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Monoclonal antibodies (mAbs) were prepared to ana-
lyse the conformation of human serum albumin (HSA)
and its non-enzymatic glycation (NEG) products. We
first determined the epitopes of the mAbs using HSA
subdomains expressed on the surface of yeast. Each
mAb was classified as belonging to one of two
groups; Type I mAbs which recognized a single subdo-
main structure and Type II mAbs which bound to plural
subdomains. We analysed the pH-dependent conform-
ational change in HSA. We found that one Type II
mAb, HAy2, detected the normal to base form (N-B)
transition while the other did not, suggesting that N-B
transition occurred around Domain I accompanied by
topological isomerization of subdomains without chan-
ging the subdomain structure itself. Next, we analysed
the conformations of the NEG products. Since all
mAbs reacted with the early NEG products, no struc-
tural change was thought to have occurred in the early
NEG products. On the other hand, only a Type I mAb,
HAy1, had full binding activity with the advanced gly-
cation end products (AGE) while the other mAbs had
lost or had diminished activity, suggesting that the
over-all tertiary structure of HSA was altered except
for a subdomain, sDOM Ia, in AGE.

Keywords: antibody recognition/human serum albu-
min/N-B transition/non-enzymatic glycation/yeast
surface display.

Abbreviations: AGE, advanced glycated end product;
Ab, antibody; CD, circular dichroism; �H, enthalpy
change; �S, entropy change; �G, Gibb’s free energy
change; DOM, domain; ELISA, enzyme-linked
immunosorbent assay; FACS, fluorescence activated

flow cytometry; gHSA, glycated HSA; HSA, human
serum albumin; HSAbio, biotinylated HSA; ITC,
isothermal titration calorimetry; mAb, monoclonal
antibody; NEG, non-enzymatic glycation; PBS,
phosphate-buffered saline; PBST, PBS containing
0.1% Tween-20; PE, phycoerythrin; sDOM,
subdomain; SD-CAA, synthetic dextrose medium
with casamino acids; YSD, yeast surface display.

Human serum albumin (HSA) is the most abundant
protein in blood and plays an important role in con-
trolling colloidal osmotic pressure and pH in the blood
circulation. HSA also acts as a transporter of endogen-
ous molecules such as fatty acids, hemin, bilirubin and
some metals (1). Structural studies showed that HSA is
composed of three homologous domains, referred to as
DOM I, DOM II and DOM III (2�4), and has two
binding sites, binding site I and II (5). Binding site I
which consists of DOM I and a portion of DOM II,
can bind to various drugs (2). Conformational change
in HSA as a result of ligand binding has been studied
extensively using various physicochemical methods
including X-ray crystallography (6�9). These studies
have shown that DOM I undergoes conformational
change when ligands bind to site I and this was
thought to be related to its transporter function.

Non-enzymatic glycosylation (NEG) is known to
occur during long-term incubation with glucose at
e-amino groups of lysine residues in various proteins
(10). This reaction is initiated by the reversible forma-
tion of a Schiff base adduct that undergoes rearrange-
ment to form more stable Amadori products, which
then undergo a series of rearrangements and reactions
to yield various protein adducts collectively termed
advanced glycation end products (AGEs) (11). The
process of glycation and the formation of AGEs,
accompanied by protein aggregation and insolubiliz-
ation, is thought to be involved in the structural and
functional changes that proteins undergo in vivo during
ageing and as part of the long-term complications of
diabetes (12). However, only limited information is
available regarding the effects of these modifications
on secondary or tertiary protein structure (13, 14).

Antibodies (Abs) have previously been utilized for
probing the folding of proteins (15, 16). These studies
showed that Abs can identify conformational variants
that occur during protein folding. Our interest lies
in using Abs to detect the fine conformational changes
in proteins, which may relate to protein function.
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In particular, in the case of multidomain proteins
such as HSA, changes in domain�domain interactions
were expected to modify function by altering the
conformation of the ligand-binding sites (17). For
this purpose, we generated an array of anti-HSA
monoclonal Abs (mAbs) and examined their inter-
actions with HSA. For a precise understanding of
these interactions, information on the epitopes recog-
nized by the mAbs was considered critical. We there-
fore employed a yeast surface display (YSD) system
for mapping the epitopes (18, 19). Individual do-
mains or plural domains were expressed on the yeast
surface on which the binding of anti-HSA mAbs was
analysed using fluorescence activated flow cytometry
(FACS). Interactions between HSA and anti-HSA
mAbs were measured using isothermal titration calor-
imetry (ITC) and an enzyme-linked immunosorbent
assay (ELISA) system. ITC has been widely used
for thermodynamic measurement of protein�protein
interactions including antigen (Ag)�Ab interactions.
Experimental binding isotherms of Ag�Ab inter-
actions can be described precisely by means of such
parameters as the enthalpy change (�H) and the asso-
ciation constant (Ka), which in turn allow for calcula-
tion of Gibb’s free energy change (�G) and entropy
change (�S) (20). These thermodynamic parameters
were used to provide information on the chemical
nature of the amino acid residues involved in the
interactions.

Using the anti-HSA mAbs that were well-
characterized in terms of epitope recognition and bind-
ing thermodynamics, we first addressed the question of
whether they could detect and define the fine conform-
ational changes in HSA which are known to occur at
both an acidic (below pH 4) and basic (above pH 7)
pH. The former change was referred to as ‘normal
form (N) to faster migration form (F) transition’
(N-F transition) and the latter as ‘normal form (N)
to basic form (B) transition’ (N-B transition) (3, 21).
We studied N-B transition in detail since it occurs
under physiological conditions and has not as yet
been well characterized in terms of the domains
involved in this transition. Next, we extended our
study to explore conformational change induced by
NEG. This post-translational modification was con-
sidered to contribute to long-term diabetic complica-
tions (12). The association of AGEs with a variety of
pathologies has aroused in much interest in the role
played by NEG products and AGEs in the pathology
of diabetes and the chemical structure of glycated HSA
(gHSA) has been studied using mass spectroscopy
(12, 22�25). However, there is little information on
whether NEG influences or changes the local second-
ary structure of a protein or its over-all tertiary struc-
ture including that resulting from interdomain
interactions.

Our intention in the present study was to use mAbs
to dissect conformational changes in HSA. Since HSA
is a major serum protein, alterations in its conform-
ation could serve as an indicator of changes within
various body tissues and may be related to certain dis-
ease states.

Materials and Methods

Abs
Balb/c mice were purchased from Sankyo Lab Service (Tokyo).
All animal protocols were approved by the Animal Care and
Use Committee of Tokyo University of Science, and the experi-
ments were performed in accordance with the RIBS Institutional
Animal Care and Use Guidelines. Eight-wk-old BALB/c mice were
immunized i.p. with 100mg of HSA (Sigma) in complete Freund’s
adjuvant (WAKO) followed by repeated immunization with 100mg
of HSA in phosphate-buffered saline (PBS). Spleen cells from
the mice were fused with Sp2/O cells using PEG1500 (Roche
Applied Science). Hybridomas producing anti-HSA IgG mAbs
were screened by ELISA using plates coated with HSA and horse-
radish-peroxydase-conjugated goat anti-mouse IgG Ab
(SouthernBiotech).

The mAbs were purified from ascites using a column of HSA
conjugated to Sepharose 4B (GE Healthcare). Ab concentrations
were determined from UV absorption at 280 nm using a molar ab-
sorption coefficient, e, of 2.1�105M�1 cm�1. The anti-HSA Abs
used in the present experiment were HAy1, HAy2, HAy3, HAy4
and HAy5.

HSA and its NEG
Fatty acid- and globulin-free grade HSA was purchased from Sigma.
HSA dimers were eliminated using gel filtration chromatography
with a HiPrep Sepharyl S-300 column (GE Healthcare). A value of
3.5�104M�1 cm�1 was used as e of the resulting monomeric HSA.

Non-enzymatic glycosylation of HSA in vitro was carried out es-
sentially as previously described (23�25). The reaction was carried
out by changing temperature, glucose concentration or reaction
time. After the reaction, free glucose was removed by dialysis. We
used an NEG HSA preparation, referred to gHSA. In order to
obtain NGE preparations characteristic to AGE in terms of
colour, i.e. absorption and fluorescence (26), we incubated HSA
with 0.5M glucose for 180 days at 37�C under sterile conditions.
The molecular weights of the products were assessed using matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI TOF MS) (Shimadzu) and the extent of NEG was esti-
mated assuming that only the ketoamine adduct was conjugated
to HSA. The molecular weights of the products were also estimated
by SDS�PAGE. The protein concentrations of gHSA and AGE-
HSA were determined using the same molar adsorption coefficient
as for HSA.

MALDI TOF MS
The matrix solution contained 10mg/ml 3,5-dimethoxy-4-
hydroxycinnamic acid (sinapinic acid) in 60% v/v acetonitrile in
0.1% v/v aqueous trifluoroacetic acid. Sample protein solutions
(1 ml of a 1 : 1 v/v mixture of 1mg/ml total protein and matrix solu-
tion) were spotted on a steel plate slide and dried in a stream of
warm air. The analyses were performed with a Shimadzu Biotech
AXIMA TOF2 mass spectrometer set at positive high energy linear
mode. Operation of the instrument, data collection and analysis were
carried out according to the manufacturer’s guidelines.

ITC
ITC experiments were carried out on a MicroCal VP-ITC isothermal
titration calorimeter. Both mAbs and HSA or gHSA were dialysed
against 50mM phosphate containing 150mM NaCl at varying pH
values. All samples were carefully degassed before measurement. For
forward titration, a 30 or 60 mM Ab solution was injected in 3 or 6ml
increments, respectively, into the HSA or gHSA solution (2 or 4 mM,
respectively) at various temperatures. The heat of each injection was
subtracted from the heat of dilution of the injectant, which was
measured by adding the mAb solution to the buffer by injection.
Each corrected heat value was divided by the moles of the HSA or
gHSA injected and the data were analysed with Origin software
(OriginLab). Reverse titration was carried out by injecting HSA
into the mAb solution in the sample cell to assess the stoichiometry
of the binding of the Ab to the Ag (27). The first data point was
excluded from the analysis due to dilution within the injection needle
and the cell.

To obtain the Ka and �H for the Ag�Ab interaction, a single set
of identical binding sites was assumed and fitted to the resulting
titration curves using a non-linear regression method. The Gibbs
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free energy change, �G and �S were calculated from the following
equation:

�G ¼ �RT lnKa ¼ �H� T�S ð1Þ

where R is the gas constant and T is the absolute temperature in
Kelvin.

ELISA
Binding of anti-HSA mAbs to HSA adsorbed on plastic plates was
measured by ELISA within a pH range of 4�9.5. The buffers used
were; acetate buffer (pH from 3.5 to 5.5), phosphate buffer (pH from
6.0 to 7.5) and carbonate buffer (pH from 8.0 to pH 9.5). The salt
concentration was adjusted to 100mM. The 96-well ELISA plates
(NUNC) were coated with 1 mg/ml HSA in each buffer (50ml/well).
To compare pH-dependent binding, a fixed amount of mAb in dif-
ferent pH solutions was added to the wells. After a 2 h incubation,
the wells were washed with PBS containing 0.1% Tween-20 (PBST)
and the amount of Abs that had bound to the plates was estimated
using goat anti-mouse IgG1 Abs conjugated to horseradish perox-
ydase (Abcam) with o-phenylenediamine substrate at a final concen-
tration of 0.04% hydrogen peroxide in 0.1M citrated buffer at
pH 5.0. In some experiments, serially diluted mAbs at concentrations
of 0.1 ng/ml to 10 mg/ml were incubated for 1 h and the Abs that had
bound were estimated in a similar manner. The reaction was stopped
by the addition of 50 ml/well of 1M sulphuric acid. Colorimetric
measurement was performed with a plate reader (BIORAD) at
490 nm.

For the competitive binding assay, HSA was biotinylated
(HSAbio) by reacting with the hydroxysuccinimide ester of biotin.
A fixed amount of HSAbio was mixed with various concentrations
of gHSA and reacted with anti-HSA mAbs on the plates. After a 2-h
incubation, the plates were washed with PBST. The bound HSAbio

was measured using horseradish-peroxidase-labelled streptavidin
with o-phenylendiamine as described.

Circular dichroism measurements
Circular dichroism (CD) spectra were measured at 25�C with a Jasco
J-720WI spectropolarimeter. The spectra were recorded and ex-
pressed as the mean residue ellipticity, [y], which is defined as
[y]¼ (100�yobs)/(lc), where yobs is the observed ellipticity in degrees,
c is the molar residue concentration of the protein calculated with a
value of 107 for the mean residue molecular weight and l is the light
path length in centimeters. Far-UV CD spectra were measured at a
protein concentration of �1.5 mM for HSA, gHSA and AGE-HSA
using a 0.1 cm path length cell.

Yeast surface display
To obtain the full-length HSA gene from a human liver cDNA li-
brary (Takara), a nested PCR was performed using KOD-Plus-
polymerase (TOYOBO) with the following primer sets: first PCR,
1.1sn and 6.1as and second PCR, 1.2sn and 6.2as (Supplementary
Table S1). For expression of intact HSA in yeast, the resulting
amplified HSA gene was cloned into the plasmid pCTNB (28)
using Sfi I and Not I sites. For expression of truncated HSAs in
yeast, gene fragments were amplified from the full-length HSA
gene using the primers shown in Supplementary Table S1. The re-
sulting amplified fragments were also cloned into pCTNB using
Sfi I and Not I sites. A schema for the construction is shown in
Fig. 1. pCTNB harboring the full-length HSA or truncated HSA
gene was transfected into EBY100 yeast using a Frozen-EZ Yeast
Transformation II kit (Zymo Research). Cells were cultivated on a
synthetic dextrose medium with casamino acids (SD-CAA) plate at
30�C. After two days, single colonies were transferred to SD-CAA
medium and cultivated at 30�C. After an overnight incubation, yeast
cells were transferred and cultivated in SG-CAA medium at 20�C for
2 days. Grown cells were harvested and 1�107 yeast cells were used
for FACS analysis. Cells were washed in FACS buffer (PBS with
0.5% BSA), then incubated with 50 ml FACS buffer containing each
Ab (10 mg/ml) for 30min on ice. The cells were washed and incu-
bated with biotinylated goat anti-mouse IgG1 (Southern Biotech)
for 30min on ice. Cells were then washed and stained with 50 ml
FACS buffer containing SA-PE (eBioscience) and FITC-conjugated
rabbit anti-c-myc Abs (Abcam) for 30min on ice and then washed
and analysed by FACS Calibur (BD Bioscience) with CellQuest
software supplied by the instrument vendor.

Results

Epitope mapping
HSA consists of three domains, DOM I, DOM II and
DOM III (1, 29). We divided these domains further
into subdomains sDOM Ia, sDOM Ib, sDOM IIa,
sDOM IIb, sDOM IIIa and sDOM IIIb (Fig. 1A).
The plasmids encoding these subdomains and their
various combinations in addition to whole HSA
(Fig. 1B), were constructed using the primers listed in
Supplementary Table S1 and were transfected into the
EBY100 yeast strain. The expression of truncated
genes was confirmed by detection of the anti-c-myc
tag (data not shown).

The binding of anti-HSA mAbs to HSA or its frag-
ments on the yeast was examined by flow cytometry
(Fig. 2A). All mAbs bound to whole HSA on the yeast
surface and these interactions were inhibited by free
HSA in solution (data not shown). HAy1 bound to
sDOM Ia, HAy3 to sDOM IIb and HAy5 to sDOM
IIIb. Since HAy2 and HAy4 did not bind to a single
subdomain, further analyses were performed using
fused domains (Fig. 1B). HAy2 bound to DOM
Iþ sDOM IIa but not to DOM I nor to DOM
IIþDOM III (Fig. 2B and C). HAy4 bound to
DOM Iþ sDOM IIa in addition to DOM III but not
to DOM I alone or to a fragment lacking DOM I, i.e.
DOM IIþDOM III. Therefore, it is likely that the
HAy4 epitope consisted of DOM Iþ sDOM IIa and
DOM III (Fig. 2B).

The epitopes of the respective mAbs, thus deter-
mined, are schematically presented using a 3D HSA
model (Fig. 2D). They are grouped into two types:
Type I mAbs, HAy1, HAy3 and HAy5, which recog-
nized individual subdomains and Type II mAbs, HAy2
and HAy4, which recognized the epitope that ex-
panded the structure and was composed of plural
subdomains.

Thermodynamics of the interaction between Abs
and HSA
The binding heat of anti-HSA mAbs in phosphate
buffer at pH 7.4 was measured by ITC (Fig. 3). We
performed the titration by adding each mAb solution
in a syringe (injectant) to the HSA solution (forward
titration). HAy1 and HAy2 were characterized by an
endothermic heat, while HAy3, HAy4 and HAy5 by an
exothermic heat. Therefore, it was likely that the sign
of the reaction heat depended on the nature of the
epitopes as well as on the mAb combining sites. The
solid lines in the figure represent the best least-squares
fit of the reaction heat per mole of injectant against
the molar ratio, i.e. [Ab]/[HSA]. The thermodynamic
parameters calculated using Eq. 1 are listed in Table I.
Gibb’s free energy was �11�12 kcal/mol irrespective of
the reaction heat sign, which provided Ka values in a
range of 107 to 109M�1. Similar results were obtained
when the titration was performed using the HSA solu-
tion as injectant (reverse titration). Enthalpy�entropy
compensation at pH 7.4 in the binding of mAbs to
HSA is plotted in Fig. 3F. The linear 0.98 slope indi-
cated that the anti-HSA mAbs were characterized by a
correlation typical of thermodynamic compensation,
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which has been consistently observed in Ag�Ab inter-
actions and explained in terms of water reorganization
(30).

pH-dependent interaction between HSA and
anti-HSA mAbs
The interaction of mAbs with HSA coated on the plas-
tic plates was measured at various pH values by
ELISA. Coating of plates with HSA and subsequent

reaction with the mAbs were carried out at the same
pH. Percentages of binding relative to the maximum
binding at pH 6.0 were plotted against pH (Fig. 4A).
HAy5 showed no significant change in binding over a
pH range of 4�9, suggesting that the subdomain,
sDOM IIIb, recognized by this mAb has a stable con-
formation over this pH range. The mAbs HAy3 and
HAy4 showed a decrease in binding below pH 5. This
may correspond to an N-F transition which
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Fig. 1 The domain structure of HSA and its fragments displayed on the yeast surface. (A) Stereoview of HSA shown in a ribbon representation
coloured according to subdomains referred to as sDOM Ia, sDOM Ib, sDOM IIa, sDOM IIb, sDOM IIIa and sDOM IIIb. The domains
designated DOM I, DOM II and DOM III are also represented. (B) The DNA fragments encoding various combinations of subdomains or
domains, referred to as fused domains, in addition to full-length HSA were generated by PCR using specific primers listed in Supplementary
Table S1 for epitope mapping by use of YSD.
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Fig. 2 Interaction of anti-HSA Abs with HSA fragments expressed on the yeast surface. (A) Yeast cells were stained using anti-c-myc Ab
conjugated with FITC, and anti-HSA mAbs bound to the cells were stained using rabbit anti-mouse IgG1 Ab conjugated with phycoerythrin
(PE). PE fluorescence intensities of the gated fraction of c-myc-tag-expressing cells (FITC-positive cells) are shown. The open histograms show
the binding of five anti-HSA mAbs to yeast cells expressing the respective subdomains coloured as indicated and full-length HSA (black). The
filled histogram is a control without Ab staining. (B) The binding of HAy2 (left) and HAy4 (right) to HSA fragments with deleted carboxyl
terminal subdomains. (C) The binding of HAy2 (left) and HAy4 (right) to HSA fragments with deleted amino terminal domains. The designation
of the HSA fragments is shown in Fig 1. (D) Schematic representation of the epitopes in a 3D structure model. The epitopes recognized by
respective mAbs are coloured. The graphics were rendered using the molecular visualization software MOLMOL (35).
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accompanies the conformational change in the epi-
topes recognized by these mAbs. HAy2 and HAy4
showed pH-dependent binding at acidic, neutral and
basic pH, although the change at a neutral to basic pH
of HAy4 was smaller with HAy4 than with HAy2.
pH-dependent binding at pH 4 would correspond to
an N-F transition as described above and that at
pH 7�9, to an N-B transition (Fig. 4A).

The binding of each mAb to HSA at a pH above 6.0
was examined in detail (Fig. 4B) by changing Ab con-
centrations. HAy2 showed a significant decrease in

binding on increasing the pH to within a range of
6.0�9.5. Although the difference in the binding of
HAy4 was rather small compared with HAy2, it was
still significant, while no difference was observed in
the binding of the other mAbs. While ELISA is con-
venient for measuring Ag�Ab interactions, it may not
be appropriate for describing the thermodynamics
of protein�protein interactions since either the Ag or
Ab has to be immobilized on the plate. Therefore,
we examined interactions between HSA and mAbs
by ITC.

Fig. 3 ITC measurements for the binding of anti-HSA Abs to HSA and enthalpy versus entropy compensation plots. (A�E) Top, Forward titrations
were performed by injecting the mAb solution into the HSA solution at pH 7.4 and 25�C. Bottom, Integration of the binding heats was plotted
against molar ratios from the raw data. The mAb used for each measurement is indicated in each panel. Fitted curves are shown as a solid line,
and were obtained by fitting to a one equivalent binding site model. (F) The �H values are plotted against the TDS obtained from forward ITC
(open circle) and reverse ITC (filled triangle). The slope (dashed line), which was calculated by linear regression fitting, was 0.98.
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The �H values in the reaction between HAy2 or
HAy1 and HSA are plotted against pH in Fig. 4C
and D, respectively. Although only a small variation
in �H was observed with HAy1 between pH 5.0 and
8.0, a sharp decrease above pH 7.5 was characteristic
of HAy2.

Preparation and characterization of gHSA and
AGE-HSA
We carried out the NEG reaction in vitro under vari-
ous experimental conditions. The MW was analysed
by SDS�PAGE (Fig. 5A) and MALDI TOF MS
(Fig. 5B). Although no significant change in the mo-
bility of gHSA was observed, AEG-HSA showed a
slow and broad band on SDS�PAGE. The MS spectra
of HSA, gHSA and AGE-HSA gave a single peak,
corresponding to a molecular mass of 66,275� 79 for
HSA, 68,249� 269 for gHSA and 73,409� 488 for
AGE-HSA (Table II). Since NEG of HSA was
known to occur at approximately 10 sites in vivo (31),
we used this preparation as representative of the early
NEG product.

Figure 5C shows the far-UV CD spectra of HSA,
gHSA and AGE-HSA, which reflect the secondary
and tertiary structure of the protein. HSA was shown
to have a helical structure with an a-helix content of
65% (3) and negative maxima at 208 and 222 nm were
considered to have arisen from the a-helices. No sig-
nificant difference between spectra of HSA and gHSA
was observed, indicating that the contribution of sugar
adducts to CD spectrum was negligible (13) and that
NEG has little effect on the secondary or tertiary struc-
ture of HSA at an early stage of glycosylation.
However, the CD spectrum of AGE-HSA was sig-
nificantly different from those of HSA and gHSA,
suggesting changes in the secondary and tertiary
structure.

Interaction of anti-HSA mAbs with NEG-HSA
Figure 6 shows the binding competition of HSA,
gHSA and AGE-HSA to mAbs coated on the
ELISA plates. The binding of biotin-labelled HSA,
HSAbio, to the respective mAbs was inhibited with
non-labelled HSA, gHSA and AGE-HSA in a
concentration-dependent manner. Virtually identical
inhibition curves were obtained for HSA and gHSA,

indicating that none of the mAbs were able to recog-
nize a structural difference between HSA and gHSA.
Therefore, it was suggested that the glycation of
e-amino groups of the lysine residues did not induce
steric hindrance or conformational change in the HSA
structure of the early stage NEG products. On the
other hand, AGE-HSA showed little inhibition in
binding to HAy2 and a 100-fold lower inhibition in
binding to HAy3 compared with HSA, indicating
that the structure recognized by HAy2 and HAy3
was altered considerably by glycation, although it
was capable of binding to HAy1. These results indi-
cated that the structure of sDOM I, which was recog-
nized by HAy1, remained unchanged, while the other
structures including subdomains and structures created
by interdomain interactions were altered greatly.

Thermodynamic measurements in the interaction
between gHSA and HAy2
Anti-HSA mAbs failed to detect any difference in
structure between HSA and gHSA on ELISA.
Therefore, we examined whether NEG had little
effect on the HSA�Ab interaction in terms of thermo-
dynamics as measured by ITC. The results showed that
the reaction of HAy2 with gHSA was endothermic,
similar to that with HSA, and that the difference of
�H values in the reaction of HAy2 with gHSA and
HSA (��HgHSA�HSA in Table III) became negative.
Since a positive �H contributes unfavourably to the
binding free energy change, it was clear that glycation
had a favourable effect on the HSA�Ab interaction
through a decrease in the positive �H values with
HAy2. The other mAbs, HAy1 and HAy3, did not
show a significant change in �H value. In spite of
the favourable contribution of �H on glycation, the
difference in Gibb’s free energy between the interaction
with HSA and gHSA became negligible due to an in-
crease in the unfavourable �S value caused by en-
thalpy�entropy compensation. This would explain
why we could not detect a difference in binding be-
tween HSA and gHSA on ELISA. The results indi-
cated that glycosylation of lysine residues did not
provide steric hindrance but rather enhanced the
Ab-HSA non-covalent interaction.

Table I. Thermodynamic parameters for binding of anti-HSA mAbs to HSA at pH 7.4.

mAbs Ka (M
�1) "G (kcal mol�1) "H (kcal mol�1) "Sa (cal mol�1K�1) TDSa (kcal mol�1)

Titration of mAb into HSA
HAy1 1.9� 0.9�108 �11.3 8.9� 0.22 67.6 20.2
HAy2 1.5� 0.3�108 �11.1 4.9� 0.04 53.8 16.0
HAy3 2.3� 0.5�108 �11.5 �5.1� 0.05 21.3 6.4
HAy4 2.7� 0.9�108 �11.5 �13.0� 0.17 �5.0 �1.5
HAy5 2.1� 0.2�109 �12.7 �12.6� 0.21 0.4 0.1

Titration of HSA into mAb
HAy1 2.2� 0.9�108 �11.4 9.2� 0.17 69.1 20.6
HAy2 1.1� 0.3�108 �11.0 5.0� 0.09 53.5 16.0
HAy3 1.6� 0.8�108 �11.2 �5.9� 0.15 17.7 5.3
HAy4 1.5� 0.4�107 �9.8 �11.9� 0.39 �7.1 �2.1
HAy5 1.2� 0.7�109 �12.4 �12.9� 0.18 �1.5 �0.5

aThe values were calculated from the equation �G¼�H�TDS.
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Discussion

DNA nucleotide sequences (1) predicted that HSA was
composed of subdomains, each with a minimal struc-
tural unit of �120 amino acid residues. Although HSA

was shown to consist of three domains, DOM I, DOM
II and DOM III, by preparing each domain as a re-
combinant protein (29), independent folding of the
subdomains has not been verified at the protein level.

Fig. 4 pH-dependent binding of anti-HSA mAbs to HSA. (A) Binding of mAbs at a fixed concentration to HSA coated on the ELISA plates was
measured at various pH values. The ordinate provides the ratio of binding relative to the maximum binding at pH 6. (B) The concentration-
dependent profiles of mAbs in binding to HSA at pH 6, 7.5 and 9. Measurements were performed in duplicate. Standard deviations are shown as
error bars. (C) Effects of pH on �H obtained from ITC measurements of HAy2 and HAy1, respectively.
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In the present study, we expressed each subdomain on
the yeast surface as well as various combinations of
subdomains, domains and full-length HSA, and their
expression was confirmed by the binding of specific Ab
to the c-myc tag. Using these yeast-surface-expressed
HSA fragments, we identified the epitopes of three
mAbs, HAy1, HAy3 and HAy5, as being the subdo-
mains sDOM Ia, sDOM IIb and sDOM IIIb, respect-
ively. Two other mAbs, HAy2 and HAy4, did not react
with any single subdomain but instead bound to frag-
ments consisting of plural subdomains, suggesting that
these mAbs recognized a complex structure resulting
from intersubdomain interactions. This information
on the epitopes in relation to the 3D protein structure
was vital to our purpose, i.e. showing the utility of
mAbs in detecting conformational changes in proteins,
and the fact that the epitopes were so well-
characterized certainly contributed to our success.
YSD has also been effectively used for epitope

mapping of other proteins such as botulinum neuro-
toxin (19) and epidermal growth factor (18).

ITC provides information on Ag�Ab interactions
through the measurement of such thermodynamic par-
ameters as �H and Ka. From these, one can calculate
�G and �S. In our experiments, the values obtained in
this manner varied widely among the mAbs (Table I).
An endothermic heat was observed in reactions with
HAy1 and HAy2, which indicates that these reactions
were entropy-driven. On the other hand, three mAbs
had reactions that were exothermic and enthalpy-
driven. Whichever the �H sign, the plots of �H
versus TDS provided a straight line with a slope of
0.982, suggesting that �H and TDS compensated for
each other. This was a widely observed phenomenon in
the Ag�Ab interactions.

We used the anti-HSA mAbs to identify which do-
mains were involved in the conformational transitions.
HAy5 showed little pH dependence in binding to
HSA, suggesting that sDOM IIIb, which is recognized
by this mAb, is involved in neither an N-F nor N-B
transition. On the other hand, HAy1, HAy2, HAy3
and HAy4 showed a decrease in binding below pH 5.
Therefore, an N-F transition accompanied the con-
formation change in sDOM Ia and sDOM IIb,
although a decrease in the binding activity due to
acid denaturation of the mAbs themselves has to be
considered (31). Three mAbs, HAy1, HAy3 and
HAy5, bound to sDOM Ia, sDOM IIb and sDOM
IIIb, respectively, but did not show pH-dependent
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Fig. 5 Characterization of the molecular properties of gHSA and AGE-HSA. (A) SDS�PAGE analysis. Lane 1, MWmarker; lane 2, HSA; lane 3,
gHSA and lane 4, AGE-HSA. (B) MULDI TOF MS spectra of HSA, gHSA and AGE-HSA. (C) Far-UV CD spectra of HSA, gHSA and
AEG-HSA. Solid line, HSA; broken line, gHSA; dotted line, AGE-HSA.

Table II. Molecular mass of HSA and gHSA.

Sample

Molecular massa

Mean�SE

Increased

mass

Number

of NEGb

HSA 66,275� 79 0 0
gHSA 68,249� 269 þ1974 12
AGE-HSA 73,409� 488 þ7134 44

aMolecular mass values are averages of ten experiments by
MALDI TOF Mass measurements. bNumber of NEG was calcu-
lated assuming adducts of fructosyl groups with MW of 162.
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binding above pH 7, indicating that these subdomains
did not participate in an N-B transition. However,
HAy2 showed a sharp decrease in binding above
pH 7. HAy4 also showed a decrease in binding
within a similar pH range, although the magnitude of
the change was small compared with HAy2. Since the
HAy2 epitope was determined to be DOM I-sDOM
IIa and that of HAy4 to be DOM I-DOM III, these
two mAbs are likely to recognize an epitope created by
an interaction of plural subdomains and not a single
subdomain. Therefore, we concluded that an N-B tran-
sition occurs when accompanied by a rearrangement
in the conformation around DOM I. These findings
are in good agreement with results reported by Bos
et al. (21).

Glycated HSA accounts for 80% of the circulating
glycated protein and it has been implicated in several
complications associated with diabetes (12). Amadori
glucose adducts of HSA were shown to stimulate the
production of Type IV collagen by mesangial cells in
culture (32). The effect of NEG on the binding of long
fatty acids was also shown by Shaklai et al. (33). HSA
possesses 58 Lys residues (1) which can potentially
undergo NEG on their side chains, although it was
shown that there are four main sites and several add-
itional sites for NEG (34). MALDI TOF MS analysis
revealed various products whose lysine and arginine
side chains were converted to complicated structures
in AGE-HSA (11). We addressed the question of
whether such modification of amino acid side chains

Fig. 6 Competitive binding of HSA and gHSA to anti-HSA mAbs coated on the ELISA plates. Biotin-labelled HSA, HSAbio, was used as a
detecting Ag, and non-labelled HSA, gHSA and AEG-HSA were used as competitors. The amount of bound HSAbio was measured using
peroxidase-labelled streptavidin. Closed circle, HSA; open circle, gHSA; open square, AGE-HSA.
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by NEG induces conformational changes, such as
alteration of domain�domain interactions, using
anti-HSA mAbs capable of detecting conformational
changes in HSA induced by varying the pH. Since the
gHSA preparations were stable in neutral pH solu-
tions, we considered that they were converted from
the aldimine to ketoamine form through Amadori
transition. However, no significant difference in the
interaction of HSA or gHSA with the anti-HSA
mAbs was detected by ELISA, suggesting that the
ketoamine adducts provided no steric hindrance and
induced no gross structural changes in HSA. This coin-
cided with the results of CD measurements; no change
was observed in the CD spectra below 250 nm which
reflects the back bone conformation of proteins [Fig. 5,
(13)]. However, the ITC analysis revealed that the posi-
tive �H values decreased in interactions between
HAy2 and gHSA compared with those with HSA
(Table III). This change in the �H value brought
about a favourable effect on the �G but was compen-
sated for by an increase in the unfavourable �S.

A favourable effect on �H with sugar adducts sug-
gested that they provided little structural hindrance
but rather contributed to strengthening the Ab�Ag
interaction. This might be due to an increase in hydro-
phobic interactions by conversion of positively charged
e-amino groups to aldimine or ketoamine adducts with
no charged groups. Previously, the intrinsic trypto-
phan fluorescence of HSA was shown to be quenched
by NEG (25, 33), indicating that the microenviron-
ment around Trp214 was altered. Collectively, the
structure of the early stages NEG products was similar
to that of intact HSA, although the nature of the pro-
tein surface varied slightly.

In contrast to its interaction with gHSA, HAy2 was
unable to bind to AGE-HSA. The mAbs HAy3, HAy4
and HAy5 also showed a decrease in binding to AGE-
HSA compared to HSA, although HAy1 did not.
Judging from these mAb reactions, the AGE-HSA epi-
topes were significantly altered by glycation, which
would be due to the change in the tertiary structure
rather than to steric hindrance of the sugar adducts,
since they had a tendency to strengthen the Ag�Ab
interaction as described. We assume a structural
model for AGE-HSA in which one or two subdomains

retain a structure similar to that of HSA, while other
subdomains unfold partially and intersubdomain inter-
actions are prevented. This model is similar to that
proposed for HSA isomers referred to as F and E
forms (1). Based on the measurements of CD spectra,
viscosity, and fluorescence spectra, Sattarahmady et al.
(14) suggested that AGE-HSA has a structure that
assumes a molten globule-like state.

In the present study, we showed that fine conform-
ational changes in the HSA molecule can be detected
by anti-HSA mAbs and that Abs provide a powerful
tool for studying the conformation of a protein when
its epitopes are defined on the 3D structure. HSA
undergoes various natural modifications such as glyca-
tion by glucose, or alkylation by 4-hydroxy-2-nonenal.
These modifications may induce conformational
changes in HSA that are detectable by Abs and these
changes may be related to certain diseases.
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