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recent study showing that intensive IVIR was an inde-
pendent factor associated with a decreased survival and
higher rates of hospitalization for HD patients [39]. HD
patients have relatively lower serum albumin levels for
several reasons, including malnutrition. Given the fact
that albumin is a major antioxidant in the extracellular
fluid, a decrease in serum albumin levels in these patients
would contribute to the high incidence of cardiovascu-
lar events that are frequently associated with an increase
in oxidative stress. Significance of oxidized serum albu-
min in HD patients in the progression of cardiovascular
discases is not fully determined. However, in the case of
HD patients, it has been demonstrated that the carotid
artery intima-media thickness is associated with the level
of plasma advanced oxidation protein products (AQPP},
serum ferritin, and the annual intravenous iron dose ad-
ministered {40], and that AOPP is mostly due to albumin
[41]. These findings suggest the possibility that oxidized
albumin in HD patients might play a pathogenic role in
the progression of atherosclerosis. A study by Boaz et al
has suggested that antioxidant therapy may lessen cardio-
vascular complications in end-stage renal disease patients
[42], suggesting the importance of evaluating oxidative
stress and the appropriate antioxidant therapy in HD pa-
tients, especially in patients who are receiving IVIR. The
coadministration of antioxidants such as vitamin E with
IVIR has been shown to-be effective in reducing oxida-
tive stress in HD patients {43]. HPLC analysis of serum
albumin represents a potentially useful marker for the
qualitative and quantitative evaluation of oxidative stress
in HD patients, as well as for the assessment of the effect
of antioxidant therapy.

CONCLUSION

The findings here suggest that IVIR is associated with
an increase in the oxidative state of serum albumin, and
that the HPL.C analysis of serum albumin would be a use-
ful marker for the quantitative and qualitative evaluation
of oxidative stress in HD patients.
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ABSTRACT: @-Acid glycoprotein (AGP) consists of 183 amino acid residues and 5 carbohydrate chains
and binds to basic and neutral drugs as well as steroid hormones. We investigated the structural properties
and ligand-binding capacity of AGP under mild acidic conditions and its interactions with liposomes
prepared from neutral or anionic lipids and the neutral drug, progesterone. Interestingly, AGP had a unique
structure at pH 4.5, at which the tertiary structure changed, whereas the secondary structure remained
intact. Furthermore, the binding capacity of AGP for progesterone did not significantly change under
these conditions. It was also observed that AGP was strongly bound to the anionic membrane at pH 4.5,
forming an a-helix-rich structure from the original 8-sheet-rich structure, which significantly decreased
the binding capacity of AGP for progesterone. The structural transitions as well as the membrane binding
were suppressed by adding NaCl. These results indicate that AGP has a unique structure on the membrane
surface under mild acidic conditions. The conformational change induces binding to the membrane aided
by electrostatic interaction, and AGP subsequently takes on a predominantly a-helical conformation.

ou-Acid glycoprotein (AGP),! a member of the lipocalin
family, is a polypeptide with two disulfide bonds and five
carbohydrate chains, which account for about 40% of its total
mass of 36 kDa (). It is a major binding protein for neutral
and basic ligands (2—5). Although the three-dimensional
structure and biological functions are still unknown, circular
dichroism measurements {(6) and molecular modeling (7)
have revealed that this protein has a largely S-sheet structure
in aqueous solution,

The hypothesis that membrane transport of a drug depends
on the nonbound drug concentration is widely accepted.
However, because this hypothesis does not fully explain the
uptake mechanism of some AGP-binding drugs, a protein-
mediated uptake system has been proposed (8—11). In such
a system, structural changes in the protein due to interaction
with the membrane surface decrease the drug-binding capac-
ity. The recent ESR spectroscopic finding that the structure
of HSA changes after interaction with the surface of
hepatocytes supports this proposed system ([2). It was
recently reported that AGP binds to the vascular endothelial
cell surface and then causes transcytosis across the cell
without passing the intercellular junction (/3). Andersen
detected AGP on the surface of human monocytes, granu-
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locytes, and lymphocytes using fluorescent electron micros-
copy (14, 15). Other studies of AGP interacting with vesicles
{16) and liposomes (1 7) also support the conclusion that AGP
interacts with the membrane in circulation and may influence
intracellular events. Furthermore, the oligosaccharide moiety
of AGP is recognized by cell surface lectins (/8).

We previously reported that the interaction between AGP
and a biomembrane model (reverse micelles) resulted in
structural change and a decrease in ligand-binding capacity.
Moreover, this interaction resulted in a unique conformational
transition: [-sheet to a-helix (/9). Based on these results,
it is important to investigate the structural properties and
ligand-binding capacity of AGP under mild acidic conditions
because local changes in pH on the biomembrane surface
influence these parameters (20). Indeed, there are several
reports that proteins undergo structural and functional
changes under mild acidic conditions on the membrane
surface and intracellularly (2/—23), including other lipocalins
24).

In the present paper, we examined the relationship between
structural properties under mild acidic conditions and the
ability of AGP to interact with phospholipid interfaces
containing neutral and anionic phospholipids. We demon-
strate that AGP undergoes a unique conformational change
under mild acidic conditions and that this conformational
change promotes an interaction with the membrane. The
ligand is then released due to either a change in affinity or
closer membrane association. The process is a potentially
useful model for studying the pharmacokinetics of both
endogenocus and exogenous substance binding to AGP and
for elucidating further functions of AGP.

© 2004 American Chemical Society
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MATERIALS AND METHODS

Materials. AGP (Cohn fraction VI), progesterone, L-gi-
phosphatidylcholine (PC) and ethanolamine (PE) from egg
yolks, L-a-phosphatidyl-L-serine (PS) from bovine brain, and
L-a-phosphatidyl-pL-glycerol sodium salt (PG) were all from
Sigma Chemical Co. (St. Louis, MO). All other chemicals
and solvents were of analytical grade.

Liposome Preparation. Liposomes were prepared as
described previously (25). Briefly, phospholipids were dis-
solved in chloroform, and the solvent was evaporated under
a stream of nitrogen and then under vacuum for at least 1 h.
The phospholipid film was dispersed in the following 20 mM
buffers: sodium phosphate (pH 6.0—7.4) and sodium acetate
(pH 4.5—35.5), each containing 0—150 mM NaCl. Small
unilamellar vesicles were prepared by sonication with a probe
sonicator to near optical clarity, and residual multilamellar
vesicles and titanjum particles released from the probe were
removed by centrifugation at 14000g for 20 min. Vesicles
were mixed with AGP in the buffer at 2 final concentration
of 10 mM AGP and 50—600 M phospholipids (1:5—1:60
molar ratio of protein to phospholipids), and samples were
incubated at room temperature for at least 1 h.

Measurement of Circular Dichroism Spectra. Circular
dichroism spectra were recorded with a Jasco J-720 spec-
tropolarimeter, using 10 uM AGP in 20 mM buffer (de-
scribed above) at each pH. UV spectra were recorded in 10
mm and in 1 mm path length cells for near- and far-UV
spectra, respectively.

Measurement of Fluorescence Spectra. Fluorescence was
measured using a Jasco FP-770 fluorometer (Tokyo). AGP
was dissolved at 10 4M in appropriate buffers. For Trp
fluorescence, the excitation wavelength was 280 nm, and
emission was monitored from 300 to 400 nm. ANS was
added to a final concentration of 20 uM (2:1 molar ratio of
ANS to AGP), which was enough to form the complex of
AGP—ANS as much as possible and prevent nonspecific
binding because it was reported that AGP had a high-affinity
site for ANS (23). Spectra were recorded immediately after
mixing. The excitation wavelength was 380 nm, and emission
was monitored from 450 to 550 nm.

Membrane-Binding Experiment. Sucrose-loaded large uni-
lamellar vesicles were prepared as previously described (26).
The buffers (20 mM) used at each pH were as described
above. Repeating the experiment with various buffers showed
that the results depended on pH and not the buffer used.
After incubation for 10 min at room temperature, solutions
were centrifuged (20000g, 30 min) to separate vesicles and
associated protein (pellet) from soluble protein (supernatant).
Control experiments at all pH values showed that, in the
absence of phospholipid vesicles, no AGP was present in
the pellet after centrifugation. Samples were analyzed by the
Bradford assay.

Progesterone— AGP-Binding Experiment. Binding of proges-
terone to AGP was determined by the ultrafiltration method.
Progesterone was dissolved as 1 mg/mL in acetonitrile, and
the stock solution was diluted with 20 mM sodium phosphate
buffer {(pH 6.0—7.4) and sodium acetate buffer (pH 4.5—
5.5). The final concentration of acetonitrile did not exceed
1%. AGP solution (1 mL) containing progesterone was
incubated for 10 min on ice and then centrifuged at 2000g
for 40 min at 4 °C. After centrifugation, the filtrate (10 pL)
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FIGURE 1: Effects of pH on the far-UV (A) and near-UV (B) CD
spectra of AGP at pH 74 and 4.5, AGP spectra are shown as a
continuous line (pH 7.4) and a dashed line (pH 4.5). Circular
dichroism spectra were recorded using 10 #M AGP in a solution
containing 20 mM buffer: sodium phosphate (pH 7.4) or sodium
acetate (pH 4.5).

was analyzed by HPLC to determine the free progesterone
concentration. The HPLC system consisted of a Hitachi
655A-11 pump (Hitachi, Tokyo) and a Hitachi L-4000 UV
detector set at 244 nm. The analytical column used was an
AM312 ODS column (150 x 6.0 mm i.d., $-5 mm, 120 A)
(YMC, Kyoto) and was maintained at room temperature. The
mobile phase was acetonitrile—20 mM sodium phosphate
buffer (pH 7.4) (50:50 v/v) at a flow rate of 1 mL/min. AGP
and PG concentrations were 10 and 400 M, respectively.
AGP—progesterone-binding experiments in the presence of
liposomes had a final progesterone concentration of 10 uM
(1:1 molar ratio of progesterone to AGP) after the liposomes
had been saturated in progesterone to limit its nonspecific
adsorption by the liposomes.

RESULTS

Effects of pH on the Conformational Structure of AGP. It
has been reported that the pH at the membrane surface is
lowered due to the membrane potential (20). This pH
decrease may mediate interactions between proteins and the
membrane itself (24). We investigated how the tertiary and
secondary structures of AGP were affected under mild acidic
conditions (pH 4.5—6.5) using circular dichroism spectros-
copy (Figure 1). The tertiary structure changed slightly
compared with that at pH 7.4, but the secondary structure
was unaffected, even at pH 4.5. To obtain more information
about the conformational changes in AGP under mild acidic
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FIGURE 2: Flucrescence spectra of ANS and Trp residues at various
pHs. AGP was dissolved at 10 4M in the appropriate buffers, and
ANS was added to a final concentration of 20 #M (2:1 molar ratio
of ANS to AGP). ANS: excitation wavelength, 380 nm; Trp:
excitation wavelength, 280 nm.

conditions, we measured the fluorescence spectra of ANS
and Trp residues on AGP at pH 4.5—7.4 (Figure 2). ANS is
often used to evaluate hydrophobic regions, which are
generally in the protein interior (25, 27, 28). The fluorescence
intensity of ANS and Trp residues increased with lowering
of pH. These results indicate that AGP has a unique
conformational structure under the mild acidic conditions of
the membrane surface, even in the absence of direct
interactions between AGP and the membrane.

Effects of pH and NaCl on the AGP—Membrane Binding.
The membrane environment has been shown to have a
negative charge, in addition to being mildly acidic (20). We
therefore examined the binding of AGP to PG- and PC-based
membranes at each pH (pH 4.5—7.4) (Figure 3A). AGP
bound strongly to the PG—membrane with lower pH,
whereas significant binding was not observed with the PC—
membrane at any pH. To confirm the presence of electrostatic
forces in this interaction, the effects of NaCl on this binding
were examined with the PG—membrane at pH 4.5 (Figure
3B). NaCl suppressed binding in a concentration-dependent
manner (0 mM, 96.0 + 0.58%; 75 mM, 37.5 £ 2.64%; and
150 mM, 10.0 + 16.3%). The finding that other cations, Ca?*
and K*, also inhibited the interaction between AGP and
membrane suggests the presence of electrostatic force (data
not shown). The above interaction was also observed even
in physiological buffer, but it was small, as expected from
the NaCl effect. To test the validity of this model and
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(B) Effect of NaCl on the binding of AGP to the membrane. (C)
Binding of AGP to the membrane made from other phospholipids.
Experiments were performed using 10 4M AGP in solutions
containing 20 mM buffers as described in Materials and Methods.
Phospholipid vesicles were prepared at 400 uM.

experiment, the binding experiment was repeated using other
phospholipids: PS and PE (Figure 3C). PG, PS, and PE (the
degree of the negative charge: PG > PS > PE) are anionic
lipids, PC is neutral, and the pattern of interaction of AGP
with the lipids also supported the existence of an electrostatic
interaction between AGP and the membrane. Moreover, at
each pH, binding of AGP to PG-~membrane had a significant
correlation with the fluorescence intensity of Trp residues
(r = 0.9901, p < 0.01) (Figure 4) but not ANS (data not
shown). These results strongly suggest that the slight changes
in AGP conformation observed under mild acidic conditions
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lead to the binding of AGP to the membrane. This interaction
may involve an electrostatic component.

Effects of pH and NaCl on the Conformation of AGP in
Membrane Interactions. To evaluate the structural properties
of AGP in membrane interactions, we examined the effects
of pH and NaCl on the conformation of AGP in the presence
of a PG—membrane (Figure 5). Panels B—D of Figure 5
show a —[#] value of 222 nm as an index of the a-helix
content. The secondary structure of AGP shifted from being
[-sheet-rich to an o-helix-rich structure at lower pH (Figure
5A,B). In addition, the degree of this conformational
transition depended on the PG concentration {Figure 5C) and
was inhibited by higher NaCl concentrations (Figure 5D).

A 15
'.3 -
E
=
o~y
: “
& 0
Z
e pH 74
=
a H45
) bl
-15 1
200 250
Wavelength (nm)
C.~ 147
5
E
T 12
o
E
i¥]
a0 10 1
g
E
& 8
~l
™~
k|
Lar)
:?. ]
»
2 4 - 1
0 20 40 60
|PG]/]1AGP]

Nishi et al.

These results indicated that this conformational transition was
initiated following, or during, binding of AGP to the
membrane,

Effects of Ligand-Binding Capacity of AGP in Membrane
Interaction. It is important to understand how the ligand-
binding capacity of AGP changes when the structural
transition (B-sheet to at-helix) occurs in the presence of the
PG—membrane. We used a representative AGP-binding
ligand, progesterone, because it is uncharged and therefore
unaffected by pH. The binding of progesterone to AGP had
a good correlation with the a-helix content of AGP interact-
ing with the PG—membrane at pH 4.5—7.4 (r = 0.9545, p
< (.01) (Figure 6). No changes in binding capacity were
observed for pH 4.5—7.4 in the absence of PG—-membrane.
These results show that the binding of progesterone to AGP
was strongly affected by its interaction with the PG—
membrane but was not affected by mild acidic conditions.

DISCUSSION

The hypothesis that uptake of a drug depends on the free
drug concentration (not bound by protein) is widely accepted.
However, a pharmacokinetic study using albumin- and AGP-
binding ligands found that uptake is more efficient than
predicted by this model (8). One explanation for this
phenomenon is that structural changes in the carrier protein
may be induced by interaction with the target cell surface,
Consequently, the ligand is released concomitantly with
conformational changes in the protein (§—117). This idea is
supported by ESR spectroscopic findings showing that
albumin undergoes structural changes when interacting with
hepatocytes (12). It should also be noted that AGP binds to
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Table 1. Effects of n-Allyl p-ABEs on the Number of Binding Sites (r) and
Association Constant (K) for Primary DNSA Binding to HSA at pH 7.4

p-ABEs]

Type of n-alkyl p-ABE 20ttt n K (x 16° MY
None 0 1.07+£0.10 1.81+0.37
Ethyl p-ABE 10 0.98+0.15 1.94+0.41
n-Propyl p-ABE 10 1.00+0.15 1.924+0.39
2 1.11+0,13 1.89 +0.42
4 1.01+0.11 1.84.+0.33
n-Buthyl p-ABE 6 0.98+0.07 1.92+0.25
8 1.07+0.17 1.8240.34
10 1.03+0.15 1.83+0.15
n-Amyl p-ABE 10 1.13£0.13 1.87 & 0.37

The following concentrations were used to estimate the association constant of DNSA: HSA,
40 pM; DNSA, 4-40 pM. Data represent the mean + SD of three experiments.

viscosity gave a straight line with a good correla-
tion coefficient of 0.999. According to this finding,
restriction of fluorescent probe mobility is accom-
panied by increased fluorescence anisotropy.
Addition of inereasing concentrations of n-butyl
p-ABE to DNSA-HSA enhanced the fluorescence
anisotropy of bound DNSA (Fig. 6). Actually,
addition of high concentrations of all the n-alkyl
p-ABEs increased the fluorescence anisotropy,
and the mobility restriction of bound DNSA in-
creased linearly with the number of carbon atoms
in the alkyl side chain (Fig. 64, inset). Increments
of pH also resulted in enhanced fluorescence
anisotropy of bound DNSA, but it did so in a less
uniform way: changing pH from 6 to 8 increased
fluorescence anisotropy, whereas an additional
change to 9 resulted in a small reduction of fluo-
rescence anisotropy (Fig. 6B). The latter finding
indieates similar fluorescent probe mobilities at
pH 8 and 9.

In summary, the fluorescence anisotropy data
were more in agreement with the CD data than
with the association constant data. This is espe-

Table 2. Effect of pH on the Number of Binding
Sites (n) and Association Constant (K) for Primary
DNSA Binding to HSA

pH n K(x10°M™Y
6.0 0.98£0.12 1.37+0.36
7.0 1.11+£0.20 1.66 +0.25
74 1.07+0.15 1.81+0.27
8.0 0.98+0.13 2,9540.42
9.0 1.03+0.09 4,11 £0.40

The following concentrations were used to estimate the
association constant of DNSA: HSA, 40 uM; DNSA, 4-40 pM.
Data represent the mean + 8D of three experiments.

clally evident when studying the effect of adding
n-alkyl p-ABEs. These similarities between the
CD and Auorescence anisotropic findings might be
related to DNSA mobility at the binding region Ib.

DISCUSSION

HSA and oy-acid glycoprotein (AGP) are two
important transport and depot proteins in the
circulation. AGP is considered to possess only one
ligand binding site, consisting of several over-
lapping regions for exogencus and endogenous
substances.?? HSA has at least three binding sites
for high-affinity binding of drugs, namely, site I,
site II and site IIT also called the warfarin,

P DO I R R |

O.I-I
2 4 6 8 1012 14

1/ (x 103 cp it

Figure 5. Relation between medium viscosity (n) and
DNBSA fluorescence anisotropy (r). The relationship is
shown in a double reciprocal plot. The correlation co-
efficient is 0.999. The viscosity of glycerol as amedium is
adjusted by temperature changes. #Viscosity is given as
centipoise (ep).
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Figure 6. FEffects of n-butyl p-ABE (A) and pH (B) on
the fluorescence anisotropy (r) of DNSA bound to HSA.
The following concentrations were used for HSA and
DNSA: HSA, 40 uM; DNSA, 10 pM. The concentration of
r-butyl p-ABE is represented as the molar ratio to HSA
in (A). The inset to (A) indicates the effect of the number
of carbon atoms in the n-alkyl p-ABEs at an n-alkyl p-
ABEs to HSA molar ratio of 10. The experiments of (A)
were performed at pH 7.4.

benzodiazepine and digitoxin binding site, respec-
tively.*=® At the molecular level, the binding sites
of HSA may also consist of several binding
regions.'*~'%'% In other words, a binding site
might be composed of a group of several regions
which are adjacent to or overlapping each other.
For example, site I is thought to consist of two
(warfarin and azapropazone binding regions)'* or
three regions (regions Ia, Ib, and Ic).'? In addition,
because of differences in bilirubin-displacing
effects’ and in stereoselective binding modes, %"
drug binding indicates that also site II can be
subdivided into binding regions.

Mutual displacement of drugs is often the result
of competitive binding to a site or region at a drug
carrier protein. Although drugs that bind to dif-
ferent sites or regions cannot interact directly
according to a competitive binding model, indirect
effects such as cooperative or anticooperative in-
teraction may change drug binding. For example,
the interaction between AGP-bound dicoumarol
derivatives and protriptyline has been suggested
to be the result of such binding modes.?® This type
of finding leads us to the idea that even though
the binding constants for two ligands, as deter-
mined by, for example, equilibrium dialysis, are
not affected by simultaneous binding, the binding
could still be influenced by conformational changes
in the protein. For testing this hypothesis, we have
studied cobinding of DNSA and n-alkyl p-ABEs
to site I of HSA by both equilibrium dialysis and
spectroscopic techniques.

Interaction of HSA and DNSA, which is a probe
for region Ibh, generated a Cotton effect at around

CHARACTERIZATION OF SITE 1 OF HSA 3009

360 nm at pH 7.4 (Fig. 2). Because unbound DNSA
is not optically active, and HSA does not produce
any Cotton effects at these wavelengths, the ob-
served Cotton effects must be extrinsic in origin.
The extrinsic Cotton effects are thought to result
from interaction of ligand chromophore with an
asymmetrical locus in the protein. =33 Thys,
extrinsic Cotton effects reflect the characteristics
of specific asymmetrical sites in the protein mole-
cule and could provide information on the micro-
environment of binding sites or ligand orientation
in the sites. Therefore, Cotton effects produced by
the DNSA-HSA interaction are useful for investi-
gating possible relations between region Ib and,
for example, region Ic.

Equilibrium dialysis proposed independent
binding of DNSA and the n-alkyl p-ABEs, which
are probes for region Ie, at all pH values studied
(Table 1 and data not shown). This finding is in
accordance with previous analyses of equilibrium
dialysis data performed with an equation that
included different interaction modes (competi-
tive, independent, cooperative, or anticooperative
binding).'® However, the results of the CD mea-
surements revealed that binding of the r-alkyl
p-ABEs changed the spatial relationship for bound
DNBSA (Fig. 2). Furthermore, the spectral changes
were very similar to those accompanying in-
crements in pH in the region, in which HSA is
known to undergo the neutral-to-base transition
{N-B transition). In accordance with these find-
ings, the effect of n-alkyl p-ABEs binding on the
CD spectra of the DNSA-HSA system was pre-
dominant at pH 6, whereas there was only a very
small effect at pH 9 (Fig. 4). The magnitude of the
effects of n-alkyl p-ABEs was dependent on the
concentration of the ligand and on the length of
the alkyl side chain. It is reasonable to consider
that the DNSA molecule takes up the most
preferable crientation in the B conformer, because
maximal extrinsic Cotton effects were observed at
pH 9, and addition of n-altkyl p-ABEs did not cause
further effects on the spatial orientation of DNSA
to the asymmetrie center in the B conformer. Such
a binding model is also in accordanece with the
finding that DNSA binds with a higher association
constant at pH 9 (Fable 2). The proposal that the
N-to-B transition and n-alkyl p-ABEs binding
cause reorientation of HSA-bound DNSA was sup-
ported by fluorescence polarization data, because
flucrescence anisotropy derived from the DNSA-
HSA complex gives information about the mobility
of bound DNSA.?* The results showed (Fig. 6) that
the mobility of DNSA bound to HSA is restricted by
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the N-B transition and n-alkyl p-ABE binding in a
similar manner.

Within the pH range used, the association
constant for DNSA binding to HSA describes a
sigmoidal curve (Table 2, not illustrated). This
finding is consistent with other studies using site I
ligands.?*35-37 Therefore, HSA is considered also
totakeupthe N and B conformationsatpH6 and 9,
respectively, when complexed with DNSA.

Despite the similarity of the effects of N-B
transition and n-alkyl p-ABE binding on DNSA’s
spatial orientation, their effects on equilibrium
binding, and thereby the binding constant for
DNSA, were different, The N-B transition in-
creased DNSA binding, whereas cobinding of the
n-alkyl p-ABEs did not significantly affect DNSA
binding, Based on studies with HSA fragments,
domains I and IT undergo dramatic changes in ter-
tiary structure as the N-B transition proceeds.?®
The proton bindings and releases are considered to
be involved in the process of the N-B transi-
tion.?®3% The structural changes involving delayed
deprotonation of five histidine residues in domain I
and breaking of salt bridges between domains I
and IH cause increased flexibility of the HSA
molecule and tighter binding of ligands to site 1
in subdomain ITA.19-11:35.37.4041 11y addition to the
N-B transition, HSA undergoes several other
transitions in dependence of pH, namely, the
N-F transition between pH 5.0 and 3.5 and the
F-E transition or acid expansion below pH 3.542
Among these structural transitions, the N-B transi-
tion has been proposed to have physiological
importance, because it takes place within the pH
range of blood plasma, 22354243 gnd could change
not only individual binding of drugs but also
ligand-ligand interactions on HSA through
changes in spatial relationships between regions
or sites.?®***5 It is somewhat surprising that, even
though the N-B transition affects DNSA binding, it
hasno influence on the type of interaction between
HSA-bound DNSA and n-alkyl p-ABE, namely,
independent binding to site I. Thus, the changes of
DNSA’s spatial orientation in region Ib caused by
the N-B transition and by n-alkyl p-ABE binding
cannot be identical.

A possible scheme for the changes in DNSA’s
bindingand spatial orientationis givenin Figure 7.
Inshort, at pH 6, DNSA binds with a relatively low
affinity to region Ib; the binding results in a CD
spectrum with positive 6 values (upper left corner).
Increasing pH to 9 modifies the conformation of the
binding site which results in high-affinity binding
and in a CD spectrum with maximal negative 8

mcrzase of pll

Q) IN-B transitios .9
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o R o\
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Figure 7. Schematic model of the change in spatial
orientation of DNSA in region Ib and of its CD) spectrum
caused by binding of r-alkyl p-ABEs to region Ic at
different pHs. The dashed arrows indicate the direction
of contribution to positive or negative ellipticities on that
orientation, and the bold line in the DNSA molecule
indicates binding with high affinity.

values (upper right corner). However, simulta-
neous binding of an n-alkyl p-ABE to region Ic at
pH 6 does not affect the association constant for
DNSA to a detectable degree but affects the
orientation of bound DNSA. The latter effect
results in a CD spectrum with moderate negative
6 values (lower left corner). Finally, independent
high-affinity binding of the two types of ligands
also takes place at pH 9. Actually, the binding
affinity and orientation of bound DNSA, as well as
the CD spectrum, are the same, whether r-alkyl p-
ABEs are present or not (lower right corner). For
illustration clarity, we have not shown the fluor-
escence results which, however, are in aceordance
with the scheme. A final evaluation of the model
probably has to be done by X-ray analyses of HSA-
ligand crystals.

In conclusion, the results showed that even
though one method, for example, equilibrium dia-
lysis, proposes independent binding of two ligands,
other methods, for example, CD and fluorescence
measurements, can detect interactions between
the bound ligands. The results also showed that
such interactions can be modulated by structural
changes in the protein molecule, for example,
those accompanying the N-B transition of HSA.
The present findings afford a deep insight into
drug binding to site I and a way of loocking at a new
type of interaction.
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Tryptophan Residucs in UCN-01 Binding

R=-utll OH (0): UCN-DI
= [ Oft¢a)y: UCN-02

=— H : Stavrosporine

H.OCO
NHCH,
Fig. 1, Chemical structures of UCN-01, UCN-02 and staurosporine.

Since at present no crystallographic structural data for
hAGP is available, it becomes important to examine the ex-
traordinarily high affinity binding mechanism between UCN-
01 and hAGP using established methods. In this study, we
report on the binding interactions between UCN-01 and re-
lated compounds with native and chemically modified hAGP
using ultracentrifugation and spectroscopic analysis 1o detect
these interactions.

MATERIALS AND METHODS

Materials

UCN-01, UCN-02 and Staurosporine were supplied by
Kyowa Hakko Kogyo Co. (Shizuoka, Japan). hAGP (purified
from cohn fraction VI) was purchased from Sigma Chemical
Co. (St. Louis, MO, USA). Phenylisocyanate and 2-hydroxy-
5-nitrobenzyl bromide (HNBB) were purchased from Nacalai
Tesque (Kyoto, Japan). Tetranitromethane (TNM) was pur-
chased from Aldrich Chemical Co., Milwaukee, USA.
Diethylpyrocarbonate (DEP) and neuwraminidase was pur-
chased from Sigma Chemical Co. All other chemicals and
solvents were of analytical grade.

Determination of Binding Constant

The binding of UCN-01 to hAGP was determined by an
ultracentrifugation technique (17). A constant concentration
of hAGP (4 uM) was incubated with different concentrations
of UCN-01 (3.2-8 pM). Five m! of an hAGP solution con-
taining UCN-01 was placed in siliconized tubes, along with
SIGMACOATE (Sigma), incubation for 10 min on ice, and

L] 2 n iy

OIPLCANLY P N PTINAILIY VO WEY AN AFRNEDRYNKS
QIMLCANLV! VIITNATLDR TTCKWTYTAS ATRNCEYNRS
&1y (4] m =n
VOEIOATERY TITNKITDH TLREY I QCIVNITYLN
VATIQATTTY FTPNK IFDTL FIREY(TRON QUEYNSSYLS
o 11Ky i 120
VORLENGIISK VY GLFITFALE THIROTRTY MEAFRIVNDER
VORENGTVSR YEGURE HVAH ALLLRITKIL VIFGRY L DR
130 A0 50 160
SWGLSVVADK IR LR RO Fy hal 1] gl PRSDVYY W
NWHLNEY AR PETTKEOLGE IYEALDCLEL FRSUDAVMY TDW
130 150
K hIWORPTFK HILKLKRGLL GLS Wi'si
KRSKCLPLLA QUFKFAK{FF GFY 1Ay

Fig. 2. Amino acid sequence of hAGP variants. Differences in the
amino acid sequence between the F1*S and A variant are underlined.
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then ultracentrifuged at 225,000 x g for 24 h at 4°C. After
ultracentrifugation, an aliquot {50 u!) from the top of the
supernatant was used to determine the free UCN-01 concen-
tration by HPLC, as reported previously (18). The unbound
fractions were obtained from the supernatant.

Binding parameters were determined by fitting the ex-
perimental data to the following Scatchard equation using a
non-linear squares program (MULTI program) (19).

r
—D—r=nK—rK (1)

where n is the number of binding sites, K the binding con-
stant, and D, the free drug concentration, with r denoting the
moles of bound ligand per mole of total protein,

Determination of Binding for UCN-01 to hAGP

Percent binding was calculated from the following equa-
tion:
(DJ-1Dy]
(D]
where D, is the total concentration of UCN-01, the hAGP

concentrations were set at 20 pM, and Dy is the free concen-
tration of UCN-0L.

bound (%)= x 100 @

Preparation of hAGP Derivatives

Trp-Modified hRAGP

The three Trp residues of hAGP were modified by
HNBB following the procedure of Fehske et al. (20). 40 mg of
hAGP was dissolved in 10 ml deionized water adjusted to pH
4.5 with acetic acid. One milliliter of an ethanol solution of
HNBB was added to 10 ml of this solution. HNBB was added
(100-fold molar excess of hAGP) and the reaction mixture
was shaken occasionally. After 2 h the insoluble hydrolyzed
reagent was separated by centrifugation. The supernatant was
dialyzed against deionized water for 60 h and then lyophi-
lized. The degree of modification was determined using ul-
traviolet absorption, as shown below.

Ay X 44100 X 0.4980
)= T3800 (Azpg— 0.167 X Asra)

modified (% x100 (3)
where A,,, is the maximal absorbance of Trp-modified

hAGP, and A,,, is the maximal absorbance of unmodified
hAGP. Of the 3 Trp residues of hAGP, about 1 was modified.

Tyr-Modified hRAGP

Modification of the Tyr residues was performed at 4°C
according to the procedure of Sokolovsky et al. (21). hRAGP
was dissolved in 10 ml of 0.05 M Tris buffer with a pH of 8.0.
A 500-fold molar excess of TNM dissolved in ethanol was
added to the hAGP solution. The degree of modification was
calculated from the following equation:

Aoy

modified (%)= 0 xcwm

x 100 )

where A,,, is the maximal absorbance of Tyr-modified
hAGP, ¢ the protein concentration, and m the number of Tyr
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residues on an hAGP molecule. Of the 11 Tyr residues of
hAGP, about 2 were modified.

Lys-Modified hAGP

Chemical modification of Lys residues was carried out
using phenylisocyanate (22). 40 mg of hAGP was dissolved in
10 mL 0.067 M phosphate buffer at pH 7.4. One milliliter of
an ethanol solution of phenylisocyanate was added gradually
at a 300-fold molar excess over hAGP and the reaction mix-
ture was incubated for 2 h at 4°C, dialyzed against deionized
water for 40 h, and then lyophilized. The unreacted Lys resi-
dues were determined by the trinitrobenzene sulfonic acid
procedure of Haynes ef al (23). Of the 14 Lys residues of
hAGP, about 4 were modified.

His-Modified hAGP

The His residues were modified with DEP according to
the procedure of Roosemont er al. (24). 30 mg of hAGP was
dissolved in 10 ml of acetate buffer (pH 6.5, 100 mM), DEP in
ethanol was then added to the hAGP solution. The ratio of
DEP to hAGP was 10. The mixture was stirred for 20 min at
4°C and dialyzed against deionized water and lyophilized.
The number of His residues modified was calculated using the
following equation:

3ml

. Az X T 5F test solution
modified (%)= Ao xcxm x 100 (5)

where Ae is the differential molar absorptivity for His at pH
6.0, ¢ the protein concentration and m the number of His
residues on hAGP. A,,, is the maximal absorbance of His-
modified hAGP. Of the 3 His residues in hAGP, about 2 were
modified.

Separation of hAGP Genetic Variants

The hAGP genetic variants were separated using the
method of Herve er al. (25). An iminodiacetate {IDA) Seph-
arose gel loaded with copper (II) ions and equilibrated in
buffer 1 (20 mM sodium phosphate buffer, pH 7.0, containing
0.5 M sodium chloride) was packed into a glass column (2.0 x
30.0 em L, Pharmacia LKB). Commercial hAGP (70 mg dis-
solved in 1.0 m! of buffer) was applied to the column at a flow
rate of 1.0 ml/min. Fractions (10 m!} were collected, and their
respective absorbance values were determined spectrometri-
cally at 280 nm. As soon as variant A had been eluted, elution
buffer 2 (buffer 1 plus 20 mM imidazole) was applied to the
column to remove the bound F1 and S variants (F1/S mix-
ture). The peak fractions of each eluent were collected, con-
centrated on a YM 10 membrane filter (Amicon, Danvers,
MA), dialyzed against deionized water, and lyophilized. The
purities of the isolated hAGP preparations were determined
by iscelectric focusing (IEF) followed by incubation at 37°C
for 24 h with 1 U of neuraminidase (25).

Desialylation of hAGP

hAGP was desialylated enzymatically, using the method-
ology deseribed by Primozic and McNamara (26}, using an
immobilized neuraminidase obtained from Clostridium per-
fringens. hAGP (40 mg) was dissolved in 5 ml of 0.067 M

Katsuki et al.

phosphate buffer (pH 7.4) and 2 U of enzyme were added.
The mixed solution was incubated at 37°C, with gentle stirring
at 60 rpm for 24 h after incubation, the mixture was centri-
fuged and filtered to remove the immobilized enzyme. A
small part of the filtrate was used to measure sialic acid by the
thiobarbituric acid method. The product was dialyzed against
deionized water and the dialysate was lyophilized. Approxi-
mately 95% of the sialic acid was removed, leaving an average
of one sialic acid residue per protein molecule. The molecular
weight of desialylated hAGP was therefore 40000,

Circular Dichroism (CD) Spectra

Circular dichroism spectra were recorded with a JASCO
J-720 spectropolarimeter, using 10 pM hAGP in 20 mM
buffer at 25°C. Near-UV spectra were recorded using a 10-
mm path length cell, and a 0.1-mm path length cell was used
for far-UV spectra. Prior to recording the spectra, samples
were mixed by vortexing and then incubated for 30 min at
room temperature. The mean residue ellipticity [6], was cal-
culated using the following equation:

0
()= Toxex1 ©)

where 8 (deg) is the observed ellipticity, | the cell length (cm).
c=nCp €]

where n is the number of amino acid residues and Cp the
concentration {mol/L}).

Tryptophanyl Fluorescence Spectrum

Fluorescence was measured using a Jasco FP-770 fluo-
rometer (Tokyo, Japan). The excitation wavelength of hRAGP
was 295 nm, and fluorescent wavelength, 340 nm. The relative
fluorescence intensity was calculated using the fluorescence
quenching method.

Statistical Analysis

All data are presented as means + SD. Statistical analysis
of difference was determined by one-way ANOVA followed
by the modified Fisher’s least sequares difference method.

RESULTS

Binding Parameter of UCN-01 Analogs to hAGP

UCN-01 is a novel derivative of staurosporine that is
hydroxylated C-7, and UCN-02 is a stereoisomer at C-7 of
UCN-01. UCN-01, UCN-02 and staurosporine have been
shown to inhibit PKC with IC50 (pM) values of 0.0041, 0.062
and 0.0027, respectively, and to inhibit protein kinase A
(PKA) with IC50 {(pM) values of (.042, 0.25, and 0.0082, re-
spectively (27).

Table I shows the binding affinity constants, K,, of UCN-
01 analogues for hAGP. The K, of UCN-01 for hAGP, 288 +
75 % 10° m 1, is the highest among the three compounds, and
is in agreement with previously reported values (5). The K,
for staurosporine where hydrogen is the substituent at C-7
position is about one-twentieth, UCN-02 with an a-hydroxyl
group at the C-7 position shows the smallest binding constant
among the three ligands, compared to UCN-01. It is interest-
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Table 1. Binding Parameters of UCN-01, UCN-02, and Staurospo-
rine to hAGP at pH 7.4

Ligand
UCN-01 UCN-02 Staurosporine
K, (x 10° M"Y 288 +75 148+ 0.11 11.33+5.74
n 0.92 + 0.04 0.93 + 0.06 0.91 +0.11

All values are mean £ SD (n = 3).

ing to note that a change in the configuration of the hydroxyl
group or a substitution of a hydrogen atom at the C-7 position
of UCN-01 caused a 20- to 100-fold decrease in binding af-
finity.

Effect of pH on Binding of UCN-01 to hRAGP

The binding of ligands to hAGP is known to be a pH
sensitive process (28). The percentage of binding of UCN-01
to hAGP at different pHs, namely 6, 7, 7.4, and 8, was inves-
tigated (Fig. 3). The maximum binding of UCN-01 to hAGP
occurs at pH 7.4 (96.33%). The binding of UCN-01 to hAGP
was found to decrease in both acidic and basic pH values,
where the lowest percentage binding was observed at pH 6
(69.74%).

Near-UV CD Spectra of hAGP in Various pHs

Structural profiles of hAGP at pH 6, 7, 7.4, and 8 were
investigated by circular dichroism measurements. CD spectra
measured at the near UV region reflects conformation or
tertiary structure of a protein, while that measured at the far
UV region reflects secondary structure. A change in the
shape of a CD spectra measured under different conditions in
comparison to a reference spectra of a particular set of con-
ditions usually indicates a change in the conformation of the
protein. The secondary structures of hAGP were essentially

100+
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6 7 8
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Fig. 3. Effect of pH on the binding of UCN-01 to hAGP. Concen-
trations are: [UCN-01]= [hAGP] =20 pM. Each point represents the
mean + SD {n = 3). *Statistically significant compared with pH 7.4;
p < 0.01.
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unchanged within the range of pH 6-8 (data not shown}, but
the tertiary structure changed significantly, as shown in the
near UV CD spectra in Fig. 4. These results suggested that the
conformational change in the tertiary structure of hAGP is
pH dependent. Such a conformational change could affect the
microenvironment of binding sites, thus causing a change in
the binding of UCN-01 to hAGP.

Effect of Sialic Acid on the Binding of UCN-01 to hAGP
at pH 7.4

The carbohydrate terminal chains of hAGP glycans are
highly sialylated, containing up to 14 sialic acid residues {29).
Therefore, hAGP has a low pKa (=2.6) and isoelectric point
(=2.7). Sialic acid residues have been reported to influence
the binding of several drugs to hAGP (30). In order to elu-
cidate the role of sialic acid in the binding of UCN-01, we
prepared desialylated hAGP and examined the binding per-
centage of UCN-01 to native and desialylated hAGP, which
were 96.33 + 1.26 and 95.59 + 1.06, respectively. This sug-
gested that the binding of UCN-01 to desialylated hAGP is
comparable to that of native hAGP.

Binding Affinity of UCN-01 to hAGP Variants at pH 7.4

We scparated the F1*S and A variants from the hAGP
mixture and examined the percentage binding of UCN-01 to
each of the variants. As shown in Table 1, (the binding per-
centage of UCN-01 to native, F1*S and A variants are 96.33
+ 1.26, 95.08 + 0.3 and 95.23 + 0.45, respectively) there is no
significant difference in the binding percent of UCN-01 to the
F1*S§ and A variants of hAGP.

Near-UV CD Spectra of Chemical Modified hAGP and the
Effects of the Chemical Modification on Binding of
UCN-01 to hAGP

UCN-01 has a very high affinity to hAGP. This high
affinity is thought to be derived from not only the hydropho-
bic interaction but also largely from the electrostatic interac-

[8] x 107 (deg: ¢cm>dmol!)

1 T )
310 330 350

1 i 1
50 270 290
Wavclength (nm)

Fig. 4. Near-UV CD spectra of hAGP at various pHs The concen-
tration is: [hAGP] =10 pM. :
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Table II. Binding Percentage of UCN-01 to hAGP Variants at pH 7.4

hAGP

Native F1*§ A

Binding percentage (%) 9633 £1.26 9508 + 03 9523 + 0.45

The concentrations are: [hAGP] = [F1*S] = [A] = [UCN-01] =
20 pM.
All values are means = SD {n = 3),

tion between UCN-01 and hAGP. In actual fact, binding of
UCN-01 to hAGP was affected by the presence of sodium
chloride and fatty acid (data not shown). In order to evaluate
the role of amino acid residues involved in the binding, we
compared the binding of UCN-01 with chemically modified
hAGPs. Chemical modification of His, Lys, Trp and Tyr resi-
dues of hAGP caused a marked decrease in the binding of
UCN-01, with the modification of Trp residues showing the
greatest extent of decrease (Table III). In addition, we also
measured the binding percentage of staurosporine to these
four chemically modified hAGPs and similar results were ob-
tained where modification of Trp residues caused a marked
decrease in the binding of staurosporine (data not shown).
The CD spectra of His, Lys, Trp, and Tyr residues modified
hAGP indicated that the secondary structure of all modified
hAGPs hardly change (data not shown), but the tertiary
structure changed significantly, particularly in the case of Trp
residue modified hAGP (Fig. 5). The fluorescence quenching
titration curve of UCN-01 binding to hAGP as shown in Fig.
6 indicated that tryptophan residues may play an important
role in the binding of UCN-01 to hAGP.

DISCUSSION

The initial treatment protocol for UCN-(1 was a 72-h
infusion administered at 2-week intervals. However, the clini-
cal outcome of the first nine patients treated using this sched-
ule demonstrated unexpectedly high concentrations of drug
with a long terminal elimination half-life (t,,;). This led to a
modification of the UCN-01 administration schedule, in
which the recommended phase II dose of UCN-01 is admin-
istered as a 72-h continuous infusion at 42.5 mg m~2 day™*
over a 3 day period. Subsequent courses are administered at
4-week intervals during a 36-h period {31). The extremely low
clearance and small distribution volume of UCN-01 in hu-
mans could be partly due to the high degree of binding to
hAGP. Although many drugs that associate with hAGP have
K, values of 10° to 10° m~', UCN-01 is unique in the tightness
of its binding to hAGP, with K, of 10°* m~'. As a consequence
of this extraordinary high binding affinity, a low volume of
distribution, which approximates the extracellular volume,
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Fig. 5. Near-UV CD spectra of medified hAGPs at pH 7.4 The con-
centration is: [modified hAGPs] = 10 pM.

and long 1,,; is observed. In view of its altered pharmacoki-
netics due to its high interaction affinity with hAGP, the
plasma levels of the hAGP are a potentially important factor
in clinical treatment considerations.

hAGP is a glycoprotein that consists of 183 amino acid
residues and five carbohydrate chains. The five highly si-
alylated complex-type-N-linked glycans contribute 45% of
the molecular weight {32,33). As an acute phase reactant,
hAGP’s “basal” level is approximately 20 wmol/L, but it can
vary from a 5- to a 10-fold range in response to stress, infec-
tion, or the effects of neoplasm in evocation of an inflamma-
tory response. In addition, the levels of hAGP vary widely
heterogeneous in cancer patients where the composition of
hAGP is heterogeneous according to the type of disease, con-
sisting of different isoforms and degrees of glycosylation. Dif-
ferences in the binding of drugs to the two main genetic vari-
ants of hAGP have also been reported (25). Thus, the distri-
bution of UCN-01 on the hAGP isoforms may also be difficult
to predict.

Previous studies indicated that hAGP has one common
drug binding site, which appears to be wide and flexible (34).
In general, studies in our laboratory have shown that electro-
static and hydrophobic interactions are important driving
forces for the binding of ligands to hAGP (35). In a study
using fluorescence and ultracentrifugation experimental
methods, the binding site of UCN-01 on hAGP was con-
cluded to partly overlap with the binding site for basic drugs,
acidic drugs, as well as steroid hormones (18). In order to

Table II. Binding Percentage of UCN-01 to Native and Chemically Modified hAGP at pH 7.4

Chemically modified hAGP

Native His

Lys Trp Tyr

Binding percentage (%) 9633+ 126 70.44 + 2.68*

7597 x 1.56* 5697 + 2.06 73.70 + 1.01*

The concentrations are: [UCN-01] = [hAGP] = [chemically modified RAGP] = 20 pM.

All values are mean = SD (n = 3).

* Statistically significant compared with native hAGP; p < 0.01.
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1

Relative fluorescence intensity
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Fig. 6. Fluorescence quenching titration curve of UCN-01 binding to
hAGP at pH 7.4 Concentration is: [NnAGP] =1 uM. [UCN-01] = O to
3 pM.

examine the ligand-binding site structural relationship of
UCN-01 interactions with hAGP, the binding affinity of
UCN-01, staurosporine, the “lead” compound among PKC
inhibitors and UCN-02, a UCN-01 stereoisomer and weak
PKC inhibitor were measured (Fig. 1). The decrease in the
binding affinity followed the sequence of UCN-01 > Stauro-
sporine > UCN-02 (Table I). It is obvious that the substituent
at the C-7 position of the staurosporine molecule governs the
binding affinity of UCN-01 analogues to hAGP. Interestingly,
a hundred fold difference in binding affinity was recorded
between UCN-01 and UCN-02, suggesting strict stereoiso-
meric or steric binding requirements of the UCN-01 binding
site on hAGP. Meanwhile, the importance of the moiety at
the C-7 position has also been reported for binding to target
proteins (36,37). In a recent study, the crystal structures of
staurosporine and UCN-01 in a complex with the kinase do-
main of PDK1 showed that, although staurosporine and
UCN-01 interact with the PDKI1 active site in an overall simi-
lar manner, the UCN-01 7-hydroxy group, which is not pres-
ent in staurosporine, generates direct and water-mediated hy-
drogen bonds with active-site residues (36). On the other
hand, hydrophobic interactions and hydrogen-bonding inter-
actions were observed in the crystal structures between UCN-
01 and the Chkl kinase domain. The selectivity of UCN-01
toward Chk1 over cyclin-dependent kinases is due to the pres-
ence of a hydroxyl group in the lactam moiety, that interacts
with the ATP-binding pocket. The high structural comple-
mentarity of these interactions is consistent with the potency
and selectivity of UCN-01 (37). The interaction of the sub-
stituent at the C-7 position of UCN-01 to its binding protein
is very important in terms of the selectivity of pharmacologi-
cal activity and binding affinity, as is also the case of its bind-
ing to hAGP. It is, thus, apparent that the 7-hydroxy group of
UCN-01 may play a key role in abnormally strong binding for
hAGP.

The binding interactions of a series of basic ligands with
hAGP were reported to increase with increasing pH. It was
proposed that hydrophobic interactions dominate the high-
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affinity binding to hAGP (28). Meanwhile, Taheri ef al. pro-
poscd a binding site for local anesthetics on F1*3 of hAGP
that is largely comprised of a structurally accommodating hy-
drophobic pocket, perhaps with the ability to form hydrogen
bond to H-donor and -acceptor groups on the ligand and with
a basic residue, mostly charged at neutral pH, that is located
close to the aromatic group on bound drug molecules (38). In
the present binding study, the binding of UCN-01 to hAGP
also increased with increasing pH and the maximum binding
of UCN-01 to hAGP was observed at pH 7.4 (96.33%). On
the other hand, a low percentage of binding percentage was
observed at pH 6 (69.74%) (Fig. 3). It is known that a tumor
micro-environment is frequently more acidic by approxi-
mately 0.3-0.5 pH units, compared with that of its surround-
ing normal tissues. A decrease in the binding of UCN-01 in an
acidic environment may partly contribute to the generation of
free UCN-01 molecules for its anticancer activity at the can-
cer tissues,

hAGP exists in a variety of sialylated states which can be
influenced by certain disease states. In a study investigating
the effect of the sialylation state of hAGP on the binding of a
model cationic drug, propranclol, the use of desialylated
hAGP resulted in a modest increase in the propranolol free
fraction (26). Since the binding percentage of UCN-01 to
hAGP is more than 95%, an increase in the free fraction
could be of clinical importance. Therefore, the binding of
UCN-01 to native and desialylated hAGP was determined by
ultracentrifugation. The percentage binding of desialylated
hAGP was found to be comparable to that of native hAGP,
suggesting that the influence of sialylation on UCN-01 bind-
ing is negligible. While asialoglycoprotein including desi-
alylated hAGP is commonly known to be internalised by he-
patocytes via receptor-mediated endocytosis, staurosporine
has been reported to be an effective inhibitor of a liver uptake
mechanism such as this (39). Since the liver is the major organ
for the metabolism of desialylated hAGP, the significance of
such protein trafficking inhibition by UCN-01 in contributing
to its own low clearance deserves further investigation.

hAGP plasma concentrations differ depending on the
type of cancers and such changes in the expression of the
genetic variants of hAGP can be observed in various types of
cancer. hAGP can be produced as three main genetic vari-
ants, the A variant and the Fl and S variants, which are
encoded by two different genes (Fig. 2). Differences in the
binding of ligands to hAGP variants have been reported. The
ligand binding site of the F1*S variant is reported to be a
relatively large hydrophobic pocket that is able to accommo-
date a variety of chemical structures, whereas the A variant
binding site appears to be of smaller size and has a greater
ligand specificity. The selective binding of disopyramide and
methadone to the A variant and the preferential binding of
dipyridamole to the F1*S variant mixture have been reported.
On the other hand, lignocaine and chlorpromazine showed a
slight preference for binding to the A variant and to the F1*§
mixture, respectively. However, progesterone showed no se-
lectivity with regard to any of the variants of hAGP (13). In
the present study, no significant difference was detected for
the binding of UCN-01 to the F1*S and A variants of hAGP
{Table II). Hence, a change in the composition of the variants
of hAGP may not be of clinical significance, despite the sig-
nificant species difference in UCN-01 binding, in which a sub-
sequent administration of hAGP to rats that had been infused
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with UCN-01 actually caused a redistribution of the drug back
to the blood stream from the peripheral tissues (40).

Chemical modification of His, Lys, Trp and Tyr residues
of hAGP caused a marked decrease in the binding of UCN-01
(Table III). The binding percentage of UCN-01 to Trp-
modified hAGP was also the lowest among all of the modified
samples (Table III). Furthermore, modification of Trp resi-
dues also caused a marked decrease in the binding of stauro-
sporine {data not shown). It is obvious that Trp residues are
important in maintaining the tertiary structure of hAGP
which is necessary for the high affinity binding of UCN-01. In
addition, results of binding to chemically modified hAGP sug-
gested that at least one Trp residue is involved in the binding
of UCN-01 to hAGP. The involvement of Trp residues in
UCN-01 binding could also be observed in the tryptophanyl
fluorescence spectra where increasing UCN-01 concentra-
tions led to a decrease in the fluorescence intensity of Trp
residues of hAGP (Fig. 6). Interestingly, all three Trp resi-
dues are conserved in both F1*S and A variants of hAGP
(Fig. 2) which showed no binding discrimination for UCN-01
(Table II).

Although we managed to identify the key factors for the
unusually high binding affinity between UCN-01 and hAGP,
namely the substituent at C-7 of the UCN-01 molecule and
the Trp residues of hAGP, evidence is still lacking for sug-
gesting a direct interaction between these two major factors.
Among the three Trp residues of hAGP, two are relatively
shielded from the bulk solvent, while the third Trp residue is
located on the periphery of the domain (41). Trp®® has been
deduced to be located deep in the binding pocket while Trp!'2?
in the central hydrophobic pocket of the protein (42). There-
fore, Trp'® could be the one that is exposed to the bulk
solvent. Quantification of the chemical modification in the
present study showed that, on average, about one Trp residue
per mole of hAGP was modified. Since the modification of
Trp residues was carried out under mild conditions without a
surfactant present, the possibility of Trp'® being the modi-
fied residue is high. This suggests that Trp'® is the Trp resi-
due that is involved in the binding of UCN-01. The identifi-
cation of the specific Trp residue of hAGP involved in the
high affinity binding of UCN-01 is currently underway in our
laboratory. UCN-01 represents an initial candidate for a dif-
ferentially selective protein kinase inhibitor. The results of
this study will help in the informed design of future second
generation approaches, as well as to serve as basis for further
exploration of the potential of staurosporine pharmacophores
which could lead to opportunities for structure-based optimi-
zation of PDKI1 inhibitors.
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Kinetic Studies of Covalent Binding between N-acetyl-L-cysteine
and Human Serum Albumin Through a Mixed-disulfide
Using an N-methylpyridinium Polymer-based Column
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Summary: The binding properties of the disulfide covalent bond between N-acetyl-L-cysteine (NAC)
and human serum albumin (HSA) were investigated. HSA, purified from either healthy subjects or renal
failure patients, was incubated with NAC in bufter and analyzed by 4VP-EG-Me column chro-
matography, which can distinguish between the redox states of the only free thiol of HSA. Although
intact HSA was found to consist of mainly three sub-types, marcaptoatbumin (HMA), cysteine-bound
nonmercaptoalbumin (HNA(,.) and a further oxidized form (HNA.,,), the formation of a new type of
nonmercaptoalbumin (HNAx,() was confirmed after incubation with NAC. Interestingly, NAC rapidly
dissociated Cys from HNAc,. and NAC itself bound very slowly to HSA. These findings suggest that the
interaction between NAC and HSA proceeds in a 2-step processes. The first-order binding and dissocia-
tion rate constants of NAC to healthy HSA (k.,.xac} and Cys from healthy HNA,. (Ko.ce.) Were approxi-
mately 0.0032 and 1.3 (h™'), respectively. On the other hand, HSA from renal failure patients showed
decreased HMA and increased HNA(y.. The k.. xsc and Kon gy were 0.0094 and 0.45 (h™7), respectively,

suggesting that the pathological state may affect the binding properties of HSA and NAC.

Key words: human serum albumin; N-acetyl-L-cysteine; covalent binding; disulfide bond: kinetics

Introduction

Human serum albumin (HSA) contains a free thiol
that can interact outside of the albumin molecule and
is derived from a cysteine residue ar the 34th amino
acid (Cys™).” HSA can bind various thiol-containing
compounds vie a mixed-disulfide bond, which forms
between the free thiol of Cys™ and a thiol from the other
compound. Studies using various thiol-containing drugs
have shown that the formation and degradation of such
covalent bonds proceeds not instantaneously but time-
dependently and that the covalent-binding ratio between
the thiol-containing drug and albumin varies with
time.>* Therefore, clucidation of the properties of such
protein-drug binding over time is an important phar-
macokinetic issue in order to understand the efficacy of
thiol-containing drugs.

We previously reported the kinetic profiles of

Received; Muay 22, 2004, Accepted; June 25, 2004

covalent binding between albumin and N-acetyl-L-
cysteine (NAC), which is a thiol-containing drug used as
a mucolytic agent, by determining the free- and protein-
bound drug concentrations.** On the other hand,
Narazaki et al. have reported kinetic and mechanical
profiles of the binding between HSA and other thiol-
containing drugs, such as Captopril and Bucillamine,
by directly detecting the conformational changes of
the Cys™ moiety of albumin using N-methylpyridinium
polymer-based (4VP-EG-Me) column chromatogra-
phy".’..‘i

In the present study, we directly quantified HSA using
a 4¥YP-EG-Me column after incubation with NAC and
analyzed the kinetic properties of covalent protein
binding in order to obtain basic information on the
covalent binding between HSA and NAC. In addition,
we investigated the effect of pathological conditions on
binding kinetics of NAC using HSA purified from the

To whom correspondence showld be uddressed : Daisuke Harapa, Division of Pharmucology, Drug Safety und Metabolism, Otsuka Pharmaceuti-
cal Factory, Inc., 115 Aza kuguhara, Tateiwa, Muya-cho, Naruto, Tokushima 772-8601, Japan. Tel. + 81-88-685-1151, Fax, +81-88-686-8176,

E-mail: haradadair otsukakyj.co. jp
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renal failure patients as well as the healthy subjects
because the covalent protein-binding formation between
HSA and thiol-containing drug, Bucillamine, increased
in several pathological states, such as renal failure,
diabetes, hepatitis, and rheumatism.”

Methods

Materials: HSA was purchased from Chemo-Scro-
Therapeutic Research Institute (Kumamoto, Japan) or
purified from human serum. Purification of albumin
from human serum was performed according (o the
method of Watanabe er al.” Briefly, serum was applied
to a Blue Sepharose affinity chromatography column,
which was pre-treated with 0.2 M sodium acetate (pH
5.5). The column was then washed with 0.2 M sodium
acetate (pH 5.5) and 1 N sodium chloride, and albumin
was eluted with 0.02 M sodium acetate and 3 M sodium
chloride (pH 6.5). The albumin containing fraction was
dialyzed against water, freeze-dried, and de-farted.
Purification of albumin was confirmed by SDS-PAGE
and Western blotting.

NAC was purchased from Sigma Chemical Co.
(St. Louis, MO, USA). N-acetyl-L-[1-"C} cysteine
(“C-NAC) was synthesized by Amersham Pharmacia
Biotech Ltd. (Buckinghamshire, UK) and was purified
before use. The radiochemical purity was >95% and
the specific radioactivity was 2.15 MBg/umol NAC. All
other chemicals or solvents were of analytical or HPLC
grade.

Human serum: The protocol used in this study
followed the tenets of the Declaration of Helsinki
promulgated in 1964 and was approved by the institu-
tional review board and informed consent was obtained
from all subjects. Five stable hemodialysis patients (3
men and 2 women) aged 71 to 77 years, of dialysis age
ranging from 5 to 9 years, were enrolled in the study.
Five gender-matched healthy subjects were also investi-
gated as a control group. End-stage renal faiture was the
result of glomerulonephritis (n=>5).

HPLC conditions: The HPLC system comprised an
L.C-4A pump (Shimadzu, Tokyo, Japan) equipped with
a gradient programmer and a Shimadzu SPD-2AS
ultraviolet (UV) monitor. The column packing material,
N-methylpyridinium polymer cross-linked with ethylenc
glycol dimethacrylate (4VP-EG-Me), was prepared as
described previously.® HSA was eluted using a 30-min
linear gradient of 0 to 0.5 M sodium chloride in .05 M
Tris-AcOH buffer (pH 6.5) at a flow rate of 0.5 mL/min
at 25°C and the detection wavelength was 280 nm.

Definition of HSA: HSA can be classified into two
main sub-types; mercaptoalbumin and nonmercaproal-
bumin {Fig. 1). These sub-types are referred to as HMA
and HNA, respectively. Although HNA is a general
term that includes both the L-cysteinc (Cys)-bound type
and the oxidized type, HSA-Cys disulfide and oxidized

HMA

Cys)—SH

£

HNA,

¥S

CysF—S-S-Cys

HNA

oxy

Cys')—SO,H or SOH

Fig. 1. Hlustrations showing intrinsic HSA sub-types classitied by
ihe structure of the Cys™ toiety. HMA: human mercaptoalbumin.

HNA: human nonmercaptoalbumin,
kon. Cys kon, NAC
-« —_
(e o (i) 2% ()
koff, Cys
‘ olt, Cys
A)  Alb-5-5-Cys + NAC-SH — AIb-SH + NAC-5-5-Cys

k

B) Alb-SH + Cys-S-5-Cys k""'c”,‘ Alb-5-S5-Cys + Cys-SH
Alb-SH + Cys-5-3-NAC Alb-5-S-Cys + NAC-SH

C) Alb-SH + NAC-5-8-NAC Kon “A'c Alb-S-S-NAC + NAC-SH
Alb-SH + NAC-5-5-Cys Alb-5-5-NAC + Cys-SH

Fig. 2. Dizgram showing the conversion of HSA among its sub-
1vpes through a thiol-disulfide exchange reaction when NAC is added
and ity kinetic model,

HSA are referred to as HNA(,, and HNA,,,, respec-
tively in this study (Fig. 1).

Assay conditions: HSA was dissolved in phosphate
buffer (pH 7.4, 0.067 M, p=0.15) from which en-
dogenous oxygen had previously been removed by
sonication and nitrogen replacement. The HSA solution
(approximately 300 #uM) was preincubated at 37°C for
Smin and then approximately 1500uM NAC was
added. The mixture was incubated at 37°C under
anaerobic conditions. Aliquots were analyzed by HPLC
at various incubation times.

For analysis of HSA incubated with "C-labelled
NAC, column e¢luent was collected at 30-second
intervals and the radioactivity of each fraction were
determined.

Calculation of kinetic parameters: The reaction
between HSA and low-molecular thiol-compounds was
expected Lo proceed through the thiel-disulfide exchange
reaction. Possible mechanisms of the interactions
between HSA, NAC, and Cys, which is the most abun-
dant thiol-compound retained by HSA, are shown in
Fig. 2. The kinetic parameters Kowcysr Koncyss aNd Kannac
were defined as the apparent first-order rate constants,
representing the dissociation of Cys from HNA(,,, the
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(a) (b)  mwag, (¢}
Abs,. . HMA T HMA
-
HMA
HNA,,
HNA,,, nha, )
as 40 mm 35 A0 min L2 -y m

Fig. 3. UV chromatogram of HSA after application to the 4VP-EG-
Me column. (a) HSA from healthy volunteer. (b)Y HSA from renal
failure patient. {c} HSA from healthy volunteer incubated with NAC
al 37°C for 48 h. Assay conditions are described in the Materials and
Methods section.

binding of Cys to HMA, and the binding of NAC 1o
HMA, respectively. These parameters were obtained as
follows,

The concentrations of each sub-type of HSA were
indicated as a percentage of each chromatographic peak
against the total HSA peak area. The common
logarithms of the concentrations were plotted against
the incubation time and then correlation lines were
obtained by the least-squares method. The slopes of
these lines correspond to the rate constants (h™') for the
reactions.

Results

HPLC chromatogram of HSA:
separated into three sub-types (in order of abundance;
HMA, HNAc,.,, and HNA,,) on the 4VP-EG-Me
column chromatography (Fig. 3). The ratio of three
sub-types (HMA:HNA(,;HNA,,) in HSA from
healthy subjects was approximately 5:4:1 (Fig. 3(a)). On
the other hand, HSA from renal failure subjects showed
an extreme decrease in HMA and an increase in HNA(..,
(Fig. 3(h)).

Following incubation of HSA with NAC at 37°C, the
HNA(,, peak was almost disappeared and a new peak
was formed behind the HNA,,, peak (Fig. J(c¢)). When
incubated with "*C-labelled NAC, the radioactive peak
corresponded to the newly formed peak (Fig. 4), thus
suggesting that the newly formed peak corresponded to
the stable complex of HSA and NAC, i.e., HSA-NAC
mixed disulfide (HNAxnac).

Time-courses of each HSA sub-type after incubation
with NAC: Figure 5 shows the time-concentration
plots of each albumin sub-type (HMA, HNA,,,
HNA..,, and HNA\.) after incubation of healthy HSA
with NAC. During the 2 hours from the start of incuba-
tion, HNA(,, rapidly decreased and HMA increased in a
complementary manner, and this was followed by a
slow reversal, with HNA(,, and HMA increasing and
decreasing, respectively. These changes suggest that
HNA,. was rapidly divided into HMA and free Cys by
NAC during the first stage of incubation, and Cys then

HSA was primarily -
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Fig. 4. UV chromatogram and radioactivity distribution of column
etuent fractions afrer HSA was incubated with “C-labelled NAC for
48 h.
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Fig. 8. Time-concentration plots of HSA sub-lypes afier incubation
with NAC. Concentrations are indicated as the percentage of each
sub-type against the total HSA detected as chromatographic peak
area. [n the case of HNA.,, the short time range (0 ~ 2 h} was expand-
ed as a separare figure, Each solid line indicates the corrclation
obtained by the least-squares method.
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