic anhydrase (PDB
duction of the Zn-S distance by 0.2 A in MD simulationsode: 1ca2), carboxypédase A(PDB code: 5cpa) and
compared to the average Zn-S distance (2.3 + 0.1 A) obbredoxin (PDB code: 1irn) in water at 25. These pro-
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Table 4 Root mean square deviations (RMSDs) between the X-ray structure and the structures (excludingnd, Gla
atoms) averaged over a 2.0 ns MD simulation.

protein RMSD, A (No. of matched atoms)
(resolution, A) overlay the entire protein overlay the zinc complex

zinc complex entire protein zinc complex entire protein
1ca2 (2.00) 0.74 (36) 1.28 (2045) 0.34 (36) 2.89 (2045)
5cpa (1.54) 0.34 (35) 1.09 (2442) 0.20 (35) 1.33 (2442)
lirn (1.20) 0.52 (29) 1.21 (417) 0.42 (29) 1.34 (417)

teins represent the three most populated zinc-coordinate caime’s ambidentate coordites. As dpicted in Figure 2, where
positions found in our zinc protein survey [11]. First, for thde Zn-O distances close to 2.0 A reflect that the oxygen
three proteins, the zinc tetrahedral geometry was retairs@dm coordinates to the zinc ion, the two oxygen atoms (OE1
well during all of our 2.0 ns MD simulations. This is eviderdnd OE2) of the carboxylate group of Glu72 alternately co-
from the average distances between the zinc ion and its coodinate to ZA+in the 2.0 ns simulation of carboxypeptidase
dinates (Table 2) and the average angles between the Aound with theetrahedral zinc divalent catiort is worth
coordinates (Table 3) compared to the values measurechdating that Glu72 is a bidentate coordinate in the structure
the X-ray structures. On the contrary, the tetrahedral zismeeraged over the 2.0 ns MD simulation (Table 2), but it is an
complex was converted to a trigonal bipyramidal zinc corambidentate coordinate in all the instantaneous structures in
plex during the 1.0 ns simulations of carbonic anhydrase tise 2.0 ns MD simulation (Figure 2). This observation is con-
ing different force field parameters of zinc developed withsistent with our rationale that the experimental observations
the paradigm of theonbondednodel. Second, the three proef the five- and six-coordinate complexes of zinc are due to
tein structures bound with thetrahedral zinc divalent cation one or two ambidentate coordinates that exchange over time
did not diverge from the X-ray structures during all of owand are averaged as bidentate cootdm§ll]. Theability

2.0 ns MD simulions. This is evident from the root meanof thecationic dummy atomrmodel to simulate the exchanges
square deviations of the non-hydrogen atoms in the X-rafyzinc's ambidentate ligands described here advances the
structure and in the average structure of a 2.0 ns MD simuladerstanding of the nature of zinc coordination in proteins,
tion (Table 4) and the nonbonded distances in comparisord enables proper evaluations of thermodynamic quantities
with the values obtained from the X-ray structures (Table 8lch as free energy of binding contributed by the conforma-
Furthermore, the structures, nonbonded distances and angpes| fluctuations of the zinc-binding site. Furthermore, it
averaged over a 2.0 ns MD simulation are almost identicabfifers a means to refine the X-ray structures of zinc proteins
the ones averaged over a 1.0 ns MD simulation (data motvhich only one oxygen atom of a carboxylate group can
shown). Lastly and most importantly, use of tegahedral coordinate to zinc, but the resolutions of the crystallographic
zinc divalent catiorconfers a simulation of the exchange cftudies are not high enough to determine which of the two
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Figure 2 The simulation of the exchange of the two oxyg&n-OE1(2) distances were calculated from the trajectories
atoms (OE1 and OE2) of the carboxylate group of Glu72saved at 1.0 ps intervals by employing the CARNAL module
carboxypetidase A azinc's ambidentate coordinates (Thef the AMBER 5.0 program).
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Table 5 The RESP charges of histidinate and hydroxide (fBlach protein structure was simulated in a TIP3P [24] water
definitions of the atom names see ref [15]) box with a periodic boundary condition at constant tempera-
ture and pressure (NCUBE = 20, QH = 0.4170, DISO = 2.20,
DISH = 2.00, CUTX = CUTY = CUTZ = 8.2, NTB = 2,

atom name  charge atom name - charge  trying —>98 PRESO = 1.0, and NTP = 1). The resulting
hisdidinate system was first energy minimized for 500 steps in order to
N -0.5641 ND1 07626 emove close van der Waals contacts of the system. The en-
' ' ergy minimized system was then slowly heated to 298 K (10K/
H 0.2469 CEl 0.4994 _ - .
ps and NTX = 1) and equilibrated for 50 ps before simula-
CA 0.3171 HE1 -0.0295 . e .
tion. A weak harmonic restraint in the Cartesian space (NTR
HA 0.0096 NE2 -0.7656  _ . : <
=1 and the harmonic potential force constant = 0.01 kcal-mol
CB -0.1347 CD2 0.0405 | . ) .
) was applied to the counter ions added to neutralize the
HB2 0.0083 HD2 0.0525 d th | les d ined by th
HB3 0.0381 c 0.4588 system and the water molecules determined by the
CG O. 1504 o -0.5653 crystallographic analysis in order to avoid large separations
’ ' of these small molecules from the protein during nanosec-
hydroxide ond length MD simulations, which could occasionally cause
HO 0.2049 OH -1.2049 simulation crash. The lotian of each counter ion described

below was determined by energy minimization with a
positional constraint applied to all the atoms except for the
counter ion.
oxygen atoms of the carboxylate group should coordinate toThe zinc solvation free energies were calculated by using
zinc. Similarly, it offers a means to refine the NMR stru¢he GIBBS module of the AMBER 5.0 program according to
tures of zinc proteins. a literature procedur1]. A distance cutoff of 15.0 A was
used for calculating the nonbonded steric and electrostatic
interactions. The tetrahedral zinc divalent catiomas sol-
vated in a TIP3P water box with a periodic boundary condi-
tion (NCUBE = 20, QH = 0.4170, DISO = 2.20, DISH =
2.00, CUTX=CUTY=CUTZ=15.5, NTB = 2, TEMPO = 298,
Much of the progress in antiangiogenesis relies on devel@RESO = 1.0, and NTP = 1). The zinc solvation free energy
ment of effective angiogenESiS inhibitors. The zinc prot%s Computed a|0ng two different perturba’[ion pathS, and
MD simulation approach reported here is expected to facjlicluded the Born correction, which partly accounts for the
tate the search of effective angiogenesis inhibitors for tregjror introduced by the use of a finite truncation for the elec-
ing cancers. Indeed, theationic dummy atormodel has al- trostatic interaction. The first perturbation path perturbed the
ready been successfully used in our farnesyltransferasetérahedral zinc divalent catiodirectly to null during a 1.0
thItOI’ Search [18] and in our MD Simu|ati0ns Of endostatiﬁs MD Simu'ation_ The Second perturbedtﬁtmhedra' Zinc
one of the most potent angiogenesis inhibitors [19], to evagiiyalent cationto methane that was then perturbed to null
ate the conformational stability of endostatin and to desigiiring a 2.0 ns MD simutian. The diffeence in solvation
improved mimetics. energy between the two paths is 0.8 kcalaidicating
that the calculated solvation energies were converged.

The RESP charges of histidinate and hydroxide were de-
Methods rived by using the Gaussian 94 program [17] and the AM-
BER 5.0 program according to a literature procedure [25].

The charges of histidinate were averaged from the charges of

All the MD simulations were performed by employing th L T P o §
SANDER module of the AMBER 5.0 program [20] with th%"’;’tigfg'?'zns?tes with different populated side-chain confor
1 .

Cornell et al. force field and additional parameters in Table
1 and 5 and in Figure 1 according to a slightly modified lit-
erature procedurfl]. The \alues of the keywords in the.. . .
uppercase letters used by the AMBER program are descrig‘lergUIatlon of Carbonic Anhydrase
in parentheses. All the MD simulations used 1) the SHAK@

Conclusion

the Glu and Asp residues were deprotonated except for
procedure for all the covalent bonds of the system (NTC . . '
and NTF = 3) [22]: 2) a time step of 1.0 fs; 3) a dielectrJ?i ul06 and Glul117.All the Arg and Lys residues, His4, His10,

5 . : is36, His107 and Cys206 were protonated. His15, Hisl7
constant = 1.0; 4) the Berendsen coupling algorithm (NT ! ) '
= 1) [23]; 5) the PME method [10] used to calculate the el and His64 were assigned as the HIE- tautomer except

C-" . . )
o . oo [ His122 as the HID (NH) tautomer. His94, His96, His119

trostatic interactions (see below for details); 6) a nonbon o e ’ v i

atom-pair list updated at every 20 steps; 7) a distance cu%]‘fj HO265 were treated as histidinate and hydroxide, re

of 8.0 A used to calculate the nonbonded interactions; anc\fv i gt'\elzz'] Lrlyjuz':rlaﬁzrgti?bnyd%?ngznguﬁtlelzjrzi)h ?3;’?{9246
the default values of all other keywords not specified hngSpectively. The parameters for the PME method were de-
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fined as follows: BOXX=72.3387, BOXY=66.2812,4. Hoops, SC.; Anderson, K. W.; Merz, K. M. JJ. Am.
BOXZ=62.7392,0=B=y=90.0, NFFTX=64, NFFTY=64, Chem. Soc1991, 113 8262.
NFFTZ=64, SPLINE_ORDER=4, ISCHARGED=0,5. Ryde, U.Proteins1995 21, 40.

EXACT_EWALD=0, DSUM_TOL=0.00001. 6. Lu, D. S.; Voth, G. AProteins1998§ 33, 119.
7. Vedani, A.; Huhta, D. WJ. Am. Chem. So0d99(Q 112,
4759.
Simulation of Carboxypeptidase A 8. Stote, R. H.; Karplus, MProteins1995 23, 12.

9. Wasserman Z. R.; Hodge, C. Rioteins 1996 24, 227.
All the Glu and Asp residues were deprotonated except dr. Darden, T. A,; York D.; PedersenJ.Chem. Pis.1993
Aspl42 and Glu270. All the Argnd Lys residues, His13, 98, 10089.
His29, His120, and His303 were protonated. His186 ahdl. Roe, R. R.; Pang, Y.-B. Mol. Model.1999 5, 134.
His166 were assigned as HIE and HID, respectively. His@2. Ryde, U Eur. Biophys. J1996 24, 213.
His196, and HO313 were treated as histidinate and hydro43. Rabenstein, D. L.; Daignault, S. A.; IsabA. Arnold,
ide, respectively. Lys85, Arg124, Lys190, Lys231, Lys239, A.P.; Shoukry, M. MJ. Am. Chem. So&985 107, 6436.
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