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evaporator until the volume of the sample was about 50 pl.

Capillery HPLC Separation and Sequencing—After evaporation, 10
ul of the sample wags injected into an ABI 173 A MicroBlotter Capillary
HPLC System (PerkinElener Life Sciences? 145). The sample was ma-
nipulated according to the manufacturer’s instruetions {User’'s Manual,
PerkioElmer Life Sciences). Meanwhile, the blotted membrave from
the capillary HPLC separation using a C,5 colwnn (5 pm, 15 % 150
mm, PerkinElmer) was in contact with an imaging plate for 48 h prior
to autoradiography analysis. The PVOF membrane was aligned with
the chromatogram of a peptide map from the ABI 173 A MicroBlotter
Capillary HPLC System. Portions of the PVDF membrane were excised
for sequencing on an Applied Biosystems Procise Sequencer with ref-
erence to the autoradiogram.

Docking of UCN-01 to hAGP—-The structure of hAGP has not previ-
ously been experimentally determined. As a model of the three-dimen-
sional structure of hAGP for ligand dockiug, we used the modeled
structure of hRAGP obtained by Kopecky et al, (46). The initial siructure
of UCN-01 was taken from the ervstal structare of the Chk1-UCN-01
complex (47, PDB 1D INVQ). The docking caleulation of UCN-01 to
hAGP was performed using the SYBYL FlexX (48) under the condition
that UCN-01 interacts with Trp-160. During the docking calculation,
the structure of hAGP and the ring conformation of UCN-01 were kept
rigid. The docking algorithm produced 158 different placements of
UCN-01 in hAGP. All placements were evaluated by SYBYL CScore
and were then ranked vsing AASS (Average of Auto-Scaled Scoves), as
follows in Equation 1.

AASS“"“““""‘“ = E

{

& Scorg®emet — mindi_Svore)!
- e »n
maxli_Score) — min(i_Score)|

tEq. 1)

In the AASS coleulation, n = 5 and i = F_Score (48), G_Score (49),
PMF_Score (505, D_Score (51), ChemSenre (52). Although the top &
placements had nearly the same AASS values, they were classified into
two types of binding modes. For each type, we chose the placement with
the best AASS value as the candidate binding mode. In the type I model,
UCN-01 is bound to a hydrophobic pocket formed by Val-11, Ile-44,
Phe-48, and Val-166. In the type I model, UCN-01 is packed into a
bydrophabic pocket consisting of Tle-28, Pro-131, Leu-138, Tyr-157,
and Trp-160.

Refinement of Docking Models—To vefine the docking models, the
coordinates of the atoms of UCN-01 and the atoms of hAGP within 10
A from UCN-01 were optimized to reduce the root mean square of the
gradients of poteatial energy below 0.05 keal mol™! A-1 using SYBYL
6.9.1 (Tripos, Ine., 2003). The Tripos force field was used for the molec-
ular energy calculation. The AMBER 7 charges (63) were used as the
atomic charges for hAGP. The Gasteiger-Hiickel charges (54 -57) were
uged as the charges for UCN-01. The cut-off distance for the non-bonded
interactions wag 10 A. The dist dep t dielectric constant of 4r
was used. Due to the lack of hydrogen atons in the modeled structure
of hAGP, the initial positions of the bydrogen atoms in the hAGP were
generated by the SYBYL.

Statistical Analysis—Statistical analysis of differences was per-
formed by one-way ANOVA followed by the modified Fisher's least
squarea difference method.

den

RESULTS

Phutolabeling of [PHIUCN-01 to hAGP—The autoradiogram
in Fig. 2 shows that the band of radiolabeled protein appeared
only upon the photoirradiation of hAGP with PHJUCN-01. The
radioactivity band indicated the incorporation of [PHIUCN-01
to hAGP via photoirradiation. No band of radiolabeled protein
could be observed for the sample without irradiation indicating
that no covalent attachment of [PH}UCN-01 to hAGP occurred
in the dark. Exposure to light for 30 min was sufficient for the
photeincorporation of PFHIUCN-01 to hAGP (Fig. 3). The re-
sulty indieate that PHJUCN-01 is photoactivatable and stable
in the dark.

Competition Experiments—In a previous study using ulira-
centrifugation methods, it was concluded that the binding site
for UCN-01 on hAGP parily overlaps with the binding site for
basic drugs, acidie drugs, and steroid hormones (58). In the
present photolabeling experiment, in order to determine the
photolabeling specificity of PHIUCN-01, we used staurosporine
and UCN-02 (a sterecisomer of UCN-01), which also bind
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FIc. 2. Photolabeling of hAGP with PHJUCN-01, Lane 1, sample
taken just prior to photoirradiation, Lane 2, sample taken after 30-min
photoirradiation (>300 nm). 50 pM hAGP was incubated with 0.08 uM
[*HJUCN-01 for 60 min prior to photoirradintion. The samples were
separated with 10% SDS-PAGE and electroblotted onto a PVDF mem-
brane for sartoradiographic analysia. .
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6. 3. Time course of PHJUCN-01 photoincorporation. 50 uv
hAGP was incubated with 0.08 pm [PHIUCN-01 for 60 min prior to
photoirradiation. Aliquots of 100 pl were taken from the mixture solu-
tion at each time point as stated in the figure during irradiation until 30
min. All samples were separated with 10% SDS-PAGE and electro-
blotted onto a PVDF membrane for autoradiographic analysis. PSL,
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hAGP, as competitors. All staurosporine analogs significantiy
inhibited photoincorporation, by more than 60% (Fig. 4), Other
competitors that we used were representatives of other hRAGP
ligands: an acidic drug (warfarin), a basic drug (propranolol),
and a stevoid (progesterone), Warfarin and propranolol inhib-
ited binding by less than 30%, but to a significant degree,
whereas progesterone inhibited binding by about 60% (Table 1).

Amino Acid Sequence of the Photolabeled Tryptic Peptides—
Tryptic peptides of the hAGP photolabeled with {PHJUCN.01
were separated by reverse phase HPLC using a C,; column.
The major radioactive peptides were eluted in 10.5-11.5 min
{Fig. 5, A and B). The fractions eluted within this time frame
were collected and concentraled with a SpeedVac evaporator
{or further capillary HPLC analysis. The concentrated sample
from previous HPLC analysis was separated and simuita-



UCN-01 Binding Site on Human al-Acid Glycoprotein

Autoradiogram

43 kDa—{ 4z

50

Radicactivity, PSL. (a.u.)

‘...
) 1 2 3 4 5 6 1

Fi6. 4. Photolabeling of hAGP with [°HJUCN-01 in the pres-
ence of competitors, Lune 1, no competitor; lane 2, cold UCN-01; lane
3, staurosporine; lane 4, UCN-02; lune 5, warfarin; lane 6, progesterone;
lane 7, propranolol, 50 uM hAGP was incubated with 0.08 um [PHJUCN-
01 and 250 um competitors for 60 min prior to photoirradiation. The
incubation mixture was irradiated for 30 min, separated with 10%
SDS-PAGE, and electroblotted onto a PVDF membrane for autoradio-
graphic analysis. #, statistically significant, compared with no compet-
itor; p <t 0.01, PSL, photostismulated fuminescence.

TanLe 1
Binding affinity constant and inhibition percentage by the competitors
Competitor K, Inhibition

w! % o
Cold UCN-01* 288 % 10° 86.33
Staurosporine” 113 x 107 68.54
UCN-02* 148 % 10° 61.52
Warfarin® 1.08 x 10° 16.43
Progesterone’ 1.00 % 107 58.71
Propranolol® 2,08 « 10° 26.26

“ Binding constant data taken from Ref. 38.
# Binding constant data taken from Ref 89,

neously blotted onto a strip of PVDF membrane using an ABI
173 A MicroBlotter Capiilary HPLC System. Autoradiographic
analysis of the PVDF membrane indicated that the radioactive
spot corresponded to the peak observed at 8485 min (Fig. 6, A
and B). Edman sequencing of this spot revealed an amino acid
sequence of SDVVYTDXK (Fig. 7), corresponding te Ser-153 to
Lys-161 of hAGP.

Photolabeling of Wild-type and Mutant rhAGP with
[PHJUCN-0I—Mutation of the 160th Trp residue of rhAGP to
an Ala residue (W160A) caused a significant decrease in pho-
toincorporation, by about 80%. In contrast, there was no sig-
nificant difference in photoincorporation of PHJUCN-01 be-
tween wild-type rThAGP and the rhAGP mutants W25A and
W122A (Fig. 8).

Docking of UCN-01 to hRAGP—We constructed models of the
docking of UCN-01 into the binding cavity of hAGP around
Trp-160, using the three~dimensional molecular model of LAGP
published by Kopecky ef al (46), to map the possible binding
sites of hAGP. Molecular modeling calculations revealed 2 po-
tential binding sites, type 1 and type I1, around Trp-160, both of
‘which were located in the outer region of hAGP (Fig. 94). Table
11 shows the distance and nature of interaction between donors
and acceptors in the models of types 1 and 1L In the type Il
model, UCN-01 is packed into a surface cleft consisting of
Ile-28, Pro-131, Ghu-132, Lys-1385, Leu-138, Tyr-157, Trp-160,
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Fia. 5. Reverse-phase HPLC separation of tryptic peptides of
hAGP photolabeled with [PH]JUCN-01. A, chromatogram of tryptic
peptides of hAGP photolabeled with [PHJUCN-01 detected at UV ab-
sorption wavelength of 210 mn, B, radioactivity of the reverse-phase
fractions (200 pl) was determined by scintillation counting. An aliquot
of 20 ul of the tryptic peptides was applied to a C,4-colamn and eluted
at 1 ml/min vsing an aqueons acetonitrile gradient in the presence of
gbl% trifluoroacetic acid (from 5 to 95% acetonitrile over the course of

min}.

A)
Fa
i LU ¥ LS 1 i 1
G 30 6 S0 120 150 180
Retention time (min)
B) i
v

N

F16. 6. Chromatogram of capillary HPLC and autoradiogram
of blotied PVDF membrane, 4, UV-abzorption (210 nm). B, autora-
diogram of blotted PVDF membrane. After purification of peptides
using reverse-phase HPLC, an aliquot of 10 ul of the evaporating
sample was applied to a C,4 column and eluted at 5 pl/inin using an
aqueous acetonitrile gradient in the presence of 0.1% trifluoroacetic
acid {from 5 to 95% acetonitrile over the course of 200 min). The blotted
membrane from the capillary HPLC separation was in contact with an
imaging plate for 48 h prior to autoradingraphy analysis.

and Lys-161 (Fig. 9B). The surrounding amino acid residues
within 5 A of the UCN-01 molecule include Lys-135, Tyr-157,
Trp-160, and Lys-161. The oxygen atom in the sugar ring of
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Fia. 7. N-terminal smino acid segquence analysis by the Edman -

degradation method and acid seq of the photola-
beled region of hAGP (iryptic peptides). PTH, phenylthiohydantein.
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i 8. Photolabeling of wild type, W25A, W1224, and W160A
with ["HJUCN-01. A sample of 50 pM rhAGP was incubated with 0.08
s PHIUCN-01 for 60 min prior to photnirradiation. The samples were
separated with 10% SDS-PAGE and clectroblotied onto a PVDF mem-
brane for autoradiographic analyais. ¥, statistically significant, com-
pared with wild type; p < 0.01. PSL, photostimulated luminescence.

UCN-01 is in contact with Lys-135, The C=0 group of UCN-01
was observed to form a hydrogen bond with the amino group of
Txp-160, and electrostatic interaction was observed between
the amino group of Lys-161 and both the 7-OH group and C=0
group of UCN-01. Furthermore, the aromatic ring of UCN-01 is
adjacent to Tyr-157 and Tyrp-160. In conirast, these interac-
tions were not observed in the type § model, in which UCN-01
was shown to be packed into a surface cleft consisting of Val-41,
Glu-43, Tle-44, Phe-48, Tyr-50, Val-156, Thr-158, and Trp-160
{data not shown).

DISCUSSION

The acute phase response alters the composition of carrier
proteins in plasma, which may affect the blood deposition and
transport of biomediators and drugs. Understanding the inter-
action of drugs with plasma proteins is essential to understand-
ing their systemic pharmacology and texicolegy. Thus, infor-
mation about the effects of the aeute phase response on the
figand binding ability of plasma can he used to optimize drug
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B

Fiz. 9. A, type 1 and IT docking models of UCN-01 and hAGP. Hydro-
phobic amino acids are shown in green. B, amino acid residues in a
sueface cleft avound Trp-160 that interacts with UCN-01 exhibited in
type II docking model. Dotted line, electrostatic interaction. drrew,
hydrogen bonding.

administration protocols in clinical practice. hAGP has heen
reporied to be a mgjor plasma protein that predominantly
binds basie drugs (60). However, protein binding studies sug-
gest that hAGP has 1 wide and flexible drug binding area that
accommeodates not ooy basic but also acidic and stervidal drugs
(61). A current model of the hAGP binding site depicis a buried
pocket with a negatively charged region that interacls with the
N termini of basic drugs (62). The tertiary structure of hAGP
has proven refractory to resolution, and structure-activity
studies using various approaches are needed Lo clarify ihe
nature of the binding site on this important protein.

The initial treatment protocol for UCN-01 was a 72-h infu-
sion administered at 2-week intervals, because certain cell
fypes (e.g. MDA-MB-468 breast carcinoma cells) required 72 h
of drug exposure before irreversible growth inhibition eccurred
{23). However, the clinical outcome of the first 9 paticnts
treated using this schedule demonstrated unexpectedly high
concentrations of the drug with a long terminal elimination
halflife t£:.). This led to a modification of the UCN-01 admin-
istration schedule, in which the recommended phase YL dose of
UCN-01 is administered as a 72-h continuous infusion at 42.5
mg/m?/d over a 3-day period. Second and subsequent courses
were administered for only 36 h at the saine concentration and
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TABLE 11
Interaction and distance between donors and accepiors in the model of types I and I
Denor Acceptor Interaction [Hstuace
A

Type I

UCN-01@NH,' Glu-43@0E2 Hydrogen bonding 2.793

Tyr-60@0H UCN-01@C=0 Hydrogen bonding 2.770
Type 11

Trp-160@NE1 UCN-01@C=0 Hydrogen bonding 2.878

Lys-135@NZ UCN-01@-O- Electrostatic 4.760

Lys-161@NZ UCN-01@0H Electrostatic 4,727

Lys-161@NZ UCN-01@C=0 Electrostatic 4.350

Tyr-157 UCN-01 Stacking 4.204

Trp-160 UCN-01 Stacking 2.878

infusion rate, which effectively reduced the administered dose
by 50% for the second and subsequent courses. In addition, the
time between courses was increased from 2 weeks to 4 weeks
(29), The extremely low clearance and small distribution vol-
ume of UCN-01 in humans may be partially caused by its high
degree of binding to hAGP (32), Whereas many drugs that
associate with hAGP have K, values of 10°-10° n~*, UCN-01 is
unique in its high affinity binding to hAGP, and has a K, value
of 8 X 10% M™', The results of this extraordinarily high binding
affinity include a low volume of distribution (which approxi-
mates the extracellular volume) and long #,4 (32). The pharma-
cokinetic effects of the high affinity of UCN-01 for interaction
with hAGP indicate that plasma levels of hAGP should be an
important consideration in planning of clinical treatment.
hAGP has been reported to be a major drug binding plasma
protein that interacts mainly with basic drugs (63). Previous
studies indicate that hAGP has 1 common drug binding site,
which appears to be wide and flexible (61). Characterization of
the binding site of UCN-01 on hAGP by Kurata et al. (58)
revealed partial overlap with amino acid residues implicated in
binding of basic drugs, acidic drugs, and steroid hormones. In a
previous attempt to further characterize the binding site, we
found that Trp-160 is particularly likely to play a major role in
the binding of UCN-01. However, because that conclusion was
the result of deducing the location of the 3 tryptophan residues,
other experimental approaches are needed to confirm it. Cur-
rently, no x-ray crystallographic data is available for hAGP,
which is a heterogeneous protein consisting of different iso-
forms and glycosylation states. that hinder crystallization.
Therefore, in the present study, we examined the possibility of
using UCN-01 as a photoaffinity-labeling agent. An ideal pho-
tolabeling reagent is stable not only in storage but also under
the conditions in which the experiments are performed. An-
other problem with reagent stability is covalent attachment in
the dark, either specific or nonspecific, to the protein under
study. All the advantages of photoaffinity labeling ave lost if
such covalent attachment occurs. In the present study, a cova-
lent bond was formed between UCN-01 and hAGP only upon
photeirradiation (Fig. 2).

The results of the presenf examination of photoinhibition by
staurosporine and -UCN-02 were as expected (Table I). It is
interesting that a change in the configuration of the hydroxyl
group of UCN-01 or substitution of a hydrogen atom at the C-7
position of UCN-01 caused a decrease in binding inhibition
effects, This confirms our finding that the substituent at C-7 of
the UCN-01 molecule governs the affinity of its binding to
hAGP, On the other hand, the extensive photoinhibition by
progesterone, but not warfarin or propranolol, suggests that
the binding site of staurosporine analogs overlaps to a greater
extent with the binding site of steroids. This sharing of a
binding region hetween UCN-01 and steroids is thought to be of
minimal clinical significance, given the increased hAGP con-

centration in cancer and the extremely high binding affinity of
UCN-01 for hAGP.

Sequence analysis of the major radioactive tryptic peptides
separated from hAGP photolabeled with (*HIUCN-01 showed
that these peptides correspond to amino acids Ser-153 to Lys-
161 of hAGP, In addition, no phenylthiobydantoin (PTH) de-
rivatives were detected at the 8th cycle, which corresponds to
the 160th Trp residue (Fig. 7), indicating that the covalent
bond formed upon photolabeling of [PHJUCN-01 to hAGP is
relatively stable under the conditions of Edman degradation,
and that it is highly likely that Trp-160 was photolabeled
by [*HJUCN-01.

All naturally occurring genetic variants of hAGP conserve
the 3 Trp residues in the protein aming acid sequence: Trp-25,
Trp-122, and Trp-160 (64). It is noteworthy that there is no
significant difference in the binding percentage of UCN-01
between the F1*S and A variants of hAGP (38). 2 of 3 Trp
residues of hAGP are relatively shielded from the bulk solvent,
whereas the third Trp residue is located on the periphery of the
domain. It has been deduced that Trp-25 is located deep in the
binding pocket, and that Trp-122 is located in the central
hydrophobic pocket of the protein (65), This suggests that Trp-
160 is the Trp residue that is exposed to the bulk solvent. We
also used site-directed mutagenesis to identify the key Trp
residue involved in UCN-01 binding. Photolabeling of wild-type
and mutant thAGP with [PHJUCN-01 revealed that photoin-
corporation was significantly lower for W160A than for the wild
type. In contrast, the level of photoincorporation observed for
the other 2 mutants, W25A and W122A, was comparable to
that of the wild type. These results strongly support the hy-
pothesis that Trp-160 is the key amino acid responsible for the
extraordinarily high affinity of binding between UCN-01 and
hAGP. : .

Previous studies have revealed the structures of UCN-01 and
staurosporine bound to the active conformations of Chk1l (47),
phospho-CDR2/cyclin A (66), and PDK1 (67). Coincidentally, as
observed in the present study, the most important differences
previously ohserved hetween staurosporine and UCN-01 com-
plexes are the contacts involving the 7-OH group of UCN-0L.
Komander e al, (67) analyzed the relative affinities of stauro-
sporine and UCN-01 for 29 different kinases, and found that
binding that was potently inhibited by UCN-01 tended to in-
volve molecules with a side chain that can directly form a
hydrogen boud with the 7-OH group of UCN-01, Taking into
account the experimental spectra and the unfavorable docking
energy, Zsila et al. (68) suggested that it is unlikely that cur-
cumin binds ingide the central cavity of hAGP. The present
docking models show that UCN-01 can interact with surface
clefts of hAGP containing Trp-160. The interacting amino acid
residues identified by the present type II model are consistent
with results of our previous experimental studies of chemical
modifications and protein binding (38), as well as those of
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present studies using photoaffinity labeling and site-directed
mutagenesis.

In order to further analyze the binding cleft of type II dock-
ing model, staurosporine and UCN-02, a sterecisomer of
UCN-01 with an o-OH group at the C-7 position, were used to
replace UCN-01 at the same position te produce another two
docking medels (data not shown). In general, all interacting
aming acid residues in the two latter models were similar to
those of the former, except that the o-OH group at the C-7
position of UCN-02 interacts with COOH group of Glu-132, in
contrast to UCN-01 where the C-7 8-OH group interacts with
Lys-161, On the other hand, no interaction of any form with the
amino acid side chain could be observed for the substituent at
C-7 position of staurosporine where hydrogen atom exists. An-
other amino acid residue that deserved attention was Lys-136
as its distance from the sugar ring of UCN-02 was more than §
A, the greatest among the three models.

The following sequence of binding affinity for hAGP has
previously bheen observed: UCN-01 > staurosporine > UCN-02
(38). The aromatic ring of UCN-01 is stacked on Trp-160, and
the hydrophobic interaction is strengthened by the electrostatic
interaction between the 7-OH group of UCN-01 and Lys-161,
which are located on the same side of Trp-160. In contrast, the
hydrogen bond between the 7-OH group of UCN-02 and Glu-
132, which is located on the opposite side, appears to weaken
the hydrophobic interaction, because the ring of UCN-02 has
been diverted away from Trp-160. The aromatic ring of stau-
rosporine is not diverted from Trp-160, due to the absence of
the 7-OH group. In order to gain deeper insight on the binding
mechanism of UCN-01 to hAGP, experiments using Glu-132
and Lys-161 hAGP mutants to examine the role of each mu-
tated amino acid residue in the high affinity binding of UCN-01
is currently underway in our laboratory.

Staurosporine is a natural product derived from fermenta-
tion extracts of several hacterial spevies. Staurosporine was
initially identified as a potent inhibitor of PKC, which is a
Ca?'- and phospholipid-activated kinase (69). Different iso-
forms of PKC are activated in response to growih factors that
act on receptor tyrosine kinases and 7-transmembrane domain
receptors (70). Studies have revealed that staurosporine is a
broad-acting kinase inhibitor with little specificity or selectiv-
ity for PKC (71). Recently, the staurosporine analog N-benzoyl-
staurosporine (PKC412) has been reported to exhibit strong
hAGP binding, and to have unusual pharmacokinetics similar
to those of staurosporine, which were not predicted by animal
studies (72). PKC412 is the only staurosporine inhibitor of
protein kinases other than UCN-01 that has been subjected to
a clinical trial, There has been a study of oral administration of
PKC412 once daily (73). It is interesting that PKC412 exhibits
complex pharmacology resulting from binding to hAGP. Pre-
clinical experiments had shown extensive binding of PKC412 to
human plasma proteins, with ~88-98% protein binding, de-
pending on the drug concentration (72). Rates of binding of
PKC412 to hAGP were particularly interesting. In the preclin-
ical experiments, the plasma concentrations of PKC412 were
higher, and the half-life was longer than predicted from animal
studies and single dose kinetics studies with healthy volun-
teers (72). In contrast to UCN-01, PKC412 was metabolized to
7-hydroxy-PKC412 and an O-demethyl-PKC412, both of which
also bound to hAGP. The major metabolite had a particularly
long half-life (74). It is possible that PKC412 and its metabolite
preferentially bind to hAGP in vivo, and this may account for
the longer than anticipated plasma half-life. The dynamics of
dissociation of PKC412 from plasma proteins and tissue distri-
bution of PKC412 are likely to be complex, and plasma levels
may not accurately reflect drug concentration in target tissues.

UCN-01 Binding Site on Human «l-Acid Glycoproiein

Because plasma pharmacokinetic evaluation is complicated by
protein binding and metabolism, studies using biologic mark-
ers of PKC inhibition can contribute to optimization of PKC412
administration.

CONCLUSIONS

Because of the potential implications of species-specific bind-
ing of UCN-01 to hAGP in human plasma for the development
of staurosporine analogs, studies of analogs of UCN-01 and of
PKC412, which lack hAGP binding or very weakly bind to
hAGP, shonld be conducted along with studies of the potential
usefulness of staurosporine pharmacophores. Characterization
of the binding site of UCN-01 on hAGP using photoaffinity
labeling and site-directed mutagenesis techniques has pro-
vided direct evidence that strongly indicates that Trp-160 plays
an important role in the binding interaction between UCN-01
and hAGP, In addition to the obvious pharmacokinetic impli-
cations of the extraordinarily high affinity of binding of
UCN-01 to hAGP, the present results suggest that hAGP is a
suitable platform for further design of nove! staurosporine an-
alog anticancer drugs, and also for evaluation of side effects
and drug interaction in clinical settings. The present results
provide clues te the design of future second-generation thera-
peutic agents, and can serve as a basis for future studies of
UCN-01 administered alone and in combination with other
anticancer drugs, particularly DNA-damaging agents.
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Abstract: The heme protein, cytochrome P450, is an oxidoreductase that plays an important role in drug metabolism.
To model P450s using molecular mechanics methods and classical molecular dynamics simulations, force field
parameters and atomic charges are required. Because these parameters are generally obtained by quantum chemical
methods, an appropriate simplified model for the iron-porphyrin system was needed. In this study, two models with a
five-coordinated Fe(IlI) mimicking the sextet spin state of P450s arc proposed, which are optimized by semiempirical
and ab initio unrestricted Hartree~Fock methods. The results produced vsing the simpler of the two models were similar
to those of the more complex model; therefore, the more simplified model of P450 can be used without a loss of
accuracy. Furthermore, several quantum chemical calculations were carried out on the simpler model to investigate
which method was most suitable for iron—porphyrin systems. The results calculated by hybrid density functional theory
(DFT), with the MIDI basis sct for iron, reproduced the three-dimensional swuctures determined by X-ray diffraction
and exlended X-ray absorption fine-structure cxperiments. Froya these results, atomic charges and force-field parameters
for molecular mechanics and molecular dynamics calculations were aobtained.

©® 2005 Wiley Periodicals, Inc.

J Comput Chem 26: 818826, 2005
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Introduction

Cytochrome P450 is a family of oxidoreductases with a wide
variety of substrates, and is among the most important cnzymes for
metabolism within the living body, P450s metabolize both endog-
enous and exogenous substrates. Steroids,! arachidonic acid,>?
and retinoid™” are all reported to be endogenous substrates of these
enzymes. Mctabolites from these substrates have important bio-
logical functions; therefore, P450 proteins play a significant role in
maintaining the homeostasis of the living body. They also metab-
olize exogenous substrates, such as drugs and toxic agents, and are
responsible for the metabolic activation of exogenous mutagenic
compounds. Around 20 P450s5 have been reported to play impor-
tant roles in drug metabolism in bumans® and to metabolize a
variety of different drugs.” Polymorphisms in some important
P450s, for example, CYP2C9, CYP2C19, and CYP2D6, are re-
sponsible for differing drug metabolism between individuals.®
Therefore, investigating whether a specific drug inhibits and/or is
metabolized by P450s is desirable in drug design studies.

P450s are monooxygenases that include 4 heme moicty axially
ligated to a cysteinyl (CYS) sulfur, Catalytic reactions occur at the
iron center of heme, and P450s gencrally insert an oxygen atom
into hydrophobic molecules between the carbon and hydrogen
atoms of a C—H bond or the two carbon atoms of a C—C bond.
The catalytic cycle of P450s is illustrated in Figare 1. The oxida-
tion state of the heme iron (Fe(11) or Fe(1ll)), the spin state (high-
or low-spin) and the number of ligands (five- or six-coordinated)
all play important roles in this cycle.” In the first step, the heme
iron is low-spin six-coordinated Fe(III). A water molecule is at the
coordination position trans to the CYS. Upon substrate docking,
the water ligand is unbound from the iron atom, Substrate binding
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Figure 1. Catalytic cycle of P450s.

jeads 10 an increase in the redox potential and, therefore, the
enzyme can accept an electron from an electron-donor molecule
such as NADPH or NADH. Fe(lI) is thus reduced to Fe(IT) and the
catalytic reaction proceeds to the next step of the cycle. Substrate
binding also generally causes a shift from a low- 10 a high-spin
state. In P450cam from Pseudontonas putida, which metabolizes
camphor, the redox potential increases from —300 mV to ~173
mV on substrate binding.'°

As previously mentioned, because high-spin five-coordinated
Fe(I1D) is closely related to substrate binding, computational cval-
vation of this state is important in studies of the drugs and toxic
agents that arc docked into P450 enzymes. Recently, several
iron~porphyrin coruplex models of P450s have been built using
quantum chemistry methods. Complex models with six-coordi-
nated iron,”' ' and models with substrates or inhibitors, such as
alkane, alkene, and nitric oxide,’*~'* have been examined using
varions computational methods, including Hartree~Fock calcula-
tions'® and density functional theories.!'™ ~'*3° However, there
have been few studies on jron—porphyrin models with high-spin
state five-ligated Fe(1T1).'*? Furthermore, there has been no sys-
tematic study of these five-coordinated Fe(Ill) iron—porphyrin
models using different methods and basis sets.

To investigate the interaction between P450s and various small
compounds in drug design trials, molecular mechanical (MM)
calculations and classical molecular dynamics (CMD) simulations
are gencrally suitable in terms of time and costs. Although sim-
plified ‘models are important for detailed investigations of the
chemijcal properties of proteins, whole protein structures that are
not simplified are indispensable in drug design investigations, such
as docking studics on simall molecules, virtual screening trials, and
de novo design. Several quantum chewical methods and QM/MM

methods for whole proteins have been developed,?'* but they are
too computationally expensive to investigate large numbers of
protein-ligand complexes, for example, in virtual screening.
Therefore, MM and CMD calculations are (he most suitable meth-
ods for drug design and development. Force ficld parameters are
indispensable in MM and CMD methods, and parameters for
molecules other than amino acids, such as heme, are often unavail-
able. Although sets of force field paramecters for the heme moiety
are available (http://pharmacy.man.ac.uk/amber/),” they are in-
tended for calculations of hemoglobin, myoglobin, and cyto-
chrome ¢, and are therefore not suitable for P450s. These param-
cters can be used for porphyrin rings, but parameters relating to
axial ligands of the iron atom (that is, CYS) have not yet been
determined. Furthermore, parameters only exist for heme with a
six-ligated iron atom and those for heme with a five-coordinated
iron atom, which plays an important role in the catalytic cycle of
P450s, remain to be calculated. In addition to force field parame-
ters, atomic charges are generally required for MM and CMD, and
the electronic states need to be investigated in order to calculate
these values.

Quaptum chemical cafculations with simplified modcls are
generally used to determine parameters and atomic charges for
MM and CMD. The results of quantum chemical calculations on
iron—porphyrin simplified models can be used in MM and CMD
calculations on whole P450s. In this way, it is possible to predict
substrate binding modes and complete virtual screening trials for
drug candidates. High-spin state five-ligated Fe(III), which is
related to substrate binding, plays a significant role in these cal-
culations.

In this study, models with five-coordinated Fe(1lI) are buift for
P450s and their accuracies are evaluated using geometry optimi-
zations via various quantum chemical mmethods. Furthermore, we
investigate which methods are most suitable for use with these
models. The parameters and atomic charges that are indispensable
in MM and MD calculations for P450s are also obtained.

Methods

The iron—porphyrin models used in this study are illustvated in
Figure 2. Model 1 is a detailed model of a P450 enzyme, which
includes the protoporphyrin TX with Fe(I1T) axially ligated through
the sulfur atom of CYS. An acety! group (ACE) and a methyl-
amino gronp (NME) are bound to the amino (N)- and carboxy
(C)-terminuses of CYS, respectively. Model 2 is more simplified
and includes the porphyrin with Fe(1ll) axially ligated to the sulfur
of a methylthio group, There are 95 and 42 atoms in models 1 and
2, respectively.

For each model, geomeltry oplimizations were carried out using
the following quantum chemical methods: semiempirical unre-
stricted Austin Model 1 (AM1); ab initio unrestricted Hartree—
Fock (UHF) molecular orbital methods; and unrestricted hybrid
density functional theory (DFT) combining five functionals—Har-
tree~Fock, Slater, and Becke exchange, and Vosko-Wilk—Nusair
and Lee~Yang-Parr correlation terms (UB3LYP). 3-21G*,
4-31G*, 6-31G*, and Tatewaki-Huzinaga’s MIDI*® with Hay’s
diffuse d?° basis sets were adopted. A different basis set was used
for the iron atom in some of the calculations. Tuble 1 shows the
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Figure 2. Two models of P450s uvsed in this study.

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

The atomic charges necessary for MM and CMD methods were
calculated from the optimized struciure, To apply these charges in
calculations using whole P450s, atomic charges were compuled for
the more complex model 1 using method INL. Various techniques
for atomic charge calculations using quantum chemical methods
have been proposed.?”-*' This study used RESP method,**?!
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. ln AMBER program, total charges of amino
acid residues are defined as integer values when the ACE and

Tabte 1. Quantum Cheinical Methods Used in This Study.
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Figure 3. Structural changes to calculate 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
were used.”!

Mode) 2 was used 1o calculale the force field parameters, As
shown in Figure 3, energy changes with Ye—S bond bending,
Fe-$-C angle bending and torsional motion around Fe—S were
calculated using quantum chemical methods, and parameter fitting
was carried out using calculated energy profiles. In uddition to

(a) Model 1

1 m
Method AM1 URF
Basis sets for H, C, N, O and S AM] 321G*
Buasis sets for Fe(Ill) AMI MIDI®

(b) Model 2
i ii iit v v vi vii viil ix

Method AM1 UHF UHF UHF UHP UHF UHE UB3LYP UB3LYP
Basis sets for H, C, N and § AMI 3-21G* 3-21G* 4-31G* 4-31G* 6-31G* 6-31G* 4-31G* 4-31G*
Basis sets for Fe(lll) AM1 3-21G* MIDY 6-31G* MIDr 6-31G* MIDI? 6-31G* MIDP*

*Tatewaki-Huzinaga MIDI plus Hay’s diffuse basis sets.
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parameters around Fe—S, parameters for interactions between iron
and porphyrin were also determined (o reproduce the location of
the iron atom, which js out of porphyrin plave in high-spin state.
To caclulage 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
located in the place where angle Dul-Fe-Du2 is equal to 90°) as
shown in Figure 3d and e, respectively, and the energy profiles
were calculated. For this purpose, the least-square method was
performed to minimize the standard deviation (SD) i eq. (1),

$D= 3 (E(QC) ~ EMM))? 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 MIDI basis sets for iron and
4-31G* for other elemeuts. PARM94 parameters® [eq. (2)] in
AMBER were adopted as the force field,

B = 2 Klr—=r+ 2 Ky(f~ 0,F

honds angles

v, . . Ay By 44y
; _ Ay By, a4\,
+ 3 ; (1 + cos(nd — y)|+ ;(R,‘f RY N &Ry @

dihedrus

where the first and second terms, which are rtelated 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 X, 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 v is the phase.
The last term describes nonbonded interactions. fo this study,
AMBER PARMY4 and Giammona's patameters (hitp:/pharmacy.
man.ac.uk/amber/) were used to calculate the energies of iron—
porphyrin systems, with the exception of parameters around iron
atom.

To validate the parameters obtained, MM caleulations of
P450cam with five-coordinated Fe(lll) were camied out and the
structures were compared before and after the calculations. The
experimental crystal structurte determined by X-ray diffraction
(PDB TD: 2CPP)** was used for the initial structure of P435(cam.
Because hydrogen atoms were not detertmined in this experimental
structure, they were added by using the “Protonate” maodule of
AMBER 6% Furthermore, the side-chain atoms of Lys214, which
were missing i the crystal structure, were added using the
“Biopolymer™ module of SYBYLG.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
P450cam was then carried out. For all MM calculations, the first
1000 steps were completed using the steepest-descent method, and
the rest of the caleulation was caried out using the conjugate-
gradient method until the energy 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 n the
refinciment,

AM]1 calculations were carried out using MOPAC2002.*¢ UHF
and UB3LYP caleulations were performed using Gaussian98.%

N: N N, plane

\I,c/ﬁistance between an iron
‘ atom and N, plane
S
\\

Tigure 4. Distance between jron atom and Ny plane.

The calculation of RESP charges and the MM calculations on
P450cam, carried out to validate the force field parametets around
Fe—S, were completed using AMBER 6.* An SGI OCTANE
workstation with MIPS R12000 dual processors and IRIX 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
ungles, and distances between the iron atom and N, planc (illus-
trated in Fig. 4) avc shown in Table 2 (Other bond length and bond
angles are illustrated in Supplementary Material). In addition 10 the
computational results, experimentally determined structures for
high-spin state P450, homologous enzyme, and mode} compounds
with five-coordinated Fe(ILl) are also described. Four experimental
results arc mentioned: EXAFS 1, which is the structure of
P450cam using extended X-ray-absorption fine structure (EX-
ATS);*® EXAFS 2, which is the structure of chloroperoxidase from
EXAFS;* X-ray 1, which is the structure of P450cam by X-ray
diffraction;’ and X-ray 2, which is the structure of
Fe(PPIXDME)(SCGH,NO,) by X-ray crystallography.*® Compu-
tationally determined bond 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 jron atom obtained by AM1. Using UHF
methods, the diflerences in bond length between the two models
were within 10 2 &, with the exception of Fe—S8 hond length, and
the differences in bond angles werc all within 1. The structural
differences calculated by AM I methods without structural features
near the iron atom were similar to the UHV results. These results
suggest that the wmore simplified model 2 is sufficiently accurate to
calculate the structural features of iton—porphyrin systems. Be-
causc the numbers of atoros 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 (RMSDs) of the porphyrin moietics between the
two models were calculated as 0,142 A and 0.068 A using the
AM1 and UHF methods, respectively. If experimental structure
determination is repeated on the same protein, experimental ecror
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 mode] 2 would be suitable tor investigations into the structural
feagures of P450s,



822 Oda, Yamaotsu, and Hirono « Vol. 26, No. 8 + Journal of Computational Chemistry

Table 2. Optimizcd Structures of Model 1 and 2.

(a) Bond lengths around Fe/A

Mecthod EXAFS ] EXAFS 2 X-ray | X-ray 2 1 i m ]
Fe—§ 2.23 2.30 2.20 2.324 2.209 2242 2.532 2482
Fe—N 2.06 2.05 205 2,064 2.114 2.038 2170 2.163
(b) Bond angles around Fe/degree
Method X-ray 1 X-ray 2 1 i m i
N,~Fc—N,, 155.6 155.7 152.7 167.0 145.2 144.7
N —~Fe—Ny 874 87.5 86.8 89.3 84.9 84.7
(¢) Distances between N, plane and Fe/A
Method X-ray 1 X-ray 2 I i mx iii
Ny—Fe 0.43 0.434 0.498 0.234 0.648 0.655

The structures of model 1 and 2 optimized by AM1 and UHF are compared with experimemtal structures.

Following on from the results mentioned previously, geometry
optimizations of mode]l 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 {eatures not related to the iron atom, almost all of the
computational results reproduced the experimental results, with
only a few exceplions when using methods jf and iii. However, for
structura) 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) - ¢ - i(model )|

24

22 F

distance/A
P

FeS  N-C,  C.C,
FeN  C.C,  $-C

(a) AM1

quantmn chemical elucidation of P450 structures. Although
method vii required a much longer time to complete the calculation
than method 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). Fast and accurate calculations arc desirable for the prep-
aration of MM and CMD, because many calculations arc required
to obtain energy profiles. Therefore, the 4-31G* busis set seems to
be more suitable for H, C, N, and S atoms than 6-31G*,

The AM! method produced reasonable values for Fe—S and
Fe—N bond Jengths, which indicates that AM1-d parameters are
effective in calculating bond lengths. However, despite this find-

| —o— I (model 1) » - - il (model 2)

26
24 ¢
22

18 |

distance/A

1.6
14

2 FeS NG, C.C,

FeN  CoC  SC

(b) UHF

Figure 5. Comparisons of bond lengths in model 1 and 2 optimized by quantum chemical calculations.
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(n) Optimized by AM1

(b) Optinvized by UHF

Figure 6. Superposition of model 1 and 2. Mode] 1 is illustrated in
light gray and model 2 in dark gray.

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 initic UHF
methods. Therefore, AMI could to be appropriate for rough ap-
proximations or the initial calculations of more accurate methods.

The UB3LYP method viii, 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 Mode} 2.

Hoan
0.077 0.077 0.172
H. i H, / -0432
}r/\""’" 2 H
L0827 00R2 -0232 H -0, 0.192
o : fl19y !

0.166

-0.267
G970
0,068
0
Oogis M /0028

oges  HoO7

0.2,

11 4 H
0.222 -0.368 0.098

Figure 7. RESP charges calcnlated for model 1.

and ix, the latter produced more reasonable values for structural
features 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 illustrated in Figure 7,

(a) Bond lengths around Fe/A

Method EXAFS 1 EXAFS 2 X-ray 1 X-ray 2 i il v v vi vii viii ix
Fe—S 2,23 230 220 2,324 2242 2489 2482 2434 2464 2473 2358 2441 2.324
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 Keray 1 Xeray 2 i ii iv v vi vl viil ix
N,—Fe—N,, 155.6 155.7 167.0 145.0 140.3 148.0 149.7 147.1 168.2 153.7
N, ~—Fe—Np 874 87.5 893 84.8 834 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 vii viii ix
N,—Fe 043 0.434 0.231 0.648 0.655 0.744 0.591 0.558 0.588 0.206 0.479

Optimized structures using various quantum chemical methods for mode] 2 compared with experimental results.
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Figure 8. Energy profiles of model 2. The rclative value of the energies obtained by UB3LYP
(solid line), nonbonded interactions by AMBER force-field (dashed linc) and the differences
between the solid and the dashed line (alternate long and short dash line) arc illustrated.

energy profiles for bond stretching, angle bending, and torsional
motion are shown in Figure 8, and the resultant parametcrs arc
described in Table 4. The harmonic—oscillator approximations,
which play important roles in force fields, cannot be adopted for
bond lengths and angles that are far from equilibrium interuclear
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 beading, betwcen 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
calculated belween 5 and 40° becawse of the symmetry of porphy-
rin. These parameters were calculated to fit the energy differences
between the UB3LYP calculations and the nonbonded 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 1o other values. Furthermore, the equilib-
rium bond length (r,,) of Fe—S and the equilibrium bond angle
(0eq) of Fe~S-C were 2.377 A and 100.8%, respectively, which is
consistent with experimental results.

To validate the calculated atomic charges and parameters, MM
calculations of P450cam with five-coordinated Fe(II) 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
calcnlations were highly similar—the RMSD was only 0.394 A,
This suggests that the force ficld 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 Calculated by Energy Profiles of Madel 2.

(a) Parameters for bond stretching

K Jieal (mot A%~ req/A
Fe—S8 87.589 2377
Fe—N 64.594 2.200

(b) Paramcters for angle bending

Kgfkeal (mof radian?) ™! 6.q/degree
Fe—S—C 21.646 100.8
N, ~Fe—N, 19.683 135.6
N,—Fe—N, 27.911 88.1
N—fe—5 13.277 N0
C—N-—Fe 47.739 1243

(c) Pararpeters for torsional motion around ¥e—S bond

No. of paths V,/keal mol ! yidegree n

X—Fe—S5—X 1 0.034 0.0 4.0

side-chain atoms of protoporphyrin 1X) was only 0.135 A. This
suggests that the calculuted 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 accomplished 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
paramelers 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 stndy. The results of computa-
tional docking studics on these models with (S)-mephenytoin,
which is one of the specific substrates of CYP2C19, reproduced
the experimental enzyme activities without exception, Further-
more, in the calculated thrce-dimensional structare 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
basis set for iron and the 4-31G* basis sel for other elements,
appear (o be suitable for preparing force ficld parameters for
MM and CMD.

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

biopolymers, ligand-protein interactions arc represented by
only van der Waals and Coulombic terms. Static structures of
ligand—protein complexes, especially inhibitor-protein 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 dynaimic properties of
substrate—protein complexes, classical mechanical methods are
inadequate because clectronic state changes induced by ligand
docking play significant roles in these systems. To these pur-
poses, quantum chemical treatment of complexes, for example,
QM/MM method or all-electron calculations, are indispensable.

Conclusions

Simplified models are useful if a number of quantum chemical
calculations arc required on large systems, such as P450s. In
this study, an Fe(ILl) porphyrin with a methylthio group as jts
axial ligand was used in place of Fe(TIT) 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 hasis sets are preferable for iron, and
that the UB3LYP method is appropriate for high-spin state
iron—porphyrin systems with five-coordinated Fe(III). Although
the semiempirical AM!1 method gave the second-best results
after DFT, the structure around the iron 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 trapsition
metals. As the AMT method is highly time-effective, more
detailed studies of its strengths and weaknesses are required.
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 nove 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 betne and Cys357 before and
after minimization (dark and light gray, rcspectively) using the AM-
BER force-field with obtained parameters.
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2 C Mo,
NHe—R  + A/\X—Es—’ Ho > N
X =80l 0_*&0

Primary amines reacted with carbonate salts (NayCO3, K-
COj, Cs3C0;, and AgeCO3) 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 bieyclo[2.2.1]
intermediate. The present reaction ean 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 amine 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 as DUP-105,° DUP-721,% and linezolid
(Zyvox)®®4 have attracted much interest as monodrug- or
multidrug-resistant antibacterial agents.® Barly 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
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Note

SCHEME 1
0 R
M,CO, -
NH;—R & A/\ _ MLY% HO/Y\N
X base Osi\
AV T
1b: Rebonzd  2b: X= 3b: R=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 eyclic 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 (Css-
COy) and proposed a mechanism by which carbon dioxide
derived from Cg;COj; reacted with the intermediate (2-
alkyl-3-aminomethyloxirane) to form oxazolidinone.!
However, thege reactions did not give a high yield of
oxazolidinone.

We have recently found a simple method 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

(6) (a) Newman, M. S.; Kutner, A. J. J. Am. Chem. Soc. 1951, 73,
4199—4204. (b) Lubell, W.; Rapoport, H. J. Org. Chem. 1889, 54, 3824~
3831, (c) Bonner, M. P.; Thornton, E. R, J. Am. Chem. Sce. 1991, 113,
1299-1308, (d) Palomo, C.; Berree, F.; Lindent, A.; Villalgordoe, J. M,
J. Chem Soc., Chem. Commun, 1994, 1861~1862. (e) Efskind, J;
Ron';ming, C.; Undheim, K. J. Chem. Soc., Perkin Trans. 1 1899, 1677
1684.

(7) (a) Lynn. J. W, U. 8. Patent 2,976,187, 1961; Chen, Abstr, 1961,
55, 16568, (b) Steele, A. B, U, 8. Patent 2,868,801, 1959; Chemn. Abstr.
1959, 63, 10261.

(8) (a) Hu, N. X.; Aso, Y.; Otsubo, T.; Ogura, F. J. Chem, Soc., Chem.
Commun. 1987, 1447—~1448, (b} Lewis, N.; McKillop, A.; Taylor, R. J.
K.; Watson, R. d. Synth. Commun. 1995, 25, 561-5668, (c) Li, G.;
Lenington, S.; Willis, 8.; Kim, 8. H. J. Chem, Soc., Perkin Trans. 1
1898, 1753-1764. (d) Feroci, M.; Inesi, A,; Mucciante, V.; Rossi, L.
Tetrahedron Lett. 1999, 40, 60596060, (d) Tanimori, 8.; Kirihata, M.
Tetrahedron Lett. 2000, 41, 6786—6788. (e) Casadei, M. A.; Feroci, M.;
Inesi, A.; Rossi, L.; Sotgiu, G. J. Org. Chem, 2000, 65, 47594761, (f)
Caggiano, L.; Davies, J.; Fox, D. J.; Moody, D. C.; Warren, S. Chem.
Commun, 2008, 1650—1651. (g) Dinsmore, C. J.; Mercer, S. P. Org.
Lett. 2004, 6, 2886—2888, (i) Eila-Menye, J.-R,; Sharma, V,; Wang, G,
J. Org. Chem. 2008, 70, 463469,

(9) (a) Toda, T. Chem. Lett. 1977, 957958, (b) Saito, N.; Hatakeda,
K.; Ito, 8.; Asano, T.; Toda, T. Heterocycles 1981, 15, 905--9806. (c) Toda,
'T. Nippon Kogaku Kaishi 1982, 2, 282288, (d) Saito, N.; Hatakeda,
K,; Ito, 8.; Asano, T.; Toda, T. Bull. Chem. Soc. Jpn. 1888, 59, 1629~
1631. {e) Toda, T.; Kitagawa, Y. Angew. Chem., Int. Ed. Engl. 1987,
26, 334~335, (f) Saito, N.; Hatakeda, K.; Ito, 8.; Asano, T.; Namai, Y.;
Toda, T. Agric. Biol. Chem, 1987, 51, 11931194,

(10) (a) Asano, T.; Saito, N.; Ito, S.; Hatakeda, K.; Tode, T. Chem,
Lett. 1978, 311-312, (b) Saito, N.; Hatakeda, K,; Ito, S.; Asano, T,
Toda, T. Nippon Kagakwe Kaishi 1988, 9, 11961201,

(11) Yoshids, M.; Ohehima, M.; Todg, T, Heterocycles 1983, 35, 623—
626.
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TABLE 1. Conversion Conditions of Six-Membered
Ring 4b to Five-Membered Ring 3b

N/\Ph

HOf\ N/\ £h "
MeOH
oo - o4&
4b ' 0

molar ratio yield (%)
4W/1ibY bage recovery

run® KyCOs/base (equiv) reaction 3b 4b

1 reflux, o.nc 100

2 rt, stirring, o.n. 94

3 reflux, 2 hr quant

4 DBU reflux, 5.5 hr 96

] TEA reflux, o.n. 100

6 TEA (3), reflux, o.n, quant,

DBU (1)

o All reactions were carried out in MeOH. ? 1b = NH,CH;-Ph,
¢ 0.n. = overnight.

(3a) obtained from allylamine (1a) was determined, in
detail, using ‘H NMR, B3C 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
8a by the reaction using isotopic Ag,**COj, (98% atomic
purity of 13C) instead of K,COy.

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 K3COg (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
wmeasured. 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
oxazolidinene in TLC (the value of Rywas 0.58; chloroform/
methanol = 10:1) enlarged with the reaction time. These
facts support that oxazinanone is an unstable intermedi-
ate (kinetic product) in the reaction,

For further confirmation of oxazinanone formation in
the reaction process, the isomerization of N-benzyl-5-
hydroxyozazinanone (4k) to N-benzyl-5-hydroxymethyl-
oxazolidinone (8b) was examined as shown in Table 1.
When only 4b was refluxed in methanol, 83b 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 K-
CO; gave 3b in 94% yield (run 2). These facts showed
that K2COQj i8 necessary for the conversion of 4b {o 3b.
Furthermore, under reflux for 2 h, 3b was obtained
quantitatively (run 3). The use of DBU instead of K2CO;

(12} (a) Takeuchi, 8.; Uzawa. J.; Seto, H.; Yonehara, H, Tetrahedron
Lett. 1977, 34, 2943-2946. (h) Seto, H.; Sasaki. T.; Younchara, I;
Uzawa, J. Tetrahedron Lett. 1978, 10, 923-926. (c) LSPD (long range
eselective proton deconple) was used to detect the ring protons adjacent
to the nxygen and nitrogen atoms linked to carbonyl carbon.

(13} Osa, Y.; Sato, Y.: Hatono, A; Takeda, K.; Takine, K; Takay-
anagi, B.-Anal. Svi. 2003, 19, x17-x18,

(14Y The Aldrich Library of FT-IR Spectre, Edition 1I; Aldrich:
Milwaukee, 1997.
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also gave 3b in 96% yield (run 4), but by the use of TEA
instead of K,CO3 4b was quantitatively recovered {run
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 six-membered
cyclic carbamate to five-membered cyclic carbamate
perfectly proceeded in the presence of KoCO; or DBU but
did pot eceur in the presence of only TEA. These results
mean that a strong base or a basic condition is necessary
to form 3b.

Furthermore, total molecular energy calculation of
compounds 3b and 4b was carried out by the use of
Merck Molecular Force Field (MMFF94).2 The total
energy of 8b is 31.2 kcal/mol and that of 4b is 34,1 keal/
mol. Therefore, the calculation result shows that oxazo-
lidinone is more stable than oxazinanone. This result also
supports that the six-membered ring is an infermediate
of the reaction process. Wang et al. also reported six-
membered ring oxazinanone was converted to more stable
5-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
1) are supposed to form an intermediate D. In route I,
first, primary amine 1 attacks the C—X bond of halo-
methyloxirane 2 to afford an intenmediate A. Subse-
quently, a carbonate ion attacks A to form the intermedi-
ate D. In route I1, 1 attaches the oxirane ring of 2 to give
intermediate B. As oxirane ring 2 may be more electro-
philic than the C—X bond in the case of an attack of the
alicoxide ion,’ a firgt 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 ainino nitrogen
attacks the carbonyl group in D to cyclize intramolecu-
larly to a six-membered ring of oxazinanone (4). In the
mechanism, the intermediate D ean eyclize only to six-
membered oxazinanone, not five-membered oxazolidi-
none. Two routes Il and IV are considered as the
conversion process of oxazolidinone (3) from compound
4, In route III, the alkoxide ion in intermediate E under
strong basic condition attacks intramolecularly the car-
bonyl carbon to give a bicyclo[2.2.1§ intermediate F, which
i 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
carbonyl carkon of the oxazinanone (intermediate G) to
open a ring structure. The resulting alkoxide ion (in-
{ramolecularly} 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) Halgren, T. A. J. Am. Chem. Soc., 1992, 114, 7827—-7843.
(b) Halgren, T. A. J. Comput. Chem, 1996, 17, 490~519.

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

{17} The texthook of organic chemistry (for example, the book written
by Warren'} described the oxirane ring of epichlorohydrin is more
electrophilic than the C—Cl bond with alkoxide. Therefore, the carbon-
ate ion was reacted with the oxirane ring of epibremohydrin.
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ionin route IV. Therefore, we think route Il may be more
reasonable, Compound 4 will be formed as a kinetic
product and 3 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)oxirape and amine with CO, derived
from CsyCOj3 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 (Cs,CO3)
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 mechanism, 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 (6) and K.COs.
Though the reaction of 8 and KoCOj; (dried in vacuo at
120 °C for 10 h) in anhydrous DMF gave no proeducts
under the anhydrous condition, the addition of TEA to
the solution containing 5 and XK;CO; in anhydrous DMF
under anhydrous condition afforded a diol (8) which was
obtained by hydrolysis of the carbonate intermediate I

in 43% yield!® (Scheme 3). The preparation of the product, .

diol (6), 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,
oxazolidinone, 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 3b

Q KGO, TEA - CHePh
PhCHNH, +
JAVaW o HO/\(O:{\
i 28, X=Br 0
2b, X=C}
wmolar ratio yield of
run X 1/2/K,COyTEA reaction 3b (%)
1 Br 1111 rt,ond 28
2 Br 1:1:1:1 reflux, o.n. 37
3 Br 1:2:2:2 rt, o.n., 29
4 Br 1:3:1:1 rt, o.n. 61
g Br 1:6:5:8 Tt 0.5, 68
6 Br 1:5:5:0 reflux, o.n. 76
7 Br 1:5:6:5 reflux, o.n, 83
8 Br 1:10;10:10 rt, 0.0, 58
9 Br 1:10:10:10 reflux, o.n. 88
10 Cl 1:5:5:6 reflux, o.n. 81

2 p.n, = overnight.

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

The use of one molar ratio of 1b, 1 or 2 molar ratio of
2b, K,CO;, and TEA gave a low yield of 3b (runs 1 and
3), and the yield of 3k did not increase even under reflux
(87%, run 2). Excess amounts (5 or 10 molar ratios) of
2a, K;CO4y, and TEA to benzylamine 1b at room temper-
ature gave 3b in 68% and 58% yields (runs 5 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 3b
wasg lower than that in run 7 (run 8). 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-
methyloxzirane 2b instead of bromomethyloxirane 2a gave
almost the same yield of 3b (819 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 8 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. NayCOj, Cs,CO;g, and Ag,-
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
cyclohexy! groups. When the reaction conditions of pri-

(19) Osa, Y.. Sato, Y.; Oshimote, M.; Takino, K; Takeds, 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 3b Using Various Carbonate

Salts
o] . CH,Ph
PRCHNH,  « , , M2003 /TEA /\(\ 2l
Br  MeOH ’Q
ib 2a
molar ratio
1b/2a/ yield of
run® MyCO3 M3COyTEA reaction 3b (%)
1 KqCO4 1:5:5:5 reflux, under Ar, 0.0.b 83
2 NaCOs 1:5:6:6 reflux, under Ar, 0.n. 77
3  Rb,COs 1:5:5:6 reflux, under Ar, o.n. 28
4  Cs.COy 1:5:5:6 reflux, under Ar, o.n. 82
6 LisCOy 1:6:5:6 reflux, under Ar, o.n. 25
6 Ag,COg 1:5:5:6 reflux, dark, under Ar, o.n. 75

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

cs

FIGURE 1,
SCHEME 4
i R KoGOy R
NngQ-@-n . f E \ch Ho/\o(\N/—< >—
[+]
4b:R=H 7 8:ReH (80%)
dc:R=Br 8 R=Br(82%)

mary amine 1 (2 equiv), bromomethyloxirane 2a (2
equiv), and Ag.CO; or K,CO; (1 equiv) in methanol
stirring overnight at room temperature were used, 36—
B0% yields of the corresponding oxazolidinones were
obtained based on each amine. Application of similar
optimum reaction conditions to benzylamine will give
higher yield of oxazolidinones. The use of aniline as
aromatic arpine 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 (S)-chloro-
methyloxirane (7) with benzylamine (1b) and p-bro-
mobenzylamine (1¢) under similar conditions to the above
method to give oxazolidinones 8 and 9 were carried out
(Scheme 4). The stereo siructure of N-(p-bromobenzyl)-
5-hydroxymethyloxazolidin-2-one (%) 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 at the 5—position of the oxazolidinone

(20) X-ray data was deposited in l;he Cambridge Crystallographic
Data Centre in CIF format as CCDC 269747 for 9. i
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nucleus (Scheme 4). The results support route I in the
reaction mechanism (Scheme 2) because route II 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 precedure, mild reaction conditions,
high reaction yield, and high selectivity and will be usefual
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 Oxazolidinene. Primary amine (1
nmmel ratio) was added to methanol {5 mL) containing an excess
amount of halomethyloxirane (5 or 10 mmol ratio), K,COa (5 or
10 mumel ratio), and TEA (5 or 10 mmol ratio) under reflux
overnight. After the solution was cooled to reom temperature,
the reaction mixture was filtered for removing the solidified,
unreacted carbonate salts. Then, the organic layer was evapo-
rated and the residue was solved in AcOEt. The oxganic layer
was washed with NaCl aq and dried wsing NayS0;. The solvent
was evaporated in vacno. The residue was isolated by silica gel
eolumn chromatography with chloroform/methanol (10:1).

N-Benxyl-5-hydroxymethyloxazolidin-2-one (8b): yield
88%: as a pale yellow solid; mp 69—70 °C; IR (film) 32003620,
1730 em~'; 'H NMR (600 MHz, CDClg) é 3.32 (1H, dd, J = 6.5,
8.0 Hz), 344 (1H, 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, I1H, J =
16.0 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 + HY*. Anal.
Calcd forCnHmNO—c. C, 63 76; H, 6.32; N, 6.76. Found: C, 63.59;
H, 6.3%; N, 7.01.

N-Benzyl-5-hydroxyoxazinan-2-one (4b). To a methanol
{4 mL) solution of bromomethyloxirane 2a (171 4L, 2.0 mmol)
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 evaporaied in vacuo, and then the
yellow residue was purified by silica gel column chromatography
with chloroformvethy! acetate (5:1) to give the pure product 4b
(163 g, 39% unoptimized yield) as a pale yellow solid: mp 114~
115 °C; IR (KBr) 32003620, 1678 cm™!; 'H NMR (600 MHz,
CDCly) ¢ 3.17 (1H, ddq, 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
(IH, dd,J = 2.5, 12.0 Hz}, 4.43,4.61 (1H, d, 7 = 15.0 Hz), 7.24—
7.32 (6H, 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 mn/z 207 (M)*. Anal.
Caled for C11HyaNO;: C, 63.76; H, 6.32; N, 6.76, Found: C, 63.62;
H, 6.41; N, 6.66.

(R)- N-ip-Bromobenzyl)—ﬁ«hydmxymethyloxazohdm-2-
one (9). p-Bromobenzylamine hydrochloride e (100 mg, 0.45
nmol) was removed by washing with NaOH aq: yield 82% as
prisms; mp 109-110 °C (crystallized from ethyl acetate); [a]®p
= —12.5 (¢ 0.933, MeOH}; IR (film) 3200—3620, 1729 cm™*; 'H
NMR (600 MHz, CDDCly) 6 8.32 (1H, dd, J = 7.0, 8.0 Hz), 3.40
(1H, dd, J = 8.0. 10,0 Hz), 3.57 (1H, dd, J = 12.0, 4,0 Hz), 3.83
(1H, dd, J = 12,0, 5.0 Hz), 4.32, 4.37 (1H. d, J = 15.0 Hz}, 4.55
(1H, di, J = 10,0, 7.0, 5.0, 4.0 Hz), 7.13, 745 (1H, d, F = 8.0
Hz); '*C NMR (150 MHz, CD3Cly) 5 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 CqugNOgBl‘: C, 46.18; H, 4.23; N, 4.90. Found; C,
46.16; H, 4.28; N, 5.09.

Supperiing Information Available: Experimental de-
tails. This material is available free of charge via the Internet.
at hitp:/pubs.acs.org.
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ABSTRACT:

In the present study, we investigated the esterase-like activity of
human sesum albumin (HSA) and the mechanism by which & hy-
drolyzes, and thereby activates, olmesarian medoxomil {CS-866), a
novel angiotensin i receptor antagonist. CS5-866 has previously
been shown to be rapidly hydrolyzed in serum in which HSA ap-
peared to play the most important role in catalyzing the hydrolysis.
We found that the hydrolysis of CS-868 by HSA followed Michaelis-
Menien kinetics. Compared with the release of p-nitrophencl from
p-nitrophenyl acetate (PNPA), CS-886 showed lower affinity to HSA
and a lower catalytic rate of hydrolysis. Thermotynamic data in-
dicated that PNPA has a smaller value of activation entropy (AS)
than CS-866; consequentily, PNPA is more reactive than CS-866.
Ibuprofen and warfarin acted as competitive inhibitors of hydroly-

sis of C8-868, whereas dansyl-L-asparagine, n-butyl p-aminoben-
zoate, and diazepam did not. These findings suggest that the
hydrolytic activity is associated to parts of site | and site il for
ligand binding. All chernically modified HSA derivatives (Tyr-, Lys-,
His-, and Trp-modifications) had significantly lower reactivity than
native HSA; Lys-HSA and Trp-HSA had especially low reaciivity. All
the mutant HSAs tested {K199A, W214A, and Y411A) exhibited a
significant decrease in reactivity, suggesting that Lys-199, 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
derived from the experiments.

Ester prodrugs are hydrolyzed to their pharmacologically active
metabolites after absorption. Esterases present in the small intestine,
plasma, and liver are involved in this process. In most cases, intestinal
esterases seive as the major enzymes in activation of prodrugs during
the first pass through the gut after absorption. However. prodsugs that
are relatively resistant to hydrolysis by intestinal esterases cnter the
blood circulation and arc activated by serumn {plasma) and liver
esterases. The major hydrolyzing enzymes in serum are cholinester-
ase, arylesterase, carboxvlesterase. and albumin, The refative impo-
tance o) cach serum eslorase in prodrup activation varies among
animal species and prodrugs.

Qlmesara. medosomil [CS-866: (S-methyl-2-0x0-1.3-divxolen-
A-ult aethony-4-CE-hydroxyi-1-orthylethyb-2-propyl-1- {4 2-¢tetra-
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zol-5-yl)-phenyllphenyl jmethylimi-dazol-5-carboxylate] is a novel
nonpeplide angiolensin 11 receptor antagouist that acts as an antihy-
pertensive prodiug (Koike et al., 2001: Neatel. 2001 Brousil and
Burke, 2003). After oral administration. CS-866 is rapidly de-esteri-
fied, producing an active acid metaholite, olmasartan (RNH-6270)
(Fig. 1) (Koike et al,, 2001: Neutel. 20015 Brousi! and Burke, 20033,
Hydrolysis of CS-866 in serum hus been abserved in several species.
and comparison among Jive species has shown that hydrelyiic activity
is highest in rabbits, followed by dogs. mice, rats. and humans {Tkeda,
2000). Furthermore, it was found that ditferences in hydrofytic activ- .
ity due to servim albumin are Jarse compared W the combined actvity
of all serurn componemis. Thus, HSA might make an imponany
contribution o activaiion of CS-866 alier oral administriion.

In the present study. we examined the esterase-like activity of HSA
andt the mechanismy of its hydrolysis of CS-800. First. the general
propertics of the hydrolytic reaction of HSA with CS$-866 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). Second, to characterize the eifects of exogenous compounds on
hydrolysis. we investigated clianges 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-yl)-phenyllphenylimethylimi-dazol-5-carboxylate}, RMH-6270, olmesartan; PNPA, p-nittophenyl acetate; HSA, human serum albumin;
rHSA. recombinant HSA; n-bulyl p-AB, n-butyl-p-aminobenzoate; DNSA, dansyl-L-asparagine; AGy, free energy ditferences; AGg, free energy
change for the initial reaction of atbumin and substrate; AG, activation free energy; AH, activation enthalpy change; AS, activation entropy change.




