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(a) Model 1

(b) Moxlel 2

Figure 2, Two models of P450s wsed in this study.

combination of quantum chemical methods and basis sets used for
each maodel.

The atomic charges necessary for MM and CMD methods were
calculated from the optimized structure. To apply these charges in
calculations using whole P450s, atomic charges were computed for
the more complex model 1 using method 1. Various techniques
for atornic charge calculations using quantum chemical methods
have been proposed.?’-*' This study used RESP mecthod,*%!
which is a modified version of Merz-Kollman method® that is
known to generate suitable charges for MM and CMD. RESP
charge is obtained to reproduce the electrostatic potential and is
recommended for AMBER, which is one of the most widely
used CMD programs. In AMBER program, total charges of amino
acid residues are defined as integer values when the ACE and

Table 1. Quantum Chemical Methods Used in This Study.
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Figure 3. Structural changes to calculac cnergy profiles for the pa-
rameterization of P450s.

NME groups are removed,®’ Therefore, the total charge of model
1 was defined as —2 when the ACE and NME were removed. The
previously defined values of atomic charges for ACE and NME
weve used.”!

Mode] 2 was used to calculate the force field parameters. As
shown in Figure 3, energy changes with Ye—S bond bending,
Fe—S—C angle bending and torsional motion around Fe—S were
calculated using quantum chemical metbods, and parameter fitting
was carried out using caleulated energy profiles. In addition to

(a) Model 1

1 1
Method AM1 UHK
Basis sets for H, C, N, O and S AM] 3-21G%
Buasis sets for Fe(it) AMI MIDI*
(b) Modet 2
i ii it v vi vii vii ix
Method AM1 UHF UHF UHF UNF UHF UHP UB3ALYP UB3LYP
Basis scts for H, C, N and § AM1 3-21G* 3-21G* 4-31G* 4-31G* 6-31G* 6-31G* 4-31G* 4-31G*
Basis sets for Fe(ilf) AM1 3-21G* MIDP 6-31G* MIDI* 6-31G* MIDI? 6-31G% MIDI*

*Tatewaki-Huzinaga MIDI plus Hay's diffuse basis sets.
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parameters around Fe—S, parameters for interactions between iron
and porphyrin werc also determined (o reproduce the location of
the iron atom, which s out of porphyrin plave in high-spin state.
To caclulate these parameters, only Fe—SCH,, moiety was moved
along Dul~Fe (Dul was a dummy atom located in the center of
four nitrogen atoms) und Du2-Fe-C (Du2 was a dummy atom
lacated in the place where angle Dul-Fe-Du2 is equal to 90°) as
shown in Figure 3d and c, respectively, and the energy profiles
were calculated. For this purpose, the least-squarc method was
performed to minimize the standard deviation (SD) in eq. (1),

D=’ (E(QC) ~ E(MM))* M

where E(QC) is the energy calculated through quantum chemical
methods and £(MM) is obtained using the force field. These
calculations used UB3LYP with the MII basis sets for iron and
4-31G* for other elements. PARM94 parameters® [eq. (2)] in
AMBER were adopted as the force field,

l':lmal = z Kr(r - ’.c(|)2 + z Kn(o"‘ Beq)z

bends angles

v, ) Ay By g
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where the first and second terms, which are related to bond
stretching and angle bending, respectively, express the harmonic—
oscillator approximations. The parameters r,, and 6,, arc cquilib-
rium bond length and bond angle, and K, and K|, are force con-
stants, The third term is the torsional term, where V,, is the energy
barrier of torsional motion, » is the periodicity and vy is the phase.
‘The last term describes nonbonded interactions. fn this study,
AMBER PARMY4 and Giammona®s parameters (hitp://pharmacy.
man.ac.uk/amber/) were used to calculate the energies of iron—
porphyrin systcms, with the exception of parameters around iron
atom.

To validate the parameters obtained, MM calculutions of
P450cam with five-coordinated Fe(l§l) were carried out and the
structures were compared before and after the calculations. The
experimental crystal structure determived by X-ray diffraction
(PDB 1D: 2CPP)** was used for the initial structure of P450cam.
Because hydrogen atoms were not determined jn this experimental
structure, they were added by using the “Protonate”™ module of
AMBER 6.** Furthermore, the side-chain atoms of Lys214, which
were missing in the crystal structure, were added using the
“Biopolymer” module of SYBYL6.9.2.%% In the first step of the
MM calculation on P450cam, only the added hydrogens and side-
chain atoms werc optimized. An MM optimization of all atoms in
P4S0cam was then carried out. For all MM calculations, the fivst
1000 steps were completed using the steepest-descent method, and
the rest of the calculation was camied out using the conjugate-
gradient method until the epergy gradient became less than 0.01
keal/mol A. A cutoff distance of 18.0 A for nonbonded interactions
and a constant dielectric coefficient of € = 77.9 were used in the
refincment.

AM1 caleulations were carried out using MOPAC2002.%¢ UHF
and UB3LYP calculations were performed using Gaussian98.%

N N N, plane
\I’c distance between an iron
‘ atom and N, plane
S
~~

Figure 4. Distance between iron atom and Ny plane.

The calculation of RESP charges and the MM calculations on
P450cam, carried out to validate the force field parameters around
Fe—S, were completed using AMBER 6.2 An SGI OCTANE
workstation with MIPS R12000 dual processors and IR1X 6.5 were
used.

Results and Discussions

After optimization using the same methods, the structures of
models 1 and 2 were compared. Some of the bond lengths, bond
angles, angl distances between the iron atom and N, planc (iltus-
trated in Fig. 4) are shown in Table 2 (Other bond length and bond
angles arc ilustrated in Supplementary Material). In addition to the
computational results, experimentally determined structures for
high-spin state P450, homologous enzyme, and model compounds
with five-coordinated Fe(I1l) are also described. Four experimental
results arc mentioned: EXAFS 1, which is the structure of
P450cam using extended X-ray-absorption fine structure (EX-
AFS);*® EXAFS 2, which is the structure of chloroperoxidase from
EXAFS:* X-ray 1, which is the suucture of P4S0cam by X-ray
diffraction;® and X-ray 2, which is the structure of
Fe(PPIXDME)(SCGH,NO,) by X-ray crystallography.*® Compu-
tationally determined bood lengths are compared in Figure 5. As
the tables and the figures show, all of the structural (eatures were
similar between model 1 and 2, with the exception of bond lengths
and angles related to the iron atom obtained by AM1. Using UHF
methods, the differences in bond length between the two models
were within 10" 2 A, with the exception of Fe—S$ bond length, and
the differences in bond angles werc all within 1°. The structural
differences calculated by AM{ methods without structural features
near the iron atom were similar to the UHF results. These results
suggest that the more simpfified model 2 is sufficiently accurate to
calculate the structural features of jron—porphyrin systems. Be-
cause the numbers of atorms in models 1 and 2 were 95 and 42,
respectively, the use of the latter for quantum calculations would
reduce computational time and costs. The results of the superpo-
sition of the two models are illustrated in Figure 6. The root-mean-
square deviations (RMSIs) of the porphyrin moietics between the
two models were caleulated as 0,142 A and 0.068 A using the
AMT1 and UHF methods, respectively. Tf experimental structure
determination is repeated on the same protein, experimental error
and the dynamic nature of proteins leads to RMSDs of approxi-
mately 0.4 A%’ In comparison, the RMSDs (rom these computa-
tionally optimized structures arc small. These results also indicate
that model 2 would be suitable for investigations into the structural
features of P450s.
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Table 2. Optimized Structures of Model 1 and 2.

(1) Bond lengths around Fe/A

Method EXAFS | EXAFS 2 X-ray | X-ray 2 I i m i
Fe—5 2.23 2.30 2.20 2324 2.209 2242 2.532 2.482
Fe—N 2.06 2.05 2.05 2.064 2114 2.038 2470 2.163
(b) Bond angles around Fe/degree
Method X-ray 1 X-ray 2 1 i m iii
N, —Fe—N, {55.6 155.7 152.7 167.0 145.2 144.7
N —~Fe—N, 874 87.5 86.8 89.3 84.9 84.7
(c) Distances between N, plane and Fe/A
Method X-ray 1 X-ray 2 I i I iii
Ny—Fe 0.43 0.434 0.498 0.23( 0.648 0.655

The structores of model 1 and 2 optimized by AM1 und UHF are compared with experimental suuctures.

Following on from the results mentioned previously, geometry
optimizations of model 2 were carried out using more accurate
methods. The results are shown in Table 3, in which some ot bond
lengths, bond angles, and distances between the N, plane and the
iron atom are described in the same way as in Table 2 (other
structural features were shown in Supplementary Material). For
structural features not related 10 the iron atom, almost all of the
computational results reproduced the experimental results, with
only a few exceptions when using methods ii and iii. However, for
structural features around the iron atom, none of the UHF methods
gave reasonable results compared with the experimental data.
These results indicate that the UHF method is inadequate for

'—e— I (model 1) - 5 + i(model2) |

C.C,

CrCy
FeN  CC,  SC

(a) AM1

quantuiny  chemical elucidation of P450 structures. Although
method vii required a much longer time to complete the calculation
than wethod v, the structural features calculated using methods v
and vii were similar. In fact, method v occasionally gave better
results than method vii (e.g., the results for the bond length of
C.—Cp). Fasl and accurate calculations arc desirable for the prep-
aration of MM and CMD, because many calculations arc required
to obtain cnergy profiles. Therefore, the 4-31G* busis sel seems (o
be more suitable for H, C, N, and S atoms than 6-31G*,

The AM1 imethod produced reasonable values for Fe—§ and
Fc—N bond Jengths, which indicates that AM1-d parameters are
effective in calculating bond lengths, However, despite this find-

2.6

24 =
22

N

1.6
14

distance/A

12

FeS§ NG,  C.C,
FeN  C,Cy S-C

Ce-Cy

(b) UHF

Figure 5. Comparisons of bond lengths in model I and 2 optimized by quantum chemical calenlations,
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ing, the AM1 method was inadequate for the accurate modeling of
P450s, because the N-Fe-N angles and the distance between the
N, plane and the iron differed from the experimental values. On
the other hand, AM1 is a semiempirical method and is therefore
not very time-consuming. For example, the computation time for
optimizing model 2 was only a few minutes. The results of AM1
calculations were more accurate than those of ab initio UHF
methods. Therefore, AM1 could to be appropriate for rough ap-
proximations or the initial calculations of more accurate methods.

The UB3LYP method viil, in which the 6-31G* basis set was
used for iron, produced the same results as UHF. However, the
results from method ix, in which the MIDI basis set was used for
iron, were in good agreement with experimental structures around
the heme iron. In particular, reasonable values for the distance
between the N, plane and the iron atom, the N ~Fe-N,, angle and
the N ~Fe-N, angle, were obtained only with method ix. These
results indicate that a UB3LYP method with the MIDI basis set for
iron and 4-31G* for the other elements is the most suited to
calculations of P450s. In addition, when comparing methods viii

Table 3, Optimized Structures for Model 2,

H
0.098

Figure 7. RESP charges calculated for model 1.

and ix, the latter produced more reasonable values for structural
feawres other than those around the iron atom. These results
confirm that method ix is applicable when modeling P450s.

The atomic charges for model 1 are iHuswated in Figure 7,

(a) Bond lengths around Fe/A

Method EXAFS | EXAFS 2  X-ray 1 X-ray 2 i it ili iv v vi vii viii ix
Fe—S8 223 230 2.20 2324 2242 2489 2482 2434 2464 2473 2358 2441 2324
Fe—N 2.06 2.05 2,05 2.064 2038 2358 2163 2193 2151 2143 2171 2005 2.094
(b) Bond angles around Fe/degree
Method Xray 1 Xray 2 i ii jii iv v vi vii vidl ix
N,—Fe—N, 155.6 155.7 167.0 1450 1447 1403 148.0 149.7 147.1 168.2 1537
N,—Fe—N, 87.4 87.5 89.3 84.8 84,7 834 85.7 86.1 85.7 89.4 87.1
(c) Distances between N,, plane and Fe/A
Method X-ray 1 X-ray 2 i i il iv v vi vil viii ix
N;—Fe 043 0.434 0.23] 0.648 0.655 0.744 0.591 0.558 0.588 0.206 0.479

Optimized structures using various quanwim chemical methods for model 2 compared with experimental tesults.
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energy profiles for bond stretching, angle bending, and torsional
motion are shown in Figure 8, and the resultant parameters arc
described in Table 4. The harmonic—oscilfator approximations,
which play important roles in force fields, cannot be adopted for
bond lengths and angles that are far from equilibrium internuclear
distances and bond angles. Therefore, energy profiles were ob-
tained between 2.2 and 2.5 A for Fe—S bond stretching, between
102 and 112° for Fe-S~C angle beuding, between 0.45 and 0.80 A
for Dul-Fe stretching, and between 85.0 and 97.5° for Du2-Fe-§
bending. The energy profile for X-Fe~5-X torsional motion was
calcvlated between 5 and 40° because of the symmetry of porphy-
rin. These parameters were calculated to fit the energy differences
between the UB3LYP calculations and the nenbonded interactions
of the AMBER force ficld (the alternate long and short dashed

lines in Fig. 8). The values were qualitatively consistent with the
atomic charges of other molecules® and parameters,®® and were
also quantitatively close to other values. Furthermore, the equilib-
rium bond length (r,,) of Fe—S and the equilibrium bond angle
(B.g) of Fe-S~C were 2.377 A and 100.8°, respectively, which is
consistent with cxperimental results.

To validate the caleulated atomic charges and parameters, MM
calculations of P450cam with five~-coordinated Fe(I) were carried
out, Figure 9 shows that the structures of heme with the axial
ligand Cys357 before (dark gray) and after (light gray) the MM
calculations were highly similar—the RMSD was only 0.394 A.
This suggests that the force field parameters determined in this
study are consistent with the experimental structure of P450cam.
Furthermore, the RMSD for porphyrin and Cys357 (excluding the
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Table 4. Paraweters Caleuluted by Energy Profiles of Model 2.

(a) Parameters for bond stretching

K Jkcal (mo) A%)~! regdA
Fe—8 87.589 2.377
Fe—N 64.594 2.200

(b) Parametets for angle hending

K gfkeal (mol radian®) ™! 8,.o/degrec
Fe—S—C 21.646 100.8
N,~—Fe—N, 19.683 135.6
N,—Fe—N, 27911 88.1
N—{flg-—§ 13.277 92.0

C—N—Fe 47.739 1243

(c) Parameters for torsional motion around Fe—S bond

No. of paths V,/keal mot™! yldegree ”

X—~Fe—S—X 1 0.034 0.0 4.0

side-chain atoms of protoporphyrin 1X) was only 0.135 A, This
suggests that the calculated structure around Fe—S is similar to the
crystal structure. These results indicate that the RESP charges and
the AMBER force field parameters around Fe—S$ determined in
this study are appropriate for use in the modeling of P450s. Further
improvements to the MM calculations might be accomptished by
refining the parameters around the side-chain atoms of protopor-
phyrin IX using quantum chemical calculations.

Additional validation of these atomic charges and force-field
parameters has already been reported.*? In ref. 42, homology
models of the wild types and mutants of human CYP2C19 and
CYP2C9 were constructed, and the structures of these 11 pro-
teins were refined by MM and CMD calculations using the
parameters determined in this study. The results of computa-
tional docking studies on these models with (S)-mcephenytoin,
which is onc of the specific substrates of CYP2C19, reproduced
the experimental enzyme activities without exception. Further-
more, in the calculated three-dimensional structure of the
CYP2C19-(S)-mephenytoin complex, the 4'-hydrogen of (S)-
mephenytoin was close to the heme iron, which was consistent
with the experimentally observed 4’-hydroxylation activity of
(S)-mephentyoin. These results suggest that the force field
parameters determined in this study, which play significant
roles in the construction of models, are reasonable for use in
calculations on P450s. Thercfore, quantum chemical calcula-
tions on model 2 using the UB3LYP method, with the MID1
bagis set for iron and the 4-31G* basis set for other elements,
appear (o be suitable for preparing force ficld parameters for
MM and CMD.

In this swudy, classical force field parameters of P450s were
determined. Although they are useful tools for calculations of

biopolymers, ligand—protein interactions are tepresented by
only van der Waals and Coulombic terms. Static structures of
ligand—protein complexes, especially inhibitor-profein com-
plexes, can be predicted and refined in reasonable costs by
using classical force field. However, for more detailed analyses
of ligand—protein interactions such as enzymatic reaction,
which is interesting and important in the dynamic properties of
substrate—protein complexes, classical mechanical methods are
inadeguate because clectronic state changes induced by ligand
docking play significant roles in these systems. To these pur-
poses, quantum chermical treatment of complexes, for example,
QM/MM method or all-electron calculations, are indispensable.

Conclusions

Simplified models are useful if a sumber of quantum chemical
calculations arc required on large systems, such ay P450s. In
this study, an Fe(IlI) porphyrin with a methylthio group as its
axial ligand was used in place of Fe(Ill) protoporphyrin IX, the
axial ligand of which is ACE-CYS-NME. Comparing the results
of quantum calculations using various methods suggests that
MIDI with Hay’s diffuse basis sets are preferable for iron, and
that the UB3LYP method is appropriate for high-spin state
iron~porphyrin sysiems with five-coordinated Fe(I1I), Although
the semitempirical AM! method gave the second-best results
after DFT, the structure around the jron atom differed between
models 1 and 2. These results might indicate that additional
AM1-d parameters for iron do not always work well because the
original AM1 method does not include parameters for transition
metals. As the AMT method is highly time-effective, more
detailed studies of ity sirengths and weaknesses are reguired.
We intend to investigate these factors further in a future study.

By using the series of quantum chemical calculations described
in this study, atomic charges and force field parameters, which are
essential tools of MM and CMD simulations, can be prepared for
the study of proteins that include a nonamino acidic molecule.
Computer-aided drug design trials, such as de novo design and
virtual screening, could be carried out for a wide variety of drug
targets using these calculations.

Figure 9, Comparison of the structure of heme and Cys357 before and
after minimization (dark and light gray, respectively) using the AM-
BER force-field with obtained parameters.
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2 MZCO,
NH;—R  + A/\X—TS:—’ H‘J/\(\N’R
X =Br,Cl o4

o]

Primary amines reacted with carbonate salts (Na;COj3, K-
CO;, Cs200;, and AgoCO3) and halomethyloxiranes in the
presence of a base such as DBU or TEA to give oxazolidi-
nones in high yields. The use of KyCOs among these
carbonate gave the best yield in this synthesis. A reaction
mechanism was proposed that the oxazolidinone was ob-
tained from an oxazinanone intermediate via a bieyelo[2.2.1]
intermediate, The present reaction can be widely applied to
convenient synthesis of useful N-substituted oxazolidinones
and chiral oxazolidinones.

Oxazolidinones can be used as the precursors of
naturally occurring amino alcohols and amino acids
which have been synthesized by a variety of methods.!
In addition, they are useful as chiral auxiliaries? in
asymmetric synthesis.’? Recently, some oxazolidinone
derivatives such ags DUP-105,3 DUP-721,% and linezolid
(Zyvox)34 have attracted much interest as monodrug- or
multidrug-resistant antibacterial agents.t Early synthe-
sis of oxazolidinones was carried out via the reactions of
1,2-amino alcohols and phosgene or its derivatives® or
amino alcohols with carbon dioxide under high pressure.”
Recently, carbohydrate derivatives were also used in the
synthesis of oxazinanone and oxazolidinone.? However,
these methods required multiple steps, and the total

*To whom correspondence should be addressed. Tel: +81-3-5701-
6372. Fax: +81-3-4442-5707.
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SCHEME 1
O R
MZCOG Ho/\(\Nr
NH,—R  + s
: A/\X base O\&
1a: R=alyl 2a: X=Br 8]
1b:Fi=bg¥‘nzy| 2h: X=C! 3a: R=aliyl

3b: A=benzyl

yields were not always high. As an improved method to
overcome the defects, cyclic carbamate synthesis by use
of carbon dioxide dissolved in protic solvents containing
amines and oxiranes was reported by Toda et al.® When
primary amines reacted with halomethyloxiranes and a
large amount of carbon dioxide under neutral conditions,
six-membered cyelic carbamates of oxazinanones were
formed.® They proposed a reaction mechanism by which
the ammonium carbamate intermediate reacted with
oxirane. They also used 2-(1-haloalkyl)oxirane and pri-
mary amine in the presence of cesium carbonate (Csg-
CO»y) and proposed a mechanism by which carbon dioxide
derived from CsyCOj reacted with the intermediate (2-
alkyl-8-aminomethyloxirane) to form oxazolidinone.!!
However, these reactions did not give a high yield of
oxazolidinone.

‘We have recently found a simple methoed to synthesize
oxazolidinone derivatives using primary amine and ha-
lomethyloxirane in the presence of various carbonate
salts, The reaction is shown in Scheme 1.

At the beginning of our research, we used allylamine
(1a, 2 molar equiv), which reacted with halomethyl-
oxirane (2, 2 molar equiv, bromomethyloxirane 2a, and
chloromethyloxirane 2b) in the presence of potassium
carbonate or silver carbonate (1 molar equiv) in methanol
at room temperature to afford oxazolidinone in 45% yield.
The structure of N-allyl-6-hydroxymethyloxazolidin-2-one
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TABLE 1. Conversion Conditions of Six-Membered
Ring 4b to Five-Membered Ring 3b

HO N/\Ph N N Ph
A MeOH HO
oo = 0'&
4p o

molar ratio yield (%)
4h/1bY base recovery

run® KyCOgbase (equiv) reaction 3b 4b

1 1:0.0:0 reflux, o.n.* 100

2 2:2:1:0 rt, stirring, o.n. 94

3 2:2:1:0 reflux, 2 hr quant

4 1:0:0:5 DBU reflux, 5.5 hr 96

5 1:0:0:5 TEA reflux, o.n. 100

6 1:0:0:4 TEA (3), reflux, o.n. quant,

DBU (1)

o All reactions were carried out in MeOH. ¢ 1b = NHyCH,-Ph.
¢o.n. = overnight,

{3a) obtained from allylamine (1a) was determined, in
detail, using '"H NMR, #¥C NMR, 'H-'H decoupling,
NOE, and LSPD® and also was supported by X-ray
analysis.”® Furthermore, it was confirmed that the carbon
of the carbonate salt was introduced at the 2-position in
$a by the reaction using isotopic Ag,*3CO, (98% atomic
purity of 13C) instead of KyCOy.

To elucidate the reaction mechanism and increase the
yields, the IR spectrum of the reaction mixture, which
was obtained by the reaction of molar ratios of KoCOj3 (1
mol), benzylamine (instead of allylamine because of its
high boiling point compared with that of allylamine), and
bromomethyloxirane (2 mol) in methanol at 0 °C, was
measured. We found the bands at 1680 and 1730 cm!?
in the reaction mixture. The former band is assigned
to a six-membered cyclic carbamate of oxazinanone,
which was also reported by Toda et al.% The latter band
corresponds to a five-membered cyclic carbamate of
oxazolidinone. The spot of oxazinanone in TLC (the value
of Ry was 0.47; chloroform/methanol = 10:1) diminished
with the reaction time. On the other hand, the spot of
oxazolidinone in TLC (the value of By was 0.58; chlorofexm/
methanol = 10:1) enlarged with the reaction time. These
facts support that oxazinanone is an unstable intermedi-
ate (kinetic produet) in the reaction.

For further confirmation of oxazinanone formation in
the reaction process, the isomerization of N-bepzyl-5-
hydroxyoxazinanone (4b) to N-benzyl-5-hydroxymethyl-
oxazolidinone (8b) was examined as shown in Table 1.
When only 4b was refluxed in methanol, 3b was not
obtained and 4b was recovered (run 1). On the other
hand, the reaction conditions (even if at room tempera-
ture) for oxazolidinone synthesis in the presence of Ko-
CO; gave 3k in 94% yield (run 2). These facts showed
that K,COj; is necessary for the conversion of 4b to 3b.
Furthermore, under reflux for 2 h, 3b was obtained
quantitatively (run 3). The use of DBU instead of K,CO;

(12) (n) Takeuchi, 8.; Uzawa. J.; Seto, FL; Yonehara, H, Tetrafedron
Lett. 1971, 34, 2943—-2946. (b) Seto, H.; Sasali. T.; Youehara, H;
Uzawa, J. Tetrahedron. Lett. 1998, 10, 923-926. {c) LSPD long range
gelective proton decouple) was used to detect the ring protons adjacent.
to the nxygen and nitrogen atoms linked to carbonyl carbon.

(13} Osa, Y.; Sato, Y.; Hatano, A; Takeda, K.; Takino, K; Takay-
anagi, . Angl. Sci. 2003, 19, x17-x18.

(19 The Aldrich Library of FT-IR Spectra, Edition U; Aldrich:
Milwaukee, 1997.
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also gave 3b in 96% yield (run 4), but by the use of TEA
instead of Ky,COg 4b was quantitatively recovered {(vun
5). When 1 equiv of DBU was added after addition of 3
equiv of TEA to the reaction solution, 3b was obtained
in quantitative yield (run 6). The above results showed
that the ring contraction reaction from siz-membered
cyclic carbamate to five-membered cyclic carbamate
perfectly proceeded in the presence of K2COj3 or DBU but
did not oceur in the presence of only TEA. These results
mean that a strong base or a basic condition is necessary
to form 8b.

Furthermore, total molecular energy calculation of
compounds 3b and 4b was carried out by the use of
Merck Molecular Force Field (MMFF94). The total
energy of 8b iz 31.2 keal/mol and that of 4b is 84.1 kcal/
mol. Therefore, the calculation result shows that oxazo-
lidinone is more stable than oxazinanone. This result alse
supports that the six-membered ring is an intermediate
of the reaction process. Wang et al. also reported six-
membered ring oxazinanone was converted to more stable
B-membered ring oxazolidinone under base conditions
and heating,¥ which gave supporting evidence in our
present conversion.

Based on the above discussion, a reaction mechanism
is proposed as depicted in Scheme 2. Two routes (I and
1I) are supposed to form an intermediate D. In route I,
first, primary amine 1 attacks the C—X bond of hale-
methyloxirane 2 to afford an intermediate A. Subse-
quently, a carbonate ion attacks A to form the intermedi-
ate D. In route 11, 1 attaches the oxirane ring of 2 to give
intermediate B. As oxirane ring 2 may be more eleciro-
philic than the C—X bond in the case of an attack of the
alkoxide ion,” a first attack of amine 1 to the oxirane
ring may be reasonably considered.!®7 Subsequently, the
resulting alkoxide ion of intermediate B attacks the
carbon atom of the halomethyl group to form C. Next,
the carbonate ion attacks the oxirane ring C to afford
the intermediate D. Then the resulting amine nitrogen
attacks the carbonyl group in D to cyclize intramolecu-
larly to a six-membered ring of oxazinanone (4). In the
mechaniam, the intermediate D can eyclize only to six-
membered oxazinanone, not five-membered oxazolidi-
none. Two routes III and 1V are considered as the
conversion process of oxazolidinone (8) from compound
4. In route I1I, the alkoxide ion in intermediate E under
strong basic condition attacks intramolecularly the car-
bonyl! carbon to give a bicyelo]2.2.1] intermediate ¥, which
is subsequently converted to a five-membered ring of
oxazolidinone 3. In route IV, a methoxide ion generated
from methanol under strong basic condition attacks the
carhonyl carbon of the oxazinanone {intermediate G) to
open a ring structure. The resulting alkoxide ion (in-
{ramelecularly) attacks the carbon of intermediate H to
form compound 3. However, it is considered that the
intramolecular attack in route IIT may be more favorable
(entropy) than the intermolecular one of the methoxide

(15)(a) Hulgren, T. A. J. Am. Chem. Sov., 1992, 114, 78277843,
th) Halgren, T. A. J. Comput. Chem. 1938, 17, 490~-519.

{16) Clayden, J.; Greeves, N.; Warren, 8.; Wothers, P. Organic
Chemistry: Oxford University Press: Oxford, 2001,

{171 The texthook of argamic chemnistyy (for example, the book written
by Warren') described the oxirane ring of epicblorohydrin is more
electrophilic than the C—Cl bond with alkoxide. Therefove, the carbon-
ate ion was reacled with the oxirane ring of epibromohydrin.
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ion in route IV. Therefore, we think route III may be more
reasonable, Compound 4 will be formed as a kinetic
product and 8 can be obtained as a thermodynamic
product.

The difference between our mechanism and that of
Toda was mainly the reaction intermediate. In the Toda
mechanism,"! the carbamate anion was formed by react-
ing 2-(1-haloalkyl)oxirane and amine with CO, derived
from Cs,CO;5 to open the epoxide in the alkaline medium
and the resulting alkoxide ion attacks at the C—X carbon
to give an epoxy ring. However, as carbonate (CsaCO3)
could not be converted to CO. under the strong basic
condition using CsOH, CO, could not be produced to form
the carbamate ion. In our mechanisim, the carbonate ion,
not the carbamate anion, attacks the halomethyloxirane
directly.

Furthermore, the reactivity (nucleophilicity) of the
carbonate ion was confirmed by the reaction of 2,3-
epoxypropyl 4-methoxyphenyl ether (8) and KyCOs.
Though the reaction of B and KoCOy (dried in vacuo at
120 °C for 10 h) in anhydrous DMF gave no products
under the anhydrous condition, the addition of TEA to
the solution containing 8 and K;COj3 in anhydrous DMF
under anhydrous condition afforded a diol (6) which was
obtained by hydrolysis of the carbonate intermediate I
in 43% yield!® (Scheme 3). The preparation of the product,
diol (8), suggests attack of the carbonate ion to oxirane
in the presence of a base.

On the basis of the above proposed reaction mechanism
as shown in Scheme 2, we examined optimization of the
reaction conditions. In Scheme 2, the excess of reagents
for primary amine was expected to increase the yields,
and strong basic condition would be needed for formation
for the alkoxide ion to attack the carbonyl carbon (E, F)
and reflux condition would be able to convert the six-
membered ring, oxazinanone, to the five-membered ring,
oxazolidinons, easily. Table 2 shows various conditions
to optimize various molar ratios of the reagents and
temperature. The high yield of N-benzyl-5-hydroxy-

(18) Tanzer, W.; Muller, H.; Wintzer, J.; Fedtke, M, Makromol.
Chem. 1987, 188, 2857 -2863.
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TABLE 2. Reaction Conditions for Synthesis of b

CO. ~CHFPh
PhCHH, + /) A L UL Y Y

MaOH o
) 2a, X=Bf 3 O
2b, X=Cl

molar ratio yield of

run X 1WV2/K,COyTEA reaction 3b (%)
1 Br 1:1:1:1 rt, 0.0 28
2 Br 1:1:2:1 reflux, o.n. a7
3 Br 1;2:2:2 rt, o.n. 29
4 Br 1:3:1:1 rt, o.n. 61
[ Br 1:5:6:5 rt, 0.1, 68
6 Br 1:5:58:0 reflux, o.n. 76
7 Br 1:6:6:6 ‘reflux, o.n. 83
8 Br 1:10:10:10 rt, o.n. 58
9 Br 1:10:10:10 reflux, o.n. 88
10 Cl 1:5:5:6 reflux, o.n, 81

@ g.n. = pvernight,

methyloxazolidin-2-one (8b) (more than 80% yield) was
obtained under the conditions of a large mole ratio (more
than 5 molar equiv) of halomethylozirane, K;CO; in
methanol in the presence of more than 5 mol base (TEA;
triethylamine or DBU; 1,8-diazabicyclo(5.4.0lundec-7-
ene) per mofe of amine under reflux (runs 7, 9, and 10).

The use of one molar ratio of 1b, 1 or 2 molar ratio of
2b, KoCO4, and TEA gave a low yield of 3b (runs 1 and
3), and the yield of 3b did not increase even under reflux
(37%, run 2). Excess amounts (5 or 10 molar ratios) of
2a, KyCO,, and TEA to benzylamine 1b at room temper-
ature gave 3b in 68% and 58% yields (runs & and 8) and
the yields increased to 83 and 88% under reflux (runs 7
and 9), In the absence of TEA as a base, the yield of 8b
was lower than that in run 7 (run 6). It suggested that
the addition of a strong base increased the yield of 8b in
comparison between runs 6 and 7. The use of chloro-
methyloxirane 2b instead of bromomethyloxirane 2a gave
almost the same yield of 8b (81% yields in the case of 2b
(run 10) and 83% in the case of 2a (run 7)), Thus, we
were able to optimize the reaction conditions for oxazo-
lidinones on the basis of our reaction mechanism. Pure
product 3 was rationally identified on the basis of IR,
NMR, elemental analysis, and mass spectra.

Several kinds of carbonate salts were examined to
obtain 8 as shown in Table 3. NaxCOs, Cs,COg, and Age-
COy (runs 2, 4, and 6) gave more than 75% yields of 3b.

At the beginning of our study,! we examined various
primary amines of propyl, isopropyl, n-butyl, heptyl, and
cyciohexyl groups. When the reaction conditions of pri-

(19) Osa, Y., Sato, Y.; Oshimoto, M.; Takino, K., Tokeda, A;

" Takayanagi, H. 44th Symposium of J. Synth. Org, Chem., Jpn, Kanto

Branch, Niigata, 2002, Abstract pp 123~124,
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TABLE 3. 'The Yield of 8b Using Various Carbonate

Salis
O ~CH,Ph
PhCH,-NH, /AN _MCO/TEA /\(\ 2
Br — meoH —-&
ib 2a
molar ratio
ib/2a/ yield of
run® MCO; M COyTEA reaction 3b (%)
1 KoCO, reflux, under Ar, o.n.b 83
2 NagCOs reflux, under Ar, o.n. 7
3  RbeCOs reflux, under Ar, o.n. 28
4 CsCOs reflux, under Ar, o.n, 82
6  LixCOy reflux, under Ar, o.n. 25
6  AgeCOy reflux, dark, under Ar, o.n. 75

¢ All reactions were carried out in MeOH. " o.n. = overnight. -

FIGURE 1.

SCHEME 4

NHgGH2—©~H f} \ K2C0q Ho’\\/\ N ( >
1h:R=H R-H(BU%)
dc:R=8r 91 R=Bi{82%)

mary amine 1 (2 equiv), bromamethyloxirane 2a (2
equiv), and AgyCO; or K;CO; (1 equiv) in methanol
stirring overnight at roam temperature were used, 36—
b0% yields of the corresponding oxazolidinones were
obtained bhased on each amiue. Application of similar
optimum reaction conditivns to benzylamine will give
higher yield of oxazolidinones, The use of aniline as
aromatic amine is now under study.

We also applied chiral halomethyloxirane to a synthe-
sis for chiral oxazolidinones to confirm which route the
reaction selected, 1 or II. The reactions of {8)-chloro-
methyloxirane (7) with benzylamine (1b) and p-bro-
mobenzylamine (1¢) under similar conditions to the above
method to give oxazolidinones 8 and 8 were carried out
{Scheme 4). The stereo structure of N-{p-bromobenzyl)-
5-hydroxymethyloxazolidin-2-one (9) was confirmed by
means of X-ray analysis (Figure 1).? In this reaction, the
S-configuration of the oxirane ring inverted to the R-
configuration aft the B5-position of the oxazolidinone

(20) X-ray data was deposited in the Cambridge Crystallographic
Data Centre in CIF format as CCDC 269747 for 9.
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nucleus (Scheme 4). The results support route 1 in the
reaction mechanism (Scheme 2) because voute I will
retain the S-configuration to give S-oxazolidinone in the
use of S-chloromethyloxirane. Accordingly, the synthesis
of oxazolidinone is supposed to proceed via route L

In conclusion, the present synthetic method is char-
acterized by a simple procedure, mild reaction conditions,
high reaction yield, and high selectivity and will be nseful
to produce various kinds of N-substituted-5-hydroxy-
methyloxazolidin-2-one and chiral oxazolidinone. The
five-membered ring compound, oxazolidinone, is more
stable than the six-membered ring compound, oxazi-
nanone.

Experimental Section

General Procedure for Oxazolidinone. Primary amine (1
mmol ratio) was added to methanol (5 mL) containing an excess
amount of halomethyloxirane (5 or 10 mmol ratio), KsCOz (5 or
10 mmol ratio), and TEA (5 or 10 mmol ratio} under reflux
overnight. After the solution was cooled to room temperature,
the reaction mixture was fillered for removing the solidified,
unreacted carbonate salts. Then, the organic Jayer was evapo-
rated and the residue was solved in AcOEt. The organic layer
was washed with NaCl aq and dried using NasS0;. The solvent
was evaporated in vacuo. The residue was isolated by silica gel
column chromatography with chloroform/methanol (10:1).

N-Benzyl-5-hydrexymethyloxazolidin-2-one (3b): yield
88% as a pale yellow solid; mp 69—70 °C; IR (film) 32003620,
1730 emY; TH NMR (600 MHz, CDCl3) & 3.32 (1H, dd, J = 6.5,
8.0 Hz), 3.44 (1, dd, J = 8.0. 10.0 Hz), 3.62 (1H, dd, J = 13.0,
4.0 Hz), 3.85 (1H, dd, J = 13.0, 3.0 Hz), 4.38, 4.48 (d, 1H,J =
15.0 Hz), 4.58 (14, m, J = 6.5, 10.0, 4.0, 3.0 Hz), 7.25—-7.38 (5H,
m); BC NMR (150 MHz, CDCLy) & 45,1, 47.9, 62.6, 73.5, 127.7,
127.8, 128.6, 135.4, 156.2; MS (FAB) m/z 208 (M + H)". Anal.
Caled for Cy HisNOy C, 63.76; H, 6.32; N, 6.76. Found: C, 63.59;
H,632; N, 7.01.

N-Benzyl-5-hydroxyoxazinan-2-one (4b). To a methanal
{4 mL) solution of bromomethyloxirane 2a (171 L, 2.0 namol)
was added benzylamine (218 ul, 2.0 mmol). The reaction
mixture was bubbled through CO; for 5 h and stirred overnight.
The reaction mixture was evaporated in vacuo, and then the
yellow residue was purified by silica gel colamn chromatography
with chloroform/ethy! acetate (5:1) to give the pure product 4b
(163 mg, 39% unaptimized yield) as a pale yellow solid: mp 114—
115 °C; IR (KBr) 32003620, 1678 cm™!; 'H NMR (600 MHz,
CDCly) ¢ 3.17 (AH, ddd, J = 12.0, 3.0 Hz), 3.38 (1H, dd, J =
12.0, 4.0 Hz), 4.10 (1H, m), 4.20 (1H, dd, J = 3.0, 12.0 Hz), 4.23
(1H, dd, J = 2.5, 12.0 Hz), 4.43, 4.61 (1H, d, J = 15.0 Hz), 7.24—
7.32 (5H, m); 1*C NMR (150 MHz, CDCly} 4 51.4, 52.7, 61.2, 70.5,
127.8, 128.1, 128.8, 136.2, 153.5; MS (ED) m/z 207 (M)*. Anal.
Caled for C;1HiaNOg: C, 63.76; H, 6.32; N, 6.76. Found: C, 63.62;
H, 6.41; N, 6.66.

(&)- N—ip-Bromobenzy])-&hydmxymethyloxazohdm-z‘
ene (9). p-Bromobenzylamine hydrochloride e (100 mg, 0.45
mmwol} was removed by washing with NaOH aq: yield 82% as
prisms; mp 109—110 °C (crystallized from ethyl acetate); la]?y
= —12.5 (¢ 0.933, MeOH}; IR (film) 32003620, 1729 cm™'; 'H
NMR. (600 Mz, CDCly) 4 3.32 (1Y, dd, J = 7.0, 8.0 Hz), 3.40
(1H, dd, J = 8.0. 10.0 Hz), 8.57 (1H, dd, J = 12.0, 4.0 Hz), 3.83
(1, dd, J = 12.0, 5.0 Hz), 4.32, 4.87 (1H, 4, J = 15.0 Hz), 4.55
(1H, dt, J = 10.0, 7.0, 5.0, 4.0 Hz), 7.13, 7.45 (14, d, J = 8.0
Hz); “C NMR (150 MHz, CDCly) 3 45.0, 47.7, 62.9, 73.5, 121.9,
129.7, 131.9, 134.6, 157.9; MS (FAB) m/z 285, 287 (M)". Anal.
Caled for CiHNOBr: C, 46.18; H, 4.23; N, 4.90. Found: C,
46.16; H, 4.28; N, 5.09.

Supporting Inforroation Available: Experimental de-
tails. This material is available free of charge via the Internet
at hitp/pubs.acs.org,

JO0501644
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ABSTRACT:

In the present study, we investigated the esterase-like activity of
human serum albumin (HSA) and the mechanism by which it hy-
drolyzes, and thereby activates, olmesarian medoxomit (CS-866), a
novel angiotensin { receptor antagonist. CS-866 has previously
been shown to be rapidly hydrolyzed in serum in which HSA ap-
peared to play the most important role in catatyzing the hydrolysis.
We found that the hydrolysis of CS-866 by HSA followed Michaelis-
Menten kinetics. Compared with the release of p-nitraphenol from
p-nitrophenyf acetaie (PNPA), C5-866 showed lower affinity to HSA
and a lower catalytic rate of hydrolysis. Thermodynamic data in-
dicated that PNPA has a smaller value of activation eniropy (AS)
than CS8-866; consequently, PNPA is more reactive than CS-866.
lbuprofen and warfarin acted as competitive inhibitors of hydroly-

sis of CS-866, whereas dansyl-L-asparagdine, n-butyl p-aminoben-
zoate, and diazepam did not. These findings suggest that the
hydrolytic activity is associated to parts of site | and site i for
ligand binding. All chemically modifiod HSA derivatives (Tyr-, Lys-,
His-, and Trp-modifications) had significantly lower reactivity than
native HSA; Lys-HSA and Trp-HSA had especially fow reactivity, At
the mutant HSAs tested (K(199A, W214A, and Y411A) exhibited a
significant decrease in reactivity, suggesting that Lys-198, Trp-214,
and Tyr-411 play important roles in the hydrolysis. Results ob-
tained using a computer docking model are in agreement with the
experimental results, and strongly support the hypotheses that we
detived from the experiments.

Ester prodrugs are hydrolyzed to thetr pharmacologically active
metabolites after absorption. Esterases present in the small intestine,
plasma, and liver are involved in this process. In most cases, intestinal
esterdses serve as the major enzymes in activation of prodrugs during
the first pass throogh the gut after absorption. However. prodrugs that
are relatively resistant to hydrolysis by intestinal esterases enter the
blood circufation and are activated by serum {plasma) and liver
esterases. The major hydrolyzing enzymes in serum are cholinester-
ase. arylesterase, carhoxylesterase. and atbumin, The relative impor-
tance of <ach serum ederase in prodrug activation varies among
anemal species and prodrogs.

Qlmesaran medosomil [CS-866: (S-methyl-2-ox0-1.3-dioxolen-
$-v11 wethony-4-¢ I -hydroxyl-T-methylethyl - 2-propyt-1- (4] 2-(tetra-

‘This work was supported in part by a Gramt-in-Aid Tor Scientific Research from
the Ministry of Education, Sclence and Cultwie of Japan {11694298 for M.O.) and
was also supported in part by Grant-in-Aid for Scientific Research, Encourage-
iment of Young Scientists (B) (13771414 {or N.Y)} from Japan Soctety for the
Promotion of Science.

Ardicle, publication date, and citation inlormation Gan be found at
hitp://dmd.aspetjournals.org.

doi:10.1124/dmd. 105.006163.

zol-5-yl)-phenyvliphenyt | methylimi-dazol-5-carboxylate] is a novel
nonpeptide angiotensin Il receptor antagouist that acts as an antihy-
pertensive proding (Koike et al., 2001: Newrel. 2001; Brousil and
Burke, 2003). After oral administration. (CS8-866 is rapidly de-esteri-
fied, producing an active acid metabofite, olmesartan (RNH-627()
(Fig. 1) (Koike et ai,, 2001: Neutel. 2001 Brousil and Burke. 20033,
Hydrolysis of CS-860 in seram has been observed in several specivs.
and comparison among five spevies has shown that hydrodytic activity
is highest in rabbits, followed by dogs, mice. rats, and humans (Tkeda,
20000, Furthermore, it was found that differences in hydrolyvtic activ-
ity due to serum albumin are karge compated v the combined aetivity
of all serom compunemts. Thes, HSA might make an impornant
contribution: to activation of CS-866 atter oral administration.

In the presen study. we examined the esterase-like activity of HSA
and the mechanism of its hiydrolysis of C8-806. First. the general
propertics of the hydrolytic reaction of HSA with C8-860 were
determined. including the kinetics and thermodynamics, and com-
pared with those of the hydrolytic reaction between HSA and p-
nitrophenyl acetate (PNPA) (Means and Bender, 1975: Sakurai et al..
2004). Secound, 1o characterize the effects of exogenous compounds on
hydrolysis. we investigated changes in hydrolytic activity in the

ABBREVIATIONS: CS-866, olmesartan medoxomil [{(5-methyl-2-oxo-1,3-dioxolen-4-yl) methoxy-4-(1-hydroxyl-1-methylethyl)-2-propyl-1-{4-[2-
(tetrazol-5-yi)-phenyliphenylimethylimi-dazol-5-carboxylate], RNH-6270, olmesartan; PNPA, p-nitrophenyl acetate; HSA, human serum albumin;
rHSA. recombinant HSA; n-buty! p-AB, n-butyl-p-aminobenzoate; DNSA, dansyl-L-asparagine; AGy, free energy differences; AGg, free energy
change for the initial reaction of albumin and substrate; AG, activation free energy; AH, activation enthalpy change; AS, activation entropy change.
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Fici. 1. Hydrolysis of CS-866 to RNH-6270

presence and absence of various ligands. Then, we examined the
importance of certain types of amino acid residues of HSA for the
hydrolysis of CS-866. using chemical modification techniques, Re-
combinant HSA (rHSA) proteins with alterations of specitic amino
acid residues were prepared using site-directed mutagenesis tech-
nigues. to obtain detailed information about the contribution of those
residues. Finally, computer docking models of CS-866 and HSA were
constructed and were found to be consistent with the experimental
results,

Materials and Methods

Materials. HSA was donated by the Chemo-Sera-Therapeutic Research
Institute (Kumamoto, Japan). HSA was defatted before use (Chen. 1967).

(S-866 and RNH-6270 were donated by Sankyo Co., Lad. (Tokyo. Japan),
PNPA, succinic anhydride and n-butyl p-aminobenzoate (n-butyl p-AB) were
purchased form Nakalai Tesque (Kyoto, Japan). Warfarin was obtained from
Hisai-Co. (Tokyo, Japan), ibuprofen was obtained from Kaken Pharmaceutical
Co. (Osaka, Japan), diazepam was obtained from Sumitomo Pharmaceutical
Co. (Osaka, Japan). tetranitromethane was obtained from Aldrich Chemical
Co. (Milwaukee. WI). and trinitrobenzenesulfonic acid was obtained from
Wako Pure Cheniteal Indusiries. Lad, (Osaka, Japan). Dansyl-i-asparagine
{DNSA). 2-hydroxyl-5-nitrobenzy! bromide. and diethyl pyrocarbonate were
purchased (rom Sigma-Aldrich (St. Louis, MO). Restriction enzymes, T4
polynucleotide kinase, calf intestinal alkaline phosphatase, a DNA figation kit,
TaKaRa EX TagDNA polymerase, and a site-directed. nutagenesis kit {oligo-
nucleotide-directed dual amber method) were obtained from Takara Shozo
Co., Ltd. (Kyoto. Japan). A IDINA sequence kit was obtaived from Applied
Biosystems (Tokyo. Japan). The Pichie Expression Kit was purchased from
tnvitrogen (Carlsbad. CA)Y. All other chemicals were of analytical grade,

Fsterase-Like Activity Measurement. Procedures for Michuelis-Menten
Fapation Ruas, The reaction was started by adding CS-866 in 100% aceioni-
wile (5 g vo preincubated HSA (120 pd, 75 pMy, at o final concentration of
10 t0 250 uM. Incubation proceeded for 10 min and was tepminated by adding
300 pl of acetonitrile to the incubation mixture. We have checked that 4%
accronitrile hak Titrle offect on the reaction. After contrifugation for 1 min. a
30-g! aliquot of the deproteinized supernatant was subjected 1o high-perfor-
mance liquid chromatography. and RNH-6270 was separated from CS-866 on
an ODS column using the following conditions: column, YMC-Pack QDS-
AM, AM-302. 150 X 4.6 wum i.d.; column temperature, 40°C imaintained by a
Hitachi 655A-52 column oven: a Hitachi L-6000 pump; a Hitachi FL detector
1.-7480 Aluorescent manitor; a HITACHI D-2500 Chromaio-Integrator; mobile
phase, acelonitrile/water/acetic acid, 40:60:0.1; wavelength, excitation = 260
nm, emission = 370 nm: Now rate, 1.0 mi/min,

The reaction between CS-866 and HSA took place at 4°C. Under that
condition, Michaelis-Menten equation analysis can be appfied.

Vlﬂ.'ll l‘s-l

VIR M

Here. 18] is the concentration of substrate. That is the case, because previous
studies have revealed a linear relationship between 1/V and 1/§ when plotted
in a Lineweaver-Burk plot (Koike et al., 2001 ):

I 1 Ky
- B s o —meee—
v Vmax vul:ﬂ[sl

Provedures for Kinetic Runs. Hydrolysis of CS-866 (5 uM) by HSA (at
least a 5-fold excess concentration over the substrate) was performed using
conditions able 1o avoid complications due to multiple reactive sites of aibu-
min. Under such conditions, pseudofirst-order rate constant analysis can be
performed. The pseudofirst-order rate constant for the selease of RNH-6270
(kqus)« the dissociation constant of the substrate-HSA complex (Ky), and the
catalytic rate constanis (k) werc calcolated as reported elsewhere (Sakorai et
al., 2004, .

Thermodynamic Analysis. Thermodynamic analysis of the HSA-catalyzed
reaction was performed af tesaperatures ranging from 20°C to 40°C. We
calculated the thenmodynamic parameters, the free energy change for the initial
reaction between e¢nzyme and substrate (AG). the activation free energy for
the rate-determining step (AG), the free energy differcnce for the reaction
(AGy), the activation cnergy (F,). the activation enthalpy change (AH), and the
activation cntropy change (AS), using previously published methods (Sakwai
et al., 2004).

Lifects of Ligands. HSA (120 pl, 75 uM) was preincubated, and the
enzymatic reaction was started hy adding CS5-866 in 100% acctonitrile (S ul)
to the solution, at a final concentration of 100 to 250 pM, in the presence or
absence of each ligand (at a final concentration of 0-600 uM) (Ikeda, 2000).
Incubation proceeded for 10 min at 37°C, and the release of RNH-6270 was
measured by high-performance liquid chromatography as described above.

Chemical Modification of HSA. Histidine Residues. Chemical modifica-
tion of His residues was performed using diethyl pyrocarbonate (Roosemont.
1978). An average of 2.22 His residues was moditicd out of the wtal of 16 His
residues.

Lysine Residuies. Chewical wodification of Lys residues was perfonmed
according 10 the method of Gounaris and Perlmann (1967). The modification
ratio was culealaied as deseribed by Haynes et al. (1967, An average of 3.80
of the 59 Lys residues was modified.

Tyroxine Residues. Chernical modification of Tyr residues was performed as
outlined by Sokolovsky et al. (1966). An average of 1.24 of the 18 Tyr residues
was madified.

Tryprophait Residues. Chemical modification of the single Tip residue was
performed at room temperature (Fehske et ak., 1978). An average of (.88 of the
I Trp residue was modified.

Chemical modifications of specitic amino acid residues (Tyr, Lys, His, and
Trp) were performed with the assumption thit the effects on other amino acid
residues would he negligible, The secondary and tertiary protein structures of
all the modified HSAs were examined by circular dichroism measurements
before use., and no signiticant difference was observed between the derivatives
and native HSA (data not shown).

Synthesis and Purification of rHSA Forms. The recombinant DNA tech-
niques used to produce wild-type fHSA and the single-residue mutants were

2)



HYDROLYSIS OF CS-866 BY HSA AND STUDIES OF THE ACTIVE SITES

essentially the same us those described by Watanabe et al. (2001). A chimeric
plasmid (pJDB-ADH-L10-HSA-A) containing ¢DNA for the mature form of
HSA and an L1Q feader sequence was donated by Toncen Co. (Tokyo, Japan).
The mutagenic primers used (underlined letters indicate nisinatches) were as
follows: §-CAAACAGAGACTCGCCTGTGCCAGTCTCC-3 for K199A;
5"-GAGCTTTCAAAGCAGCTGCAGTAGCTCGCCTG-3 for W21i4A; §'-
CTATTAGTTCGTGCCACCAAG-Y' for Y411 A,

The L10-HSA coding region was amplified hy polymerase chain reaction
using a forward and a reverse primer containing a 5'-terminal EcoRI site. and
was cloned into the EcoR)-digested pKF19k veetor (Takara Shuzo Co. Lad.).
and mutagenesis was then performed. The mutation was confirmed by DNA
sequencing of the entite HSA coding region using the dideoxy chain termina-
tion method and an Applied Biosystems ABI Prism 310 Genetic Analyzer. To
construct the HSA expression veetor pHIL-D2-HSA, an L10-HSA coding
region with or without the desired muation site was incorporated into the
methunol-inducible pHIL-D2 vector (Javitrogea). The resuliing vector was
itvoduced ioto the yeast species Pichia pastoris (strain GS115) to express

" rtHSA. Scereted rHSA was isolated from the growth medium by precipitation
with 60% ammonium sulfaie al room temperature. and was then purificd using
a column of Blue Sephurose CL-6B (GE Healtheare, Litile Chalfant, Buck-
inghamshice, UK), The cluted vHSA was deionized and then defatted using
charcoal treatmem.

‘The resulting protein exhibited a single band on an SDS/polyacrylamide gel.
and all of the recombinant proleins migrated fo the samc position as native
HSA (data not shown). Any secondary or tertiary structural differences be-
tween native (wild-type) and mutant rHSAs were analyzed by circular dichro-
ism (data not shown). In the far-UV and near-UV regions. all rtHSAs exhibited
the same characteristics as native HSA.

Duocking of CS-866 to HSA. To dock CS-866 to HSA, we used the crystal
strycture of the HSA-myristate-S-warfavin complex (PDB 1) (H97: Petitpas et
al.. 2001). The docking caleulation of CS-866 to HSA was perfonned using
SYBYL FlesX (Rarey et al.. 1996), CS8-866 docked at site 1 and site 11. The
residues within 5§ A from S-warfarin were defined as site L and the residues
within 5 A from myristate-3 and -4 were defined us site 1. During the docking
calculation, the structure of HSA was kept rigid. The docking algorithm
gencrated 275 and 209 different placements of CS-866 in site 1 and site 11
respeetively. Al placements were evaluated using the scoring function of
Flex X. For cach site. because the top 10 placements exhibited ncarly identical
binding modes. we chose ihe placement with the best value as the candidate
binding mode.

Refinement of Docking Models. To refine the docking models, the
coordinates of C8-866 and the residues within 10 A from CS-866 were
optimized to reduce the root mean square of the gradients of potential enexgy
1o below 0.05 keal mol * A7 using SYBYL 6.9.0 (Tripos. Inc.. St. Louis.
MO, 2003). The Tripus force field was used for the molecular energy caleu-
Tation. The AMBER 7 charges (Comnell et al.. 1995) were used as the atomic
charzes for HSA. The Gasteiger-Hiickel charges {Purcel aud Singer. 1967.
Clasteiger and Marsili. 1980; Muarsili and Gasteiger. 1980, 19811 were used as
the charges for €8-806. The cut-off distance for the nonbonded interactions
wits 10 A, The distance-dependent diclectric constant of 4 was used. Due 10
the fuck of the {st and 2nd Neerminal residucs and the lack of the 585ih
Cterminal residue i the crystal steucture of HSA. the 3rd and 384th residues
wore protectad by an acetyl group and by an A-methyd group. respectively. The
initial positions of the other missing atoms in the crystal structure were
generaled by SYBYL.

Statistics. Whoere possible, statistical analyses were performed using Stu-
dent’s 1 fest

Resulty

Hydrolytic Kinetics, First, we were able to confirm that the by-
drolysis of CS-866 by HSA followed Michaclis-Menten kinetics (data
not shown). Table 1 shows the Ky, Vi Keaee 800 specificity constant
(k.00 Kpg) values for the hydrolytic reaction.

To elucidate the reactivity of CS8-866, we compared (he kinetic
parameters for CS-866 with those determined for the release of
p-nitrophenol from PNPA (Table 2) (Means and Bender, 1975; Saku-
rai et al.. 20041, The K¢ value was found to be lower for CS-866,

1913

TABLE |

Kinetic parameters for the hydrolytic reaction between CS8-866 ond HSA at
pH 74 and 37°C

HSA Type Ky Vi ke o kadRy

oM omin”!
0.00232

min”!

0113

nM neiol = min™’

Native 48,2 1.02

“ Reaction conditions: 73 pM HSA. 10 1 250 uM CS-860, 1/15 M phosphate buffer (pld
74).37°C.

TABLE 2

Kinetic purameters for the fivdrofvsis of CS-866 and PNPA by HSA at pH 74
and 25°C

Substate bew Ky kofKs
[ N 1,) ‘_\. ; - i
CS-866 0.345 42.5 19.9
PNPA 86.8 247 403.4
" PNPA datn from Sakorai et . (20000,
TABILE 3
Thermaodvnamic paraneters for the hydrolysis of CS-866 and PNPA by HSA
Substrate A Ay AG AH AS
Koeomet™h K omal™t K ewmdt™ K emol™ ket K
CS-866 1.2 25,0 96.3 343 -0.207
PNPA” 58.1 --20.9 79.0 66.1 ~0.0435
" PNPA data from Sakurai et al. (2004). Reaction conditi 1158 M phosphate huffer (pH

14), 25°C,

suggesting that PNPA has greater affinity than CS-866 for HSA
(Fersht. §998; Sakurai et al., 2004). The catalytic rate constant. & .
was also found to be greater for PNPA,

‘Thermodynamics. The relationship between the catalytic rale con-
stants and temperature followed the Arrhenivs equation. Accordingly.
a linear relationship was found hetween In k,, and 1/T, where Tis the
absolute temperature in degrees Kelvin (data not shown), The activa-
tion energy of the reaction, £, calculated from the Arrhenius plot
(Fersht. 1998: Sakurai ct al., 2004). was found 10 be 37.1 kI - mol ™.

Using the HSA-hydrolysis parameters, we compared energy
chunges and thermodynamic parameters between C$-8606 and PNPA
(Table 3). CS-866 had larger values of AG (96.3 kJ - mol ') and AS
{(~0.207 ki - mol !+ K 1) than PNPA.

Effects of Ligands on Hydrolysis. The site T-specilic ligands
warlarin, DNSA, and n-buiyl p-AB were used as inhibitors w0 inves-
tigate for any competition with the bydrolytic reaction (Yamasaki et
al. 1996: Kragh-Hansen et al., 2002}, Interestingly. warfurin inhibited
hydrolysis in a competitive manner. with a K, value of 155 pM in a
Dixon plot (Fig. 2A). By conirast. neither n-butyl p-AB nor DNSA
inhibited HSA-catatyred hydrolysis of CS-866 (Fig. 2. B and C),

The site H-specific Tigands ibuprofen and diazepam were used 1o
investigate. whether there is competition between that ligand-binding
site and the catalytic site (Kragh-Hansen et al., 2002). Diazepum
had no inhibitory cffect, but competitive inhibilion was observed
with ibuprofen. with a K, value of 235 uM in a Dixon plot (Fig. 3A
and 3B).

Effect of Chemical Modification on Hydrolysis, Hydrolytic ac-
tivities of the four specifically modified HSA derivatives (Tyr-, Lys-,
His-. and Trp-HS A) were assayed (Fig. 4). Compared with native-type
HSA., all modified HSA derivatives had significantly decreased hy-
drolytic activity (p < 0.05). Modification of Lys residues or of the
single Trp residue resolted in the wmost pronounced reductions in
catalytic reactivity.
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Fi. 2. Effect of warfarin 1A), n-bugyl p-AB (B). and DNSA (C) (0~ 600 wM) on tie hydrolysis of CS-866 by HSA. Reaction condifions: 75 uM HSA, 100 10 250 uM

S «‘s(»(\ 1715 M phosphate bufter (pH 7.4). 37°C. Plols represent wgan & 8.0, (=

Examination of Hydrolytic Activity Using Site-Directed Mu-
tagenesis, Wild-type rHSA and the HSA single-residue mutants
KI199A, W214A and Y411 A were used 1o examine involvement of
various amino acid residues in the hydrolysis. The hydrolytic
activity of cach rHSA was examined to clucidate the contribution
of specitic amino acid wesidues (Fig. ). Compared with the wild-
type rHSA. all mutant tH8As showed significant decreases in
catalytic activity. K199A exhibited a particularly marked decrease
in catalytic activity (p <7 0.01), suggesting that Lys-199 plays a
particularly important role in the hydrolysis. These resulis are in
good agreement with those obtained with the chemically modificd
HSAs. The W2I4A and Y411A mutants showed a significant
reduction in catalytic activity {p < 0.05), indicating that the amino
acid residues Trp-214 and Tyr-411 are also involved in the hydro-
Iytic reaction.

Molecular Interaction of CS-866 and HSA in Docking Models.
We obtained two docking models: model [ for site I, and modei J1 for
site 11, In model 1, the binding of CS-866 was similar to that of

"‘u

warfirin (Fig. 6). The biphenyl moicty of CS-866 was bound 10 the
hydrophehic pocket consisting of Leu-219. Leu-238. Val-241. Leu-
260, Ala-261. Ne-264. He-290, and Ala-291, The 2-propyl-imidazole
moiety and the propaa-2-ol moiety were bound to the other hydro-
phobic pocket (Phe-211, Trp-214, Ala-215, Leu-219, and Leu-238).
Hydrogen bonds to and elecrrostatic interactions with otber residues
are detailed in Table 4. Oxygen woms of the vinylene carbonute
moiety formed hydrogen bonds with side chains of Arg-218 and of
Arg-222. Negative charges of the tetrazole moiety interacted electro-
stutically with side chains of Lys-199 und of Arg-257. The hydroxyl
axygen atom of the propan-2-ol moiety formed a hydrogen bond with
the side chain of Lys-199. and the hydrogen atom formed a hydrogen
bond with the side chain of His-242. The carbonyl oxygen atom of the
ester moicty formed a hydrogen bond with the side chain of Lys-199,
The ester moiety of CS-866 was in the vicinity of Glu-292. However,
the side chain of Glu-292 was distant from the catbonyl carbon of the
ester moiety, because the docking program, FlexX, cannol account for

- chemical reactions and remains rigid, We changed the torsion angles
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Lys Trp

of the side chain of Glu-292 without steric hindrance as Glu-292
became capable of a nucieophilic reaction.

In model H. CS-866 was bound to site I using the pocker for
myristate-4 (Fig. 7) (Curry ot al.. 1998). The pocket for myristate-3
was not occupied. The biphenyl moiety and the 2-propyl-imidazole
moiety were bound to the hydrophohic pocket consisting of Len-
387, Pro-486 and Ala-490. The propan-2-ol moiety was surrounded
by the hydrophobic residues (Leu-387. Leu-430. and Len-453).
Table 5 shows hydrogen bonds and clectrostatic interactions in site
H. Neguiive charges of the tetrazole moiety interacted electrostat-
ically with the side chain of Arg-483, and the tetrazole moiety
formed a hydrogen bond with the side chain of Asn-391. The side
chain ol Ser-489 {ormed hydrogen honds with the hydroxy! oxygen
atom of the propan-2-ol moicty and the carboxyl oxygen atom of
the ester moiety, The carbonyl oxygen atom of the ester moiety

wild R1994 W2144 Y411A

Fui. S. Hydrolytic activities of muram rHSAs as compared with that of wild-type
YHSA, Reaction conditions: 73 uM HSA. 250 M CS-866. 1/15 M phosphate husier
(pH 7.4), 37°C. Each colunmm represents mean == S0 Gr = 30 #,p <0 003, and ##,
< 001 as compared with wild-type tHSA,

[

formed a hydrogen bond with the side chain of Lys-414. The
carboxyl oxygen atom of the ester moiety formed a hydrogen bond
with the side chain of Tvr-4(t.

Diseussion

This antihypertensive prodrug, CS-866, is hydrolyzed in the serum,
Hydrolysis of CS-866 in serum has been observed in several species,
and comparison among Five specics has shown that hydrolytic activity
is highest in rabbits, followed by dogs. mice. rats, and humans (Ykeda,
2000). Furthermore, we examined the activity due to sevamn albumin.
It was found to be highest in humans. followed by rats. mice, rabbits.
and dogs (data not shown). This indicates that the mechanisms of
hydrolysis of CS-866 in scrum differ among those species, and that
HSA plays a more important role in producing RNH-6270 than other
serum albumin species.
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Fic. 6. Stereo drawings of ligands in site 1, A, modeling steacture for CS-866. The torsion angles of the side chain of Glu-292 were changed as Glu-292 beconws capable
of a nucleophilic reaction. B. crysial structure for S-warfurin (PDB 1D 1HYZ), Relaxed stereo viewing.
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TABLE 4
Hvdrogen bonds and electrosiatic interactions in model 1 of HSA-CS-866
complex
Donor Accepror Distance
A
Hydrogen bonds
Lys-199 N, Ester Cc=0 4.1
N, Propan-2-ol LOH 30
Propan-2-ol OH His-2:42 Ne2 4.6
Arg-218 N, Vinylene casbonaie O 38
N,2 . C=0 34
Arg-222 N,2 Ci kN
Positive Negative
Electrostatic interactions
Lys-199 ; Tetrazole N2 87
Arg-257 N, N4 2.8

Thermodynamic Properties. The esterase-like activity of HSA is
dependent on the catalytic rate constant, &,,. and increases with a
decrease in the activation Iree energy change, AG. Thus, the magni-
tude of AG, which is dependent on activation entropy change (AS). as
calculated from a thermodynamic analysis, can be regarded as an
indicator of hydrolytic activity of HSA (Fersht, 1998; Sakurai ct al.,
2004). Because PNPA has lower AG and AS values than CS-866
(Table 3)., PNPA exhibited greater affinity for HSA and a higher
catalytic rate than CS-866 (Table 2). Hydrolysis reactions catalyzed
by albumin have previously been found to have a particularly great
entropy difference between the ground state (ES) and the transition
state (ES*) (Sakurai et al., 2004). The active sites of HSA to which the
substrate binds are perfectly oriented to the reactive site of the
substrate (the ester portion) for hydrolysis, and thus has a smaller
entropy difference between the transition state (ES*) and the ground
state (ES). This may be the reason why hydrolysis of PNPA proceeds
more readily than hydrolysis of CS-866. That is, compared 1o CS-866,
PNPA has a structure and oricntation that are better suited to hydro-
lysis by HSA.

Relationship Between Ligand Binding Sites and Hydrolytic
Active Sites. HSA is the most abundant protein in blood plasma and
serves as a storage protein and transport protein for many endogenous
and exogenous compounds (Peters. 1996; Kragh-Hansen et al., 2002).
The unique capability of HSA to reversibly bind a large number of
compounds is usually explained by the existence of a number of
binding regions (including site [ and site 1Y), each of which has a very
different specificity (Kragh-Hansen. 1991; Kragh-Hansen e al.,
2002). Funthermore. site 1 on HSA consists of three subsites: Ia, 1b.
and I (Fehske et al.. 1982: Yamasaki et al., 1996). Another important
vole of HSA is as a catalyst tor the hydrolysis of various compounds,
such as esters, amides. and phosphiates. Tt bas been suggested that the
active site of HSA for p-nitrophenyl esters is site I, and that Tyr-411
is essential for hydrolysis of p-nitvophenyl esters (Onokd ot al., 1980,
Watanabe et al., 2000). The reactive site and active residue for
nitroaspirin are reporiedly site 1 and Lys-199. respectively (Ikeda and
Kurono. 1986). The relationship between the bydrolytic active sites of
HSA for CS-866 and the proteins’ ligand-binding sites was investi-
gated in the present study.

There arc interesting patterns of competition between site | and site
1} ligands for hydrolysis, Although warfarin, which is regarded as a
typical ligand of subsite la of HSA. acts as a competitive inhibitor,
this does not necessarily indicate that the HSA catalytic site for
CS-866 is subsite Ia, because ibuprofen, a typical site T ligand, also

" ¢xhibited evidence of competitive inhibition (Figs. 2A and 3B). These
results suggest that substrate specificity of the esterase-like region and
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ligand-binding sitc of HSA is inconsistent. In other words. the cata-
Iytic site for CS-866 on HSA may recognize CS-866 in a manner
different from that of the ligand-binding site.

Roles of Specific Amino Acid Residues. For prowins whose X-ray
crystatlographic structure is known. the role of each amino acid
residue can be quantitatively determined using the amino acid dis-
placement (site-directed mutagencsis) technique and information ob-
tained from X-ray analysis,

The present chemical modification experiments indicate that Lys,
Trp, and Tyr residues ot HSA are important for hydrolysis of CS-866
by HSA, and that His residucs are also involved (Fig. 4). These
experiments were performed with mildly modified HSA, because, for
example, only 1.24 of the Tyr residues and 3.8 of the Lys residues
were modified. However, HSA has 59 Lys residues, and the numbers
of Trp, Tyr, and His residues are 1, 18, and 16. respectively. Previous
findings have demonstrated that Tyr-411 is most likely the reactive
Tyr of HSA (Watanabe ct al., 2000). It is also known that the
reactivity of Lys-199 is high (Means and Bender, 1975). Furthermore,
it is reported that this single Trp residue contributes to the esterase-
like activity of HSA (Ozeki et al., 1980: Kurono et al.. 1982), In an
attempt to identify specific residues of importance for the hydrolysis
of CS-866, we examined the activity of several rHSAs, namely
wild-type HSA and the single-residue mutants K199A, W214A, and
Y411A.

Because we did not observe a great decrease of the hydrolytic
activity of HSA for CS-866, even in the single-residuc mutanls
K199A and Y411A, we conclude that the catalytic sites of HSA for
CS§-866 are not solely confined to the Lys-199 and Tyr-411 vesidues
but. rather. involves several additional amino acid residues (Fig. 5).

The single Trp residue, Trp-214, is [ocated close to Lys-199. as
indicated by X-ray diffraction analysis, and is an element of a major
interdomain cluster of hydrophobic residues (He and Carter, 1992;
Sugio et al., 1999). The mutant W214A exhibited a significant de-
crease in hydrolytic activity (Fig. 5). In addition, the microenviron-
ment near Tep-214 was investigated to obtain detailed information
about the role of this residue in the hydrolysis. After incubation with
CS-866 for 10 min, the relative fluorescence intensity of HSA de-
creased by more than half and the A, was blue-shifted (data no
shown). These results are consistent with a model indicating that the
Trp-214 residue is involved in hydrolytic reaction. ‘These limited daa
lead us to the idea that a double (or triple) mutation of Lys-199.
Trp-214. and Tyr-411 could completely abolish the hydrolytic
activity. Further investigations on this point are under way at this
laboratory.

Stroctural Mechanism of Hydrolysis Based on Models. The
present findings suggest that HSA has two catalylic sites (or CS-866.
for the following two reasons. Mutation at site 1 or site 1 disninishes
but does not abolish the hydrolytic activity. The hydrolytic activity is
inhibited by both warfarin (site 1 drug) and ibuprofen (site 11 drug).

In model | (Fig. 6). C5-866 occnpied the binding site of warfarin:
this is consistent with the results showing that warfarin inhibits the
hydrolytic activity of HSA. In site 1, the carbonyl oxygen atom of the
ester moiety formed a hydrogen bond with the side chain of Lys- 199,
and this hydrogen bond could function as an oxyanion hole. The
importance of Lys-199 indicated by the modef is consistent with the
decreased hydrolytic activity of the KI99A mutant and the HSA
variant produced by chemical modification of Lys. The catalytic
residue may be Glu-292; the distance between the oxygen atom of the
side chain of Glu-292 and the carbony! carbon of the ester moiety of
CS-866 was 4.8 A. The hydrophobic interaction between C8-866 and
Trp-214 indicated by the model is consistent with the diminished
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Fa. 7. Stereo drawings of ligands in site 1, A,

hydrolytic activity of the W214A mutant and the HSA variant pro-
duced by chemical modification of Trp.

Model 11 (Fig. 7) indicates that the mechanism of hydrolysis of

CS-866 is almost the same as that found in previous studies for

MA ET AL.
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modeling structuce for CS-866: B. crysial spucture for myristate-3 and -4 (PDB 1D 1HYZ). Relaxed steren viewing.

p-nitrophenyl esters, with the exception of the involvesient of Arg-
410 (Watanabe et al,, 2000; Sakurai et al., 2004), Instcad of Arg-410,
Lys-414 was used to create an oxyanion hole, The distance between
the hydroxyl oxygen atom of Tyr-d11 and the carbonyl carbon of the
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TABLE 5

Hydrogen bouds and elecironiatic imeractions in model 1 of HSA-CS-X66

ceanplex
Baonor Acoepror Diswance
A
Hydrogen bonds
Asn-394 N2 Tetrazole N2 20
Tyr-441 0, Ester -0~ 28
Lys-414 ,, =0 22
Ser-489 o, -0~ 17
0, Propan.2-of OH 4.1
Positive Negative

Electrostatic interactions

Arg~485 Nt Tetrazole N3 3.8

K3

ester mojety of CS-866 was 3.3 A, indicating that it is possible that
Tyr-d11 plays the role of a cathartic residue. The importance of
Tyr-4J1 and Lys-414 is consistent with the decreased hydrolytic
activity of the Y411A mutant and of the HSA vadants produced by
chemical madification of Tyr or Lys. In our model 11, CS-866 was
bound to the pocket for myristate-4 in site 1. The binding pockets of
the site 11 ligands ibuprofen and diazepam are unknown. 1f ibuprofen
binds to the pocket for myristate-4, our model 1l provides 8 mecha-
nism for inhibilion of hydrolytic activity of HSA by ibuprofen.

The present findings indicate thar hydrolysis of CS-866 by HSA is
dependent on AS, Another important factor is the orientation between
the catalytic active sitc on HSA and the ester region of the substrate.
There are differences between the eatalylic active sites and (he ligand-
binding sites of HSA. Furthermore, the residucs of Lys-199. Trp-214,
and Tyr-411 play important roles in this catalytic reaction, All of these

- experimental findings are consistent with the Jocking model that we
derived from computer simulation,
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