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Abstract

The recombinant human serum albumin (rHSA) dimer, which was cross-linked by a thiol group of Cys-34 with 1,6-
bis(maleimida)hexane, has been physicochemically characterized. Reduction of the inert mixed-disulfide of Cys-34 beforchand improved
the efficiency of the cross-linking reaction. The purified dimer showed a double mass and absorption coefficient, but unaltered molar
ellipticity, isoelectric point (pf: 4.8) and denaturing temperature (65 °C). The concentration dependence of the colloid osmotic pressure
(COP) demonstrated that the 8.5 g dL.™" dimer solution has the same COP with the physiological 5 g dL~! rHSA. The antigenic epitopes of
the albumin units are preserved afier bridging the Cys-34, and the circulation lifetime of the 1251 labeled variant in tat was 18 h, A total of 16
molecules of the tetrakis {(1-methylcyclohexanamido)phenyl} porphinatoiron(IT} derivative (FecycP} is incorporated into the hydrophobic
cavities of the HSA dimer, giving an albumin-heme hybrid in dimeric form. It can reversibly bind and release O, under physiological
conditions (37 °C, pH 7.3) like hemoglobin or myoglobin. Magmetic circular dichroism (CD) revealed the formation of an O;-adduct
complex and laser flash photolysis experiments showed the three-component kinetics of the Op-recombination reaction. The O»-binding

affinity and the O,-association and -dissociation rate constants of this synthetic hemoprotein have also been evaluated.

© 2004 Elsevier B.V. All rights reserved.

Keywords: Human scrum albumin dimer; Cross-linking; Colloid osmotic pressure; Synthetic heme; Albumin-heme dimer; Oxygen catrier

1. Introduction

Human serum albumin {HSA) is the most abundant
plasma ptotein and contains 35 cysteines, of which 17
couples form intramolecular disulfide bonds to fold a single
polypeptide as a unique heart-shape structure [1-4]. Only
the first thiol residue in the chain, namely Cys-34, does not
participate in the S-S bonding and functions as a binding
site for the SH-involving ligands (cysteine, glutathione, and
captopril), as well as for the various metal ions and nitric
oxide [1,5]. Interestingly, two albumin molecules can
associate to produce a dimer through an intermolecular
disulfide bridge of Cys-34; approximately 5% of HSA is

* Comespending author. Tel.: +81 3 5286 3120; fax: +81 3 3205 4740.
E-mail address: cishun@waseda jp (E. Tsuchida).

0304-4165/5 - see front matter © 2004 Elscvier B.V. All rights reserved.
doi:10.1016/5.bbagen.2004.08.010

actually in a dimeric form in our bloodstream [6]. Hughes
[7] initially prepared the HSA dimer by the addition of
bifunctional HgCl,, which causes Cys-34 to connect
through mercury. Subsequent oxidation of this mercury
dimer by treatment with iodine gave a disulfide-linked HSA
[8]). It can also be directly prepared by oxidation of HSA
with ferricyanide [9]. However, clectron spin resonance
measurements of HSA and the latest crystal structural
analysis of the recombinant HSA (rHSA) revealed that Cys-
34 locates in a hydrophobic crevice at a depth of 9.5 A from
the surface [2-4,10]. This implics that the intermolecular
Cys-34 disulfide bridging might lead to flattening of the
pocket. We have linked two THSA molecules with a flexible
bola-shape spacer, 1,6-bis(maleimido)hexane (BMH),
which is long (16 A) enough to connect the Cys-34
residues, to produce a new type of THSA dimer (Fig. 1) [11].
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(B)

FecycP

Fig. 1. (A) Simulated structure of rHSA dimer cross-linked by Cys-34 with
1,6-bis{maleimido)hexane (BMH). The domains 1, 11, and Il of each rHSA
unit are colored white, yetlow, and pink, respectively. The cross-linking
agent (BMH) is shown in a space-filling represcntation and colored by atom
type (carbon: green, nitrogen: blue, oxygen: red). The figure was made with
insight IT (Molecular Simulations) on the basis of the 1278 available at the
Brookhaven PDB. (B) Formula of synthetic heme, FecycP,

On the other hand, a maximum of eight melecules of
synthetic heme with a covalently bound proximal base is
incorporated into the hydrophobic cavities of tHSA, giving
an albumin—heme hybrid, which can reversibly bind and
release O under physiological conditions (pH 7.3, 37 °C)
like hemoglobin (Hb) or myoglobin (Mb) [12]. We have
shown that this O,-carrying plasma protein acts as a red blood
cell (RBC) substitute in vitro and in vivo [13]. The only fault
of this system is its relatively low heme concentration, which
reflects the O, solubility in the medium. For instance, the
albumin—heme solution with a physiological HSA concen-
tration (=0.75 mM) involves 6 mM of heme, which

corresponds to only 65% of the amount in human blood
([heme]=9.2 mM). A highly condensed solution can dissolve
more heme, however, the colloid osmotic pressure (COP)
increases in proportion to the albumin concentration. We
have found that a total of 16 molecules of 2-[8-{N-(2-
methylimidazolyl}} octanoyloxymethyl]-5,10,15,20-tet-
rakis {a,a,0,0-0-(pivalamido)phenyl} porphinatoiron(II)
(FepivP) was incorporated into the BMH-bridged HSA
dimer, and this solution with 0.75 mM HSA includes 12
mM of heme [11]. The tertiary structures of the two protein-
units might be intact after the cross-linking, and the ligand-
binding capacity of the dimer became twofold in excess
relative to that of the monomer. Consequently, the saline
solution of the albumin-heme dimer can transport a large
volume of O, in comparison to the human blood while
maintaining its COP on a physiological level. A long
persistence in circulation due to the large molecular size is
also expected. In this paper, we report the efficient synthesis,
physicochemical characterization, and preliminary pharma-
cokinetics of the BMH-bridged rHSA dimer. Furthermore,
the O,-binding properties of the albumin-heme dimer
incorporating the FepivP analogue, 2-[8-{N-(2-methylimi-
dazolyl)}octanoyloxymethyl]-5,10,15,20-tetrakis {0, 00,00
o-{1-methylcyclohexanamido)phenyl}porphinatoiron(1I)
(FecycP, Fig. 1), are evaluated by magnetic circular dichro-
ism and laser flash photolysis.

2. Material and methods
2.1. Materials

An tHSA (Albrec®, 25 wt.%) was provided from the
NIPRO (Osaka). Ethanol, dithiothreitol (DTT), 2,2’ -dithio-
pyridine, and warfarin {all high-purity grades) were pur-
chased from Kanto Chemical, (Tokyo) and used without
further purification. 1,6-Bis(maleimido)hexane was pur-
chased from Pierce Biotechnology (Rockford, USA).
Diazepam was purchased from Wako Pure Chemical Ind,,
(Tokyo). 2-[8-{N-(2-Methylimidazolyl)}octanoyloxy-
methyl]-5,10,15,20-tetrakis {ot, 0, 0c,-0-( 1 -methylcyclohexa-
namido)phenyl} porphinatoiron(Il} (FecycP) was prepared
according to our previously reported procedure {{4].

2.2. Synthesis of rHSA dimer

Aqueous DTT (1.0 M, 0.24 mL) was added to the
phosphate buffer solution (pH 7.0, 10 mM) of rHSA (0.75
mM, 80 mL) under nitrogen, and the solution was quickly
mixed by a vortex mixer, followed by an incubation for 30
min at room temperature. The obtained rHSA in reduced
form was washed with a total of 880-mL phosphate buffer
(pH 7.0, 2.25 mM) using an ADVANTEC UHP-76K
ultrafiltration system with a Q0500 G76E membrane {cutoff
Mw 50 kDa) and finally condensed to 26.7 mL
([fHSA]=2.25 mM). The mercapto-ratio of the Cys-34
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was confirmed by the reaction with 2,2’ -ditiopyridine
(2,2 -DTP), which immediately coupled with the free thiol
group to give 2-thiopyridinone (2-TP) with an absorption at
343 nm [molar absorption coefficient (£343): 8.1x10° M~
em™!']. Quantitative assay of the produced 2-TP showed
that the mercapto-ratio of Cys-34 was 100%. Ethanolic
BMH (6.38 mM, 4.76 mL) divided into three portions was
then slowly added dropwise into the rIISA solution within !
h under an Ny atmosphere, and gently stirred overnight at
room temperature. The reaction kinetics was observed by
the HPLC measurements, The HPLC system consisted of a
Shimadzu LC-8A pump and a Shimadzu SPD-10A UV
detector. A Shodex Protein KW-803 column was used and
the mobile phase was phosphate buffered saline (PBS, pH
7.4) at 25 °C (1.0 mL min~"). The dimer was purified by
gel column chromatography with Sephacryl $-200 HR
(Pharmacia, 5 cmd x40 cm) and PBS (pH 7.4) as the eluant
£5.0 mL min~"). These separations were performed using a
BIOQ-RAD EGP Combo Rec system. The elution was
monitored by absorption at 280 nm. The purity of the
dimer was measured by the HPLC technique described
above. The albumin concentrations were assayed by gencral
bromcresol green {(BCG) methods using a Wako AlbuminB-
Test [15].

2.3. Physicochemical properties

The UV-Vis absorption spectra were recorded on a
JASCO V-570 spectrophotometer. The measurements were
normally carried out at 25 °C. Circular dichroism (CD)
spectra were obtained using a JASCO J-725 spectropo-
larimeter. The rHSA samples’ concentration was 2 pM in
PBS, and quartz cuvettes with a 1-mm thickness were used
for the measurements over the range of 195-250 nm. The
matrix associated laser desorption ionization time-of-flight
mass spectra (MALDI-TOF MS) were obtained using a
Shimadzu AXIMA-CFR Kompact MALDI, which was
calibrated by BSA (Sigma A-0281) and HSA (Sigma A-
3782). The specimens were prepared by mixing the aqueous
sample solution (10 pM, 1 uL)y and matrix (10 mg mL™"
sinapinic acid in 40% aqueous CH;CN, 1 pL) on the
measuring plate and drying in air. The viscosity and density
of the tHSA solutions (PBS, pH 7.4) were obtained using an
Anton PAAR DSC 300 capillary viscometer at 37 °C. The
isoelectric points and molecular weights were obtained by a
Pharmacia Phastsystem using isoelectric focusing (IEF) in
Phast Gel IEF 3-9 and Native-PAGE in Phast Gel Gradient
8-25, respectively. The colloid osmotic pressures of the
rHSA solutions (PBS, pH 7.4) were measured by a
WESCOR 4420 Colloid Osmometer at 25 °C. A membrane
filter with a 30-kDa cutoff was used. Differential scanning
calorimetry {DSC) was mcasured on a SEIKO Instruments
DCS120 differential scanning calorimeter at the scan rate of
1 °C min~" in the temperature range between 10 and 95 °C.
The concentrations of the rHSA samples were 75 pM in
PBS (pH 7.4).

2.4. Ligand binding constants

The PBS solution of ligand (warfarin or diazepam,
20 M, 2 mL) was mixed with the tHSA sample in PBS
(20 pM, 2 mL), and the unbound ligand fractions were
separated by centrifugation (2000 rpm, 25 “C, 20 min) using
a Millipore Centriplus YM-50. Adsorption of the ligand
molecules onto the filtratton membranes was negligible. The
unbound ligand concentrations were determined by UV-Vis
spectroscopic measurements,

2.5, Compatibility with blood components in vitro

Fresh whole blood was obtained from Wistar rats (300 g,
male, Saitama Experimental Animals Supply, Japan) and
stored in heparinized glass tubes. The rHSA samples (PBS,
pH 7.4) were then slowly added to the blood at 50 vol.%
concentrations (whole volume 2 mL}. After 30 min, 30 pL of
the sample was mixed with 100 pL of a Terumo ACD-A
solution, which was diluted in advance with pure water by
1:10 (v/v). The blood cell numbers of the obtained samples
were counted using a Sysmex KX-21 blood cell counting
device. Furthermore, one drop of the incubated sample of the
blood with the rHSA dimer was microscopically observed
using an Olympus IX50 microscope with an IX70 CCD
camera.

2.6. Immunogenicity

The Tris-HCI buffer solutions (TBS, pH 7.4, 50 mM, 50
RL) of the rtHSA samples (10 pg mL~'y were injected into a
Nunc immunoplate and incubated at 4 °C ovemnight. The
rHSA solutions in the wells were washed with TBS, and 2%
skimmed milk was added to avoid the nonspecific binding of
the antibody. After washing with TBS including 0.1% Tween
20 {Tween 20-TBS), anti-HSA polyclonal antibody (50 pL
per well) was added and incubated for 2 h at 25 °C. The
antibody was removed by aspiration, and 50 pL of horse-
radish peroxidasec-labelied rabbit anti-IgG polyclonal anti-
body diluted 1/5000 by Tween 20-TBS was injected,
following an incubation for 1 h at 25 °C. Finally, 100 gL of
o-phenylenediamine substrate solution (400 mg mL™' in
0.15 M citrate-phosphate buffer (pH 5.0) involving 0.1%
H,0;) was put into each well. H>SO4 (2 M; 50 uL.) was then
added to stop the reaction. The resulting absorbance in each
well was measured at 490 nm using a Japan InterMed
Imunomini NJ-2300.

2.7, Circulation lifetime in vive

The 125-lodinated rtHSA monomer and dimer were
prepared by our previously reported procedures, and purified
using a Pharmacia Bio-Gel PD-10 column [16]. The
recovered '**l-albumin had a specific activity of 2.0x10
cpm pg~", and was diluted by non-labeled albumin before
intracardial administration into anesthetized Wistar rats
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{200—210 g, male). The kinetics of the albumin clearance
from the circulation was meonitored by measuring the
radioactivity in the plasma phase of blood taken from the
lateral tail veins using an Aloka ARC 2000 Autowell Gamma
Counter. Acid precipitability of the recovered radioactivity
was also measured. The aqueous trichloroacetic acid (TCA,
25%, 0.1 mL) was first added to the plasma (20 pL) diluted
with 5 g dL™' tHSA (80 pL), followed by centrifugation
(3000 tpm, 10 min). The precipitate was then washed with
12.5% TCA (0.2 mL) and the radioactivity of the pellet was
measured. The rats were sacrificed at the end of the
experiments by hemorrhage. The radioactivity of the excised
organs was also measured as well, The care and handling of
the animals were in accordance with NIH guidelines.

2.8. Preparation of albumin-heme dimer

The preparation of tHSA-FecycP dimer was carried out
by mixing the EtOH solution of carbonyl-FecycP and an
aqueous phosphate buffer solution of tHSA according to our
previously teported procedures ([FecycPJ/[rHSA]=16:1
(mol/mol}) {13]. The albumin concentrations were assayed
by the general BCG methods described above, and the
amount of FecycP was determined by the assay of the iron ion
concentration using inductively coupled plasma spectrometry
{ICP) with a Seiko Instruments SPS 7000A spectrometer.

2.9. Magnetic circular dichroism (MCD)

MCD spectra for the phosphate buffer solution of the
tHSA-FecycP dimer {10 pM) under N,, CO, and O,
atmospheres were measured using a JASCO J-820 circular
dichrometer fitted with 2 1.5-T electromagnet. The accu-
mulation times were normally three, and from each data
point was subtracted the spectra without an electromagnetic
(at 0 T) as the baseline.

2.10. O,-Binding equilibrium and kinetics

0,-Binding to FecycP was expressed by Eq. (1).

kon
=—2= FecycP(0)

kotr (1)
(K = kow/kots)

FecycP + 0O,

The O,-binding affinity (gaseous pressure at half O,-binding
for heme, Py;;=1/K) was determined by spectral changes at
various partial pressure of O, as in previous reports
[12,ad,i4]. The FecycP concentrations of 20 pM were
normally used for the UV-Vis absorption spectroscopy.
The spectra were recorded within the range of 350—700 nm.
The half lifetime of the dioxygenated species of the tHSA-
FecycP dimer was determined by the time dependence of the
absorption intensity at 549 nm, which is based on the O
adduct complex. The association and dissociation rate
constants for Oz (kqn, ko) Were measured by a competitive

rebinding technique using a Unisoku TSP-600 laser flash
photolysis apparatus [12,17-19]. The absorption decays
accompanying the O association to the tHSA-FecycP dimer
obeyed three-component kinetics. We employed triple-
exponentials to analyze the absorption decays, A4(f)
[12,ab],

AA(t) = Ciexp( — kit) + Crexp( — fat) + Cyexp{ — kat}
(2)

where &y, ko, ky are apparent rate constants for the each
reaction. The data were fit to this equation using a Solver in
Excel 2003.

3. Results and discussion
3.1. Synthesis of rHSA dimer

In the neutral pH range (5.0-7.0), DTT selectively
reduces the mixed-disulfide of Cys-34 in HSA or BSA
[20-22). In fact, the addition of the small molar excess DTT
into the rHSA solution (phosphate buffer, pH 7.0, 10 mM)
under an N, atmosphere led to complete reduction of Cys-34
(mercapto-ratio became 100%). After removing DTT, etha-
nolic BMH was dropwise added to the reduced rHSA to
initiate the cross-linking reaction. The pretreatment with DTT
significantly increased the yicld of the dimer, and the THSA
concentration of 15 g dL™! gave the highest yield of 45%,
which is significantly improved from our previous result (Fig.
2) [11]. Several attempts to facilitate the dimerization
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Fig. 2. The relationship between the rHSA concentration and yicld of the
tHSA dimer. The yiclds were determined based on the peak arca in the
HPLC clution curves. Inset shows the time course of the dimerization yicld
when the THSA concentration was set at 15 g dL™, The asterisks indicate
the time points when the EtOH solution of BMH was dropwise added. The
total EtOH content in the reaction mixture was 15 vol.%.
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unfortunately failed: (i) gentle heating (25-50 °C), (ii)
changing the co-solvent from EtOH to DMF for dissolving
the BMH, and molar ratio [BMH)/[rHSA]): 0.5—1.5, (iii)
increasing the concentrations of co-solvents (<30%), and (iv)
the further addition of the reactive tHSA monomer,

The HPLC elution curve of the reactant demonstrated
only two peaks (rHSA monomer and dimer), which means
that the bifunctional BMH was successfully bound to Cys-
34 which led to dimer formation and not polymerization
(Fig. 3). The yield reached a peak within 4 h (Fig. 2 inset).
The addition of EtOH to the mixture (40 vol.%) immedi-
ately formed a white precipitate; this is similar to the well-
known Cohn’s methods [1,23]. However, the precipitate still
contained the monomer component. In contrast, separation
using gel column chromatography with Sephacry! $-200 HR
gave the dimer with 99% purity and 80% recovery. Native-
PAGE showed a single band in the molecular weight range
of 13 kDa (Fig. 3, above). We could not detect the free thiol
in the isolated rHSA dimer (mercapto-ratio: 0%), which is
now available in gram quantities. The appearance of the
obtained dimer solution (in PBS, 20 g dL™") did not change
over 1 year at room temperature and underwent no
aggregation and precipitation,

3.2. Physicochemical properties

The matrix associated laser desorption ionization time-
of-flight mass spectroscopy (MALDI-TOF MS) of the
BMH-bridged tHSA dimer showed a distinct sharp signal
at m/z 132,741.3, which is in good agreement with the
calculated mass (Mw. 133,179.6); the difference was only
0.3% (Table 1). The magnitudes of its UV-Vis absorption
(Amax: 280 nm) significantly increased compared to that of

[L7. 1 [Rp———

232 — 5 -
14— e -

E7 e - -

a bcd Mixture after
the reaction
g" rHSA dimer 99%
1] |
5 10
Elution time / min

Fig. 3. HPLC clution curves of the THSA dimer at 25 °C. The upper profile
after the reaction indicated that the reactant consists of only the monomer
and dimer. After gel column chromatography, the rHSA dimer was isolated
with the purity of 99%. The left upper pattern is the native-PAGE
clectrophoresis of the rHSA dimer, a: markers, b: rtHSA, c: mixture after the
reaction, d: purified rHSA dimer.

Tablc 1
Physicochemical propertics of rHSA dimer
THSA rHSA dimer
Mw (Da) 66,331° 132,741°
66x10" P 136x10° ®
[calculated valuc) 66,451 133,180
Cys-34 mercapto ratio (%) 17 0
pl 4.8 4.8
Enp (em™ ' M1y 3.4x10* 6.8%10%
[0)208 {deg em® dmol™') 1.9x10* 1L9x10*
[07227 (deg em?® dmol™h) 1.8x10* 1.8xt0*

* Determined by MALDI-TOF/MS.
® Determined by [C] vs. COP/[C] (Fig. &, insct).

tHSA with the same molar concentrations (Fig. 4(A)). The
concentration of the albumin was carefully assayed by (i)
BCG method [15] and (ii) weighing method with the weight
of the freeze-dried sample and its molecular weight. While
the molar absorption coefficient at 280 nm (e2g: 6.8x10*
M~ em™') became exactly twice the monomer’s value
(3.4%10* M~ ¢cm™"), the CD spectral pattern (A;,: 208,
222 nm) and the molar ellipticities at 208 and 222 nm
([0120s: 1.9%10* deg em® dmol ™", [0]222: 1.8% 10° deg cm?
dmol_') were identical to those of the monomer (Fig. 4(B),
Table 1) [24,25]. It is appropriate to consider that the a-helix
content of the each rHSA unit (67%) was unaltcred [1-4].
The isoelectric point of the dimer {pl: 4.8) was also the
same as that of rHSA. All these observations suggested that
the secondary/tertiary structure and surface net charges of
the rHSA units in the dimer did not change after the S-§
disulfide bridging of Cys-34.

The DSC thermogram of this tHSA dimer showed an
exothermic peak at 65 °C, which corresponds to its
denaturing temperature (Tg). It has been shown that the T,
of HSA is largely dependent on the content of the
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Fig. 4. (A) UV-Vis absorption speetra and (B) CD spectra of rHSA
monomer (dotted line) and rHSA dimer (solid line) in PBS solution {pH 7.4)
at 25 °C.
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incorporated fatty acid, pH, and ionic strength [26,27]. In
general, pasteurization for plasma HSA is performed at 60
°C for 10 h to eliminate the contaminations, e.g., hepatitis,
HIV, and herpes virus [1]. Sodium caprylate and sodium N-
acetyl-L-tryptophanate are commonly added to stabilize the
albumin structure during the heat treatment [26). Since the
thermogram of the rHSA monomer under our sample
conditions (PBS, pH 7.4) showed the Ty at 63 °C, we
concluded that the rHSA dimer has the same thermody-
namic stability with the monomer. Only the enthalpy change
during the denaturation (AH) was slightly lower than the
twice the monomer’s value,

HSA acts as a carrier for many endogenous and exogenous
substances in the blood circulation, and has two major
specific drug binding sites, namely the warfarin site (Site I)
and the indole and benzodiazepine site (Site 1I) [1,28]. We
then determined the binding constants of typical ligands,
warfarin (Site I-ligand) and diazepam (Site II-ligand), for the
rHSA dimer using the ultracentrifugation method. In contrast
to the results of the control experiments with rHSA, the
amount of unbound ligand decreased to nearly half, The
equilibria are expressed by following equations:

D + L =— DL (3)

DL+ L =—= DL (4)

KX,
R (5)

-——

D + 2L

where D is the tHSA dimer and L represents the ligand. The
apparent binding constants (X,K;) of the warfarin and
diazepam to the dimer were calculated to be 9.2x10'® and
3.0x10'0 M2, respectively. If the cach albumin unit
independently accommodates one ligand, we estimated X,
(=K) of each ligand as the square root of these values;
3.0x10% and 1.7x10° M~', respectively. They are almost in
the same range as the binding constants for the monomeric
rHSA (K)), 3.8%10° and 1.4x10° M™', which means that
neither the prevention nor the cooperation of the second
ligand binding occurred in the dimer.

The attempt to prepare single crystals of the tHSA dimer
for X-ray structural analysis failed, probably because it is
likely to be very flexible at the BMH moiety. Transmission
electron microscopy of the negatively stained samples
showed homogeneous round particles with a diameter of
1520 nm (not shown), however, the image is too small to
obtain precise morphological information about the molecule.

The primary physiological function of HSA is the
maintenance of COP within the blood vessels. Although
HSA accounts for only 60% of the mass of the plasma
protein, it contributes 80% of the COP. Two-thirds of this
COP is simply the van’t Hoff pressure and the other third
arises from the Donnan effect of the negative charges of the

plasma proteins, which is essentially due to albumin [1]. The
relationship between the protein concentration and COP was
observed for the tHSA and rHSA dimer solutions (Fig. 5).
Both lines deviated upward from the linear correlation,
because of the relatively larger value of the second vinal
coefficient, which is an index of the COP capacity, of the
albumin molecule compared to those of the other plasma
proteins. The measured rHSA monomer’s curve coincided
well to the previously reported result of Scatchard and co-
workers (dotted line) {29]. The physiological concentration
(5 g dL™") of rHSA represented the COP of 19 Torr. The
careful inspections of their COP curves revealed thatthe 8.5 g
dL~" dimer solution has the same COP as the 5 g dL™! rHSA.

. The plots of [C] versus COP/[C] gave a straight line, and the

extrapelations to the y intercept afford the molecular weights
of the monomer and dimer of 66x10> and 136x 10" Da,
respectively.

3.3, Viscosity and compatibility with blood components

Viscosity is a characteristic of proteins related to their
size, shape, and conformation. The PBS solution of 8.5 g
dL™' rHSA dimer exhibited a Newtonian flow similar to the
50g dL~" tHSA, and showed a viscosity of 1.2 ¢P at a
shear rate of 230 s~ {Fig. 6). The dimer solution was then
mixed with freshly drawn whole blood (1:1, v/v). The
obtained suspension did not show any coagulation or
precipitation for 6 h at 37 °C (after 6 h, hemolysis gradually
teok place even in the control experiment with saline or
tHSA), and its viscosity profile was again Newtonian (1.8
cP at 230 s7"). This result demonstrated good compatibility
of the rHSA dimer with blood.
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Fig. 5. Concentration [C) dependence of COP of rHSA monomer (4) and
tHSA dimet (@) in PBS (pH 7.4) at 22 °C. The dotied linc represents the
plasma HSA results taken from Ref. [29]. insct shows relationship between
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Fig. 6. Changes in the viscosity of rHSA monomer and rHSA dimer at
various sheat rates at 37 °C [Q: whole blood, #: 8.5 g dL™' rHSA dimer,

A:50gdL7" fH8A, O: 8.5 g dL™* t1ISA dimer plus whole blood (1:1, v/
v), A: 5.0 g dL7' rHSA plus whole blood (1:1, v/v)).

In order to evaluate the blood compatibility of the 8.5 g
dL™! rHSA dimer solution in detail, the changes in the
number of blood cell components [RBC, white bloed cells
(WBC), and platelets (PLT)} have been counted after the
mixture (1:1, v/v). The numbers just after the addition of
the rHSA dimer to the whole blood were reasonably
reduced to half the basal values; the same behavior was
observed in the control experiments with the saline or 5 g
dL~" fHSA [Fig. 7(A)]. Optical microscopic observations
revealed that the homogeneous round shape of the RBCs
was completely retained [Fig. 7(B}C)]. Therefore, it can
be considered that no specific interaction occurred
between the rHSA dimer and the blood cell components
in vitro.

3.4. Immunogenicity

We then analyzed the immunological reactivity of the
rHSA dimer against the anti-HSA polyclonal antibody. The
absorption infensity of the reactant plate with the dimer
showed clear concentration dependence in the same manner
as those of the rHSA and plasma HSA groups (Fig. 8). Itis
known that HSA has five major antigenic sites by analysis
using synthetic peptides [30,31). The sites are nearly o-
helical regions in the HSA molecule and include charged
and/or aromatic residues which are important for the
presentation of antigenic determinations, We previously
reported that the cross-reactivity of the anti-HSA polyclonal
antibody to BSA was extremely low, despite their homol-
ogies of the sequences over 70% and its antigenic sites in
the same regions [32]. The antigenic epitopes of rHSA are
preserved after bridging the Cys-34.

A
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Fig. 7. (A) The blood ccll (RBC, WRC, PLT) numbers in the blood
suspension with the THSA samples {1:1, v/v) at 25 °C [a: whole blood
(basal valuc), b: with saline, ¢: with 5.0 g dL™' r11SA, d: with 8.5 g dL™!
tHSA dimer]. Optical microscopic obscrvations of {B) whole blood and (C)
the blood suspension with the 8.5 g dL™' rHSA dimer (1:1, v/A) (bar:
20 pm). The shape of the RBC with a diameter of ca. 8 um did not change.

3.5. Circulation lifetime of '**I-labeled rHSA dimer in rats

The rHSA and rHSA dimer labeled with "2’ were
injected into rats to determine their blood circulation
0.6
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Fig. 8. Cross-reactivity of the anti-HSA polyclonal antibody with tHSA
monomer and rEISA dimer [white bar: plasma HSA, diagonal bar: rHSA
monomet, black bar: fHSA dimcr]. All valucs are mean+8.D. (#=3).
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tissue (Pq,: 40 Torr) (23%) becomes slightly higher than
that of the human RBC (22%).

4, Conclusions

The obvious characteristics of the rHSA dimer cross-
linked with the bola-shaped bismalcimide are as follows: (i}
unaltered essential properties of the albumin wnits (the
secondary/tertiary structure, surface net charges, thermo-
stability), (ii) excess ligand-binding capacity relative to the
monomer while maintaining its COP at the physiological
value, (iii) good blood compatibility and identical antigenic
epitopes with the monomer, and (iv) longer half-life in the
bloodstream and similar tissue distributions with rHSA.
Furthermore, (v) one molecule of the tHSA dimer incorpo-
rates 16 FecycPs, which is exactly twice the amount
compared to that of the monomeric THSA, and the obtained
hemoprotein can reversibly bind and release O, under
physiological conditions. (vi) The 8.5 g dL ™' rHSA-FecycP
dimer solution satisfies the initial clinical requirements for
the Oj-carrier as an RBC substitute, which transports 10
mM O (compared to 9.2 mM in the human blood) while
maintaining the COP at a constant 19 Torr.
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Fig. 2. Intrinsic fluorescence spectra of rHSA and individual do-
mains. The protein concentration was 6 uM in 67 mM phosphate
buffer (pH 7.4 and 25°C}). From top to bottom, spectra for rHSA,
domain 11, domain II1, and domain 1.

buffer (pH 7.4), and a similar difference in activity was ob-
served for domain II. However, this pattern of activity was
not observed for the other two domains.

In order to confirm the involvement of domain II in the
enolase-like activity of HSA, the enolase-like activity of
rHSA (5 uM) for DHT (2 pM, (.4 pCi) was measured in the
presence of warfarin or ketoprofen (20 pM). No inhibition
was observed in the presence of ketoprofen at pH 7.4 or 94.
In contrast, in the presence of warfarin, a decrease in activity

Table II. Binding of Ketoprofen and DNSS to rHSA and
Individual Domains

Matsushita er al.

Table Il Hydrolysis Rate Constants (k.. for p-Nitrophenyl Acetate

HSA k‘)hﬁ (S x 10_3)
rHSA 713+ 0590
Domain 1 1.73 £ 0.65¢
Domain 11 ND
Domain 111 3.18 + 0.83%%

The reaction mixtures contained 5 pM p-nitrophenyl acetate and
20 uM rHSA or individual domains in 67 mM phosphate buffer
{pH 7.4 and 25°C). All values are mean + SD {(n = 5 to 7). ND, not
detectable.

“p < 0.01 vs. tHSA.

5 p < 0.01 vs. domain L

of about 35% was observed at pH 7.4, whereas no significant
inhibition was observed at pH 9.4 {data not shown). These
results suggest that the active site in site I is functional at pH
7.4, and that a new site different from site I is formed in
domain IT at pH 9.4, a process which is thought to be influ-
enced by fragmentation.

Antioxidant Activity of the Recombinant HSA Domains

We examined the ability of each domain to inhibit the
oxidation of DRD by H,0.. The RD generated by oxidation
was used as an indicator of antioxidant activity (25). Figure 3
shows the capacity of rHSA and individual domains to
quench DRI oxidation by H,0,. Domains I1 and III showed
a weak inhibitory effect compared with rHSA, but the
quenching capacity of domain I was comparable to that of
rHSA.

In Vivo Studies

To evaluate whether fragmentation of domains affects
the biologic fate of rHSA, we measured uptake clearance of
rHSA and the corresponding domain proteins in mice (Table
V). There was about a 50-fold difference in total clearance
between rHSA and individual domains. However, there was
no significant difference in total clearance among the do-
mains. The three domains were mainly distributed in the kid-
ney. However, domain III was found at slightly higher levels
than other domains in the liver.

Table IV. Enolase-like Activity of rHSA and Individual Domains in
Two Different Buffer Solutions

Phosphate Carbonate
Percentage bound (%) buffer buffer
pH 7.4 pH 92
HSA Ketoprofen DNSS HSA (CPM) (CPM)
rHSA 80.17 £ 6.73 62.43 + 5.38 rHSA 5073 + 1422 11650 £ 1374
Domain | 6.07 £ 3.95%* 421 £250* Domain I 1467 £ 205° 1804 + 36%*
Domain 11 4,58 + 1.61%% 702 +287*% Domain Il 727 + 80° 5851 + 1320°
Domain III 64.00 + 5.83° 3892 +7.78° Domain 111 1110 £ 2617 1897 + 1712

The sample solutions contained 2.5 pM ketoprofen or DNSS and
5 pM rHSA or individual domains in 67 mM phosphate buffer
(pH 7.4 and 25°C). All values are mean + 3D (n = 3 to 5).

“p < 0.01 vs. rtHSA.

»p < 0.01 vs. domain I1I.

5 WM rHSA or individual domains was incubated with DHT (20 uM,
0.4 pCi) for 90 minutes and enzymatic activity was measured at 37°C.
All values are the mean £ SD (n = 3).

“p < 0.01 vs, rHSA.

*p < 0.01 vs. domain IL
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Fig. 3. Quenching of H,0, oxidation of DRD by rHSA and indi-
vidual domains. The sample solutions contained 7.5 uM rHSA or
individual domains in 67 mM sodium phosphate buffer (pH 7.4 and
25°C), 5 M DRD, and 25 mM H,0,. Each bar represents the mean
£ SD {n = 3). a) p < 0.01 vs. rHSA; b) p < 0.01 vs. domain I.

DISCUSSION

The effectiveness of recombinant protein pharmaceuti-
cals is heavily dependent on the intrinsic pharmacokinetics of
the natural protein. For example, the efficacy of a drug is
affected by its serum half-life. A variety of strategies have
been proposed to create long-acting forms of drugs. One ap-
proach involves modification of drug formulation so that the
product is slowly released from the injection site. This sus-
tained release form requires fewer injections. However, the
active agent is not changed, so elimination of the drug re-
mains unchanged and the drug dose must be increased to
cover the longer dosing interval. Another strategy is to ex-
ploit plasma protein binding; for example, noncovalent asso-
ciation with albumin extends the half-life of short-lived pro-
teins. The drug is covalently linked with a component that is
known to bind with high affinity to a plasma protein. Recom-
binant fusion of the albumin-binding domain of streptococcal
protein G (which selectively binds to albumin with high af-
finity) to human complement receptor type 1 has been shown

Table V. Clearance of !'!In-Labeled rHSA and Individuat Domains

Clearance (pl/min)

HSA Total Liver Kidney
rHSA 3.65+ 078 0.69+021 0.28 +0.10
Domain | 178.35 £ 9.72¢ 512+ 098" 14733 +10.57°
Domain 11 181.37 +12.12¢ 520+ 2.52 17338 + 1235
Domain 111 184.80 + 15.21¢ 19.09 + 4.167 171.14 + 5.63%¢

All values are mean + SD (n = 3).
“p < 0,01 vs. THSA.

5 p < 0.05 vs. rHSA.

“p < 0,01 vs, domain II1.

4p < 0.05 vs. domain L
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to increase the half-life of this receptor 3-fold to 5 h in rats
(26). In another study, when insulin was acylated with myris-
tic acids, its effects were prolonged due to its spontaneous
association with albumin (27). Another approach is to modify
the drug itself, so that the active drug is cleared more slowly
from the systemic circulation. Because the kidney generally
filters out molecules smaller than 60 kDa, efforts to reduce
clearance have focused on increasing the molecular size of
drugs through protein fusion, glycosylation or addition of
polyethylene glycol polymers (i.e. PEG). Another approach is
conjugation of the drug to a carrier protein to form a prodrug
(5,28,29).

One of the challenges for the successful commercializa-
tion of therapeutic proteins is to maintain the safety and ef-
ficacy of the protein during its manufacturing, storage and
administration. To achieve this, the purified form of the pro-
tein drug is usually formulated with carefully selected excipi-
ents. The formulation of a peptide drug preparation would
require the inclusion of an antioxidant to maintain the po-
tency of the drug as well as a lyoprotectant. A protein carrier
that possesses considerable antioxidant activity could elimi-
nate or reduce use of antioxidants in the formulation. A pro-
tein drug carrier with low or no enzymatic activity would
promote the stability of a peptide drug or the peptide linker
during storage, and may eliminate the need for refrigeration
during storage. Low ligand binding capacity of a protein car-
rier may prevent accumulation of endogenous or exogenous
substances which may modify the drug properties during the
preparation stage or upon administration into the general cir-
culation. Because proteins have complex molecular structures
that can influence the protein stability, the development of
stable formutations of protein pharmaceuticals requires an
intimate knowledge of the protein structure as well as its
chemical and physical properties. In particular, an under-
standing of the mechanisms by which a protein may degrade
is crucial for designing and testing drug formulations. The
major pathways of protein degradation include denaturation,
aggregation, oxidation and interfacial damage.

Ligand Binding Properties

HSA is the most abundant plasma protein, and is in-
volved in a variety of physiologic functions including mainte-
nance of colloid osmotic pressure. One of its prominent physi-
ologic functions is ligand transport. HSA has at least two
distinct binding sites for several physiologically important
compounds and a large number of hydrophobic drugs. These
two major binding regions, site 1 and II, are located within
specialized cavities in subdomain ITA and IIIA, respectively
(1). Although mapping of the locations of each drug binding
site had been attempted in qualitative ligand binding studies
involving induced circular dichroism using recombinant do-
mains by Dockal ef al, quantitative data has not been ob-
tained.

In the current study, all domains showed a significant
decrease in the percentage of ligand bound for all site I
probes, compared with THSA, except for the binding of n-
butyl p-AB, a site I¢ ligand that binds to domain II. It appears
highly likely that the observed marked loss of the ligand bind-
ing ability of domain II, which contains site I, is due to the
absence of the neighboring domain, which indicates the im-
portance of interdomain interactions for maintaining the
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7-Hydroxystaurosporine (UCN-01) is a protein kinase
inhibitor anticancer drug currently undergoing a phase
IT clinical trial. The low distribution volumes and sys-
temic clearance of UCN-01 in human patients have been
found to be caused in part by its extraordinarily high
affinity binding to human «l-acid glycoprotein (hAGP).
In the present study, we photolabeled hAGP with
[®BHIUCN-01 without further chemical modification. The
photolabeling specificity of [*HJUCN-01 was confirmed
by findings in which other hAGP binding ligands inhib-
ited formation of covalent bonds between hAGP and
[*HJUCN-01, The amino acid sequence of the photola-
beled peptide was concluded to be SDVVYTDXK, corre-
sponding to residues Ser-153 to Lys-161 of hAGP. No
PTH derivatives were detected at the 8th cycle, which
corresponded to the 160th Trp residue. This strongly
implies that Trp-160 was photolabeled by [*HJUCN-01.
Three recombinant hAGP mutants (W25A, W122A, and
W160A) and wild-type recombinant hAGP were photola-
beled by [*HJUCN-01. Only mutant W160A showed a
marked decrease in the extent of photoincorporation,
These results strongly suggest that Trp-160 plays a
prominent role in the high affinity binding of [*HJUCN-
01 to hAGP. A docking model of UCN-01 and hAGP
around Trp-160 provided further details of the binding
site topology.

Human al-acid glycoprotein (hAGPH is an acute phase pro-
tein with a molecular mass of 41 to 43 kDa and is heavily
glycosylated (45%) (1). It contains sialic acids, which cause it to
be negatively charged (pl = 2.7~3.2) (2). Its glycosylation pat-
tern can change depending on the type of inflammation (3). The
biclogical function of hAGP is not clear, althocugh studies using
in vivo models of inflammation indicate that it plays anti-
inflammatory and immunomodulating roles and has protective
effects (4, 5). The “basal” level of hAGP is ~20 umolditer, but
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hAGP levels can increase by 5-10-fold in response to stress,
infection, or an inflammatory response to neoplasm (6, 7). In
addition to increases in hAGP plasma concentration in certain
cancers, changes in the expression of genetic variants of hAGP
can occur according to the specific type of cancer (8). The levels
of hAGP vary widely and heterogeneously among cancer pa-
tients; according to the type of disease, the composition of
hAGP consists of various isoforms and degrees of glycosylation
(9). Studies have shown that increases in circulating hAGP
alter the pharmacokinetic disposition and pharmacological ac-
tion of numerous drugs that bind to it {10-12). For example,
increased hAGP levels associated with advanced tumors alter
the pharmacokinetics of Imatinib (STI571), a tyrosine kinase
inhibitor, in leukemia patients (13). hAGP also appears to be
an independent predictor of respense and a major objective
prognostic factor of survival in patients with non-small cell
lung cancer treated with docetaxel chemotherapy (14). Thus,
hAGP is an important modulator of drug pharmacckinetics and
pharmacodynamics in anticancer therapeutics.
7-Hydroxystauresporing (UCN-01) has an indolocarbazole
moiety and was originally isolated as a selective inhibitor of a
Ca?*- and phospholipid-dependent protein kinase (protein ki-
nase C (PKC)) (15). UCN-01 is a derivative of staurosporine,
which occurs naturally, inhibits numerous other kinases, and
has greater selectivity for PKC than does staurosporine (16,
17). UCN-01 can mediate 3 distinct cellular effects in vitro: cell
cycle arrest, induction of apoptosis, and potentiation of DNA
damage-related toxicity (18—20). It exhibits anticancer activity
against human and murine tumor cell lines that have aberra-
tions in cellular signal transduction (21-24). Unlike other com-
pounds with an indolocarbazole moiety, UCN-01 preferentially
induces G, phase accumulation in various cell lines, and one of
its mechanisms of action is clearly mediated by dephosphoryl-
ation of retinoblastoma pretein and inhibition of eyclin-depend-
ent kinase 2 (CDK2), an intracellular retinoblastoma protein
kinase that regulates the transition from the G, to S phase
(25). In addition, UCN-01 enhances the anticancer effects of
several important chemotherapeutic drugs, including mitomy-
¢in C, cisplatin, and 5-fluorouracil, ir vitro and in vivo (26-28),
UCN-01 is currently in the phase II study of its effects on
relapsed or refractory systemic¢ anaplastic large cell and ma-
ture T-cell lymphomas (29, 30). UCN-01 was initially adminis-
tered as a 72-h continuous infusion every 2 weeks, based on
data from in vitro and xenograft preclinical models. However,
in the first few patients, the drug had an unexpectedly long
half-life (>30 days), which was 100 times longer than the

This paper is available on line at htip://www.jbc.org
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half-life observed in preclinical models. The distribution vol-
umes (0.0796~0.158 liter/kg) and systemic clearance
(0.0407~0.252 ml/h/kg) in the human patients were found to be
extremely low. This pharmacokinetic behavior of UCN-01 in
humans can partly be attributed to its specific high affinity
binding to hAGP, which causes slow dissociation of UCN-01
from hAGP and thereby limits its disposition and elimination
(31, 32). The binding constant for UCN-01 and hAGP, 8 x 10°
M}, is the highest value ever reported for protein binding
studies (33).

Several protein binding studies of hAGP had been conducted
using a variety of techniques including equilibrium dialysis,
ultrafiltration, chemical modification, and displacement (34—
37). In a recent study, we identified the key factors contributing
to the unusually high binding affinity between UCN-01 and
hAGP: the substituent at C-7 of the UCN-01 molecule, and the
Trp residues of hAGP (38). Crystallographic structural analy-
sis has become more common and appears to be a good method
for analysis of ligand-protein interaction, but there have been
no reports of crystallographic structural analysis of hAGP.
Certain experimental techniques allow direct evaluation of li-
gand-protein complexes, which can elucidate the binding chem-
istry of hAGP. Photoaffinity labeling is an essential comple-
ment to modeling and mutagenesis and allows direct,
unambiguous identification of the contact region between a
binding protein and its specific photoactivatable ligands (39-
41). There is no photoaffinity labeling study that has led to the
direct determination of labeled amino acid residues in hAGP.
In the present study, we used [PHJUCN-01 (Fig. 1) as a pho-
toaffinity labeling agent to characterize the binding site of
hAGP. Also, single residue mutants of recombinant hAGP
{(W254, W122A, and W160A) were produced in order to deter-
mine which Trp was involved in the high affinity binding of
[BHIUCN-01. Finally, we constructed models of the docking of
TCN-01 into the binding cavity, using a three-dimensional
molecular model of hAGP.

EXPERIMENTAL PROCEDURES

Materials—[FHIUCN-01 (12 Ci/mmol), UCN-01, UCN-02, and stau-
rosporine were supplied by Kyowa Hakko Kogyo Co. (Shizuoka, Japan).
hAGP (purified from cohn fraction VI) was purchased from Sigma.
Sequencing grade modified trypsin was purchased from Promega. All
other chemicals and solvents were of analytical grade. N-Glycosidase F
recombinant (PNGase F) was purchased from Roche Applied Science.
Plasma-derived AGP (pAGP), propranclol, and progesterone were pur-
chased from Sigma. Potassium warfarin was donated by Eisai Co.
(Tokyo, Japan). Restriction enzymes, Escherichia coli JM109, the DNA
ligation kit, and the DNA polymerase Premix Taq® (EX Taq version)
were obtained from Takara Biotechnology Co. Litd, (Kyoto, Japan). The
DNA sequencing kit was obtained from PerkinElmer Applied Biosys-
tems (Tokyo, Japan). The Pichia expression kit was purchased from
Invitrogen. DEAE Sephacel, phenyl-Sepharose Fast Flow, and Seph-
adex G-75 superfine were purchased from Amersham Biosciences.

Expression and Purification of Wild-type and Mutant rhAGP—Re-
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combinant hAGP (rhAGP) was expressed in the methylotropic yeast
Pichia pastoris using the expression vector pPICY, and was purified by
anionic exchange, hydrophobic interaction, and gel filtration chroma-
tography (42). The single residue mutants W254, W1224, and W160A
were prepared using a QuikChange® XL site-directed mutagenesis kit,
following the procedure of Braman et al. (43).

Purification of rhAGP—The growth medium was separated from the
yeast by centrifugation (6000 X g, 10 min, 4 °C), and the secreted
rhAGP was isolated from the medium as follows. The medium was
brought to 60% saturation with ammonium sulfate at room tempera-
ture. The temperature was then lowered to 4 °C, and the pH was
adjusted to 4.0. After shaking for 12 h, the precipitated protein was
collected by centrifugation (12,000 X g, 60 min, 4 °C) and resuspended
in distilled water. Dialysis was performed for 48 h at 4 °C against 100
volumes of distilled water, followed by a further 24 h of dialysis against
100 volumes of 10 mMm Tris-HCl buffer (pH 7.4). Then, the sclution was
loaded ontc a column of DEAE Sephacel. rhAGP was eluted with a
linear gradient of 0~1 M NaCl in 10 muM Tris-HCl buffer (pH 7.4). The
eluted thAGP was loaded onto & column of phenyl-Sepharose Fast Flow.
Finally, rhAGP was purified using Sephadex G-75 superfine resin.

Photoaffinity Labeling of RAGP—hAGP (50 uM) was incubated with
PHIUCN-01 (0.08 M) in 100 gl of 20 mM Tris-HC1 (pH 7.4) in a 1.5-ml
Eppendorf tube at room temperature in the dark for 60 min. The
incubation mixture was then placed on ice and irradiated for 30 min by
a 100-watt black light/blue lamp (310 nm, Ultra-Violet Products, Inc.,
San Gabriel, CA) at a distance of 10 cm, After irradiation, the photola-
beled hAGP was precipitated by adding 1 ml of acetone, followed by
centrifugation at 15 X 1000 rpm for 10 min. The pellet was washed with
1 ml of ethanol and centrifuged a second time.

SDS-PAGE and Electroblotting—Photolabeled hAGF was analyzed
by SDS-PAGE using a 10% polyacrylamide gel (according to the method
of Laemmli) and a sampling buffer (10 mM Tris-HCI, pH 7.6, 1% (w/v)
8DS, 20 mM dithiothreitel, 4 mm EDTA, and 2% (w/v) sucrose). The
concentration of protein was determined by Bradford assay using bo-
vine serum albumin as the standard (44). After electrophoresis, the gel
was electrophoretically transferred onte a PVDF membrane in a trans-
fer buffer (25 mM Tris, 193 mM glycine, 10% methanol) using a semidry
blotting assembly. The blotted membrane was stained with Coomassie
Brilliant Blue R250, followed by complete drying in air.

Autorediograpic Analysis—For autoradiographic analysis, the dried
PVDF membrane was placed in contact with an imaging plate (BAS III,
Fuji Phote Film Ce.) in a cassette (BAS cassette 2040) at room temper-
ature for 48 h. The imaging plate was scanned and analyzed using a
Bio-Imaging Analyzer (model BAS FLA-3000 G; Fuji Photo Film Co.),
and was then analyzed using L Process V1.6 software (Fuji Film Science
Lab 98). The incorporation of radioactivity into individual fragments
wasg quantified using Image Gauge V3.1 software (Fuji Film).

Competition Experiments—In order to determine the photolabeling
apecificity of the binding site of ["H|UCN-01, hAGP (50 pum) was incu-
bated with [*HIUCN-01 (0.08 uM) in the presence of competitors (250
uM) prior to photolysis. The competitors were the UCN-C1 analogues
staurosporine and UCN-02, the basic drug propranolol, the acidic drug
warfarin, and progesterone (representative steroid hormone). The pho-
tolabeled hAGP was separated by 10% gel SDS-PAGE and electro-
blotted onto a PVDF membrane before being subjected to autoradio-
graphic analysis. i

Reductive Pyridylethylation and Deglycosylation of RAGP—After the
photolabeled hAGP was precipitated by acetone, 100 pl of the buffer
was added to the precipitate. Then, 10 ul of 1% SDS and 1 M 2-mercap-
toethanol were added to this solution, followed by reduction at 100 °C at
10 min. For deglycosylation of hAGP, 10 pl of 10% n-octanoyl-N-methy-
glucamide (MEGA-8), 50 ul of deionized water and 2 units of PNGase F
were added to the reduction solution, and the resulting solution was
incubated for 24 h. Then, 1 ul of 4-vinylpyridine was added, the mixture
was further incubated in a N, atmosphere for 30 min at room temper-
ature in the dark, and was then dialyzed for desalination.

Tryptic Digestion and Purification of Photolabeled hAGP Peptide
Fragments—Tryptic digestion was performed in 50 mm NH HCO, (pH
7.8). After deglycosylation, deglycosylated hAGP was incubated with
trypsin for 5 h at 37 °C. The ratio of trypsin to hAGP was 1:20 (w/w).
Tryptic peptides were separated by reverse-phase C,y column (5 pm,
4.6 X 250 mm, Vydac) high performance liquid chromatography (HPLC)
using an aqueous acetonitrile gradient in the presence of 0.1% triflu-
oroacetic acid. The separated peptides were fractionated every 30 8; 200
ul of each fraction were added to 2.5 ml of scintillation mixture; and the
radicactivity was determined using a LSC-500 liquid seintillation coun-
ter {Aloka, Tokyo, Japan). The fraction with the highest radicactivity
was collected in an Eppendorf tube, and was evaporated on a SpeedVac
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evaporator until the volume of the sample was about 50 pl.

Capillary HPLC Separation and Sequencing—After evaporation, 10
gl of the sample was injected into an ABI 173 A MicroBlotter Capillary
HPLC System (PerkinElmer Life Sciences)} (45). The sample was ma-
nipulated according to the manufacturer’s instructions (User’s Manual,
PerkinElmer Life Sciences). Meanwhile, the blotted membrane from
the capillary HPLC separation using a C,, column (5 um, 1.5 % 150
mm, PerkinElmer) was in eontact with an imaging plate for 48 h prior
to autoradiography analysis. The PVDF membrane was aligned with
the chromatogram of a peptide map from the ABI 173 A MicroRlotter
Capillary HPLC System. Portions of the PVDF membrane were excised
for sequencing on an Applied Biosystems Precise Sequencer with ref-
erence to the autoradiogram.

Docking of UCN-01 to RAGP—The structure of hAGP has not previ-
ously been experimentally determined, As a model of the three-dimen-
sional structure of hAGP for ligand docking, we used the modeled
structure of hAGP obtained by Kopecky et al. (46). The initial structure
of UCN-01 was taken from the erystal structure of the Chk1-UCN-01
complex (47, PDB ID INVQ). The docking ealculation 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 using AASS (Average of Auto-Scaled Scores), as
follows in Equation 1.

| i_Scoreptacement _ min(i_Score)'i
=(> [ /n (Eq. 1)

AASEH

- max(i_Score) — min(i_Score)

In the AASS calculation, n = 5 and i = F_Score (48), G_Score (49},
PMF _Score (50), D_Score (51), ChemScore (52). Although the top 5
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-41, Ile-44,
Phe-48, and Val-156. In the type II medel, UCN-01 is packed into a
hydrophobic pocket consisting of Ile-28, Pro-131, Leu-138, Tyr-157,
and Trp-160.

Refinement of Docking Models—To refine 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 potential energy below 0.05 kcal mol~* A-1 using SYBYL
6.9.1 (Tripos, Inc., 2003). The Tripos force field was used for the molec-
ular energy calculation. The AMBER 7 charges (53) were used as the
atomic charges for hAGP. The Gasteiger-Hiickel charges (54-57) were
used as the charges for UCN-01. The cut-off distance for the non-bonded
interactions was 10 A. The distance-dependent dielectric constant of 4r
was used. Due to the lack of hydrogen atoms in the modeled structure
of hAGP, the initial positions of the hydrogen 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
squares difference method.

RESULTS

Photolabeling of [FHJUCN-01 to HRAGP—The autoradiogram
in Fig. 2 shows that the band of radiclabeled protein appeared
only upon the photoirradiation of hAGP with [PHIJUCN-01. The
radioactivity band indicated the incorporation of [PH]UCN-01
to hAGP via photoirradiation. No band of radiclabeled protein
could be observed for the sample without irradiation indicating
that no covalent attachment of [PHJUCN-01 to hAGP occurred
in the dark. Exposure to light for 30 min was sufficient for the
photoincorporation of [*HJUCN-01 to hAGP (Fig. 3). The re-
sults indicate that [BHIUCN-01 is photoactivatable and stable
in the dark.

Competition Experiments—In a previous study using ultra-
centrifugation methods, it was concluded that the binding site
for UCN-01 on hAGP partly overlaps with the binding site for
basic drugs, acidic drugs, and steroid hormones (58). In the
present photolabeling experiment, in order to determine the
photolabeling specificity of [FHIUCN-01, we used staurosporine
and UCN-02 (a stereoisemer of UCN-01), which also bind
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Fic. 2. Photolabeling of hAGP with [*H]JUCN-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
[PHIUCN-01 for 60 min prior to photoirradiation. The samples were
separated with 10% SDS-PAGE and electroblotted onto a PVDF mem-
brane for autoradiographic analysis.
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Fic. 3. Time course of ["THJUCN-01 photoincorporation. 50 uM
hAGP was incubated with 0.08 pM [*H]UCN-01 for 60 min prior to
photoirradiation. Aliquots of 100 ul 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,
photostimulated luminescence.

hAGP, as competitors. All staurosporine analogs significantly
inhibited photoincorporation, by more than 60% (Fig. 4). Other
competitors that we used were representatives of other hAGP
ligands: an acidic drug (warfarin), a basic drug (propranolol),
and a steroid (progesterone). Warfarin and propranclol inhib-
ited binding by less than 30%, but to a significant degree,
whereas progesterone inhibited binding by about 60% (Table I).

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,4 column,
The major radicactive peptides were eluted in 10.5~11.5 min
(Fig. 5, A and B). The fractions eluted within this time frame
were collected and concentrated with a SpeedVac evaporator
for further capillary HPLC analysis. The concentrated sample
from previous HPLC analysis was separated and simulta-
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Fic. 4. Photolabeling of hAGP with [*HJUCN-01 in the pres-
ence of competitors. Lane I, no competitor; lane 2, cold UCN-01; lane
3, staurosporine; lane 4, UCN-02; lane 5, warfarin; lane 6, progesterone;
lane 7, propranolol. 50 uM hAGP was incubated with 0.08 um [*HJUCN-
01 and 250 uMm 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 < 0.01. PSL, photostimulated luminescence.

TasLE I
Binding affinity constant and inhibition percentage by the competitors
Competitor K, Inhibition
Mt %
Cold UCN-01¢ 2.88 X 10® 86.38
Staurosporine® 1.13 X 107 68.54
UCN-02° 1.48 x 10° 61.52
Warfarin® 1.08 x 10° 16.43
Progesterone® 1.00 % 10° 58.71
Propranolol® 2.98 x 108 26.26

= Binding constant data taken from Ref. 38.
¢ Binding constant data taken from Ref 59.

neously blotted onto a strip of PVDF membrane using an ABL
173 A MicroBlotter Capillary HPLC System. Autoradiographic
analysis of the PVDF membrane indicated that the radioactive
spot corresponded to the peak observed at 84-85 min (Fig. 6, A
and B). Edman sequencing of this spot revealed an amino acid
sequence of SDVVYTDXXK (Fig. 7), corresponding to Ser-153 to
Lys-161 of hAGP.

Photolabeling of Wild-type and Mutant rRAGP with
[PHJUCN-01—Mutation of the 160th Trp residue of ThAGP 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 [H]UCN-01 be-
tween wild-type rhAGP and the rhAGP mutants W25A and
W122A (Fig. 8).

Docking of UCN-01 to hAGP—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 et al. {(46), to map the possible binding
sites of hAGP. Molecular modeling calculations revealed 2 po-
tential binding sites, type I and type II, around Trp-160, both of
which were located in the outer region of hAGP (Fig. 9A). Table
II shows the distance and nature of interaction between donors
and acceptors in the models of types I and IL In the type II
model, UCN-01 is packed into a surface cleft consisting of
Ile-28, Pro-131, Glu-132, Lys-135, Leu-138, Tyr-157, Trp-160,
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Fic. 5. Reverse-phase HPLC separation of tryptic peptides of
hAGP photolabeled with [*"HJUCN-01. A, chromatogram of tryptic
peptides of hAGP photolabeled with [PHJUCN-01 detected at UV ab-
sorption wavelength of 210 nm. B, radioactivity of the reverse-phase
fractions (200 ul) was determined by scintillation counting. An aliquot
of 20 pl of the tryptic peptides was applied to a C,z-column and eluted
at 1 ml/min using an aqueous acetonitrile gradient in the presence of
0.1% trifluoroacetic acid (from 5 to 95% acetonitrile over the courge of
40 min).
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FiG. 6. Chromatogram of capillary HPLC and autoradiogram
of blotted PVDF membrane. A, 'V-absorption (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,, column and eluted at 5 ul/min 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 autoradiography 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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FiG. 7. N-terminal amino acid sequence analysis by the Edman
degradation method and amino acid sequence of the photola-
beled region of hAGP (tryptic peptides). PTH, phenylthiohydantoin.
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Fic. 8. Photolabeling of wild type, W25A, W1224, and W160A
with [PHJUCN-01. A sample of 50 uM thAGP was incubated with 0.08
pM [PHJUCN-01 for 60 min prior to photoirradiation, The samples were
separated with 10% SDS-PAGE and electroblotted onto a PVDF mem-
brane for autoradiographic analysis. *, statistically significant, com-
pared with wild type; p < 0.01, PSL, photostimulated luminescence.
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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
Trp-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 Trp-160. In contrast, these interac-
tions were not observed in the type I model, in which UCN-¢1
was shown to be packed into a surface cleft consisting of Val-41,
Glu-43, Ile-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 toxicology. Thus, infor-
mation about the effects of the acute phase response on the
ligand binding ability of plasma can be used to optimize drug

UCN-01 Binding Site on Human al-Acid Glycoprotein
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FiG. 9. A, type I and II docking models of UCN-01 and hAGP. Hydro-
phobic amine acids are shown in green. B, amino acid residues in a
surface cleft around Trp-160 that interacts with UCN-01 exhibited in
type Il docking model. Dotted line, electrostatic interaction. Arrow,
hydrogen bonding.

administration protocols in elinical practice. hAGP has been
reported to be a major plasma protein that predominantly
binds basic drugs (60). However, protein binding studies sug-
gest that hAGP has 1 wide and flexible drug binding area that
accommodates not only basic but also acidic and stercidal drugs
(61). A current model of the hAGP binding site depicts a buried
pocket with a negatively charged region that interacts 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 to clarify the
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
types (e.g. MDA-MB-468 breast carcinoma cells) required 72 h
of drug exposure before irreversible growth inhibition cccurred
(23). However, the clinical outcome of the first 9 patients
treated using this schedule demonstrated unexpectedly high
concentrations of the drug with a long terminal elimination
half-life (¢5). This led to a modification of the UCN-01 admin-
istration schedule, in which the recommended phase II 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 same concentration and
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TasLE IT
Interaction and distance between donors and acceptors in the model of types I and IT
Donor Acceptor Interaction Distance
A

Type I

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

Tyr-50@0H UCN-01@C=0 Hydrogen bonding 2.770
Type II

Trp-160ENE1 UCN-01@C=0 Hydrogen bonding 2.878

Lys-135@NZ UCN-01@-0- 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° m~%, UCN-01 is
unique in its high affinity binding to hAGP, and has a K, value
of 8 X 10% M~ 2. The results of this extraordinarily high binding
affinity include a low volume of distribution (which approxi-
mates the extracellular volume) and long £, (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. Cuor-
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 alse under
the conditions in which the experiments are performed. An-
other problem with reagent stability is covalent attachment in
the dark, either specific or nonspecifie, to the protein under
study. All the advantages of photoaffinity labeling are lost if
such covalent attachment occurs. In the present study, a cova-
lent bond was formed between UCN-01 and hAGP only upon
photoirradiation (Fig. 2).

The results of the present 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 stercids. This sharing of a
binding region between 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 [PHIUCN-01 showed
that these peptides correspond to amino acids Ser-153 to Lys-
161 of bAGP. In addition, no phenylthichydantoin (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 [*HJUCN-01 to hAGP is
relatively stable under the conditions of Edman degradation,
and that it is highly likely that Trp-160 was photolabeled
by (*HIUCN-01.

All naturally oceurring genetic variants of hAGP conserve
the 3 Trp residues in the protein amino 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*5 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 TJCN-01 binding. Photolabeling of wild-type
and mutant tThAGP 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 Chkl (47),
phospho-CDK2/cyclin A (66), and PDK1 (67), Coincidentally, as
observed in the present study, the most important differences
previously observed between staurosporine and UCN-01 com-
plexes are the contacts involving the 7-OH group of UCN-01.
Komander et el. (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
hydregen bond 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 inside 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 photeaffinity labeling and site-directed
mutagenesis.

In order to further analyze the binding cleft of type II dock-
ing model, staurosporine and UCN-02, a stereoisomer of
UCN-01 with an «-OH group at the C-7 position, were used to
replace UCN-01 at the same position to produce another two
docking models (data not shown). In general, all interacting
amino acid residues in the two latter models were similar to
those of the former, except that the «-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 3-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-135
as its distance from the sugar ring of UCN-02 was more than 5
A, the greatest among the three models.

The following sequence of binding affinity for hAGP has
previously been ohserved: UCN-01 > staurosporine > UCN-02
(38). The aromatic ring of UCN-01 is stacked on Trp-160, and
the hydrophabic 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 bacterial species. Staurosporine was
initially identified as a potent inhibitor of PKC, which is a
Ca?*- and phespholipid-activated kinase (69). Different iso-
forms of PKC are activated in response to growth 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 UJCN-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 kineties 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 vive, 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 al-Acid Glycoprotein

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, should be conducted along with studies of the potential
usefulness of stauresporine pharmacopheres. 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 novel staurosporine an-
alog anticancer drugs, and also for evaluation of side effects
and drug interaction in clinical settings. The present results
provide clues to 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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