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Core–shell clusters of human haemoglobin A and
human serum albumin: artificial O2-carriers having
various O2-affinities†
Takuya Kimura,a Ryuichi Shinohara,a Christoph Böttcherb and Teruyuki Komatsu*a
This report describes the synthesis, structure, and O2-binding properties of core–shell clusters
composed of human haemoglobin A (HbA) in the centre and human serum albumin (HSA) at the periphery
(HbA–HSAm) as potential O2-carriers designed as red blood cell (RBC) substitutes. Protein clusters were
prepared by covalent linkages between HbA lysins and HSA cysteine-34 using a heterobifunctional crosslinker, succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate. Major products (m = 2, 3, 4) were
isolated using gel filtration chromatography. The low isoelectric points (pI = 5.0–5.2) of the clusters were
almost identical to that of HSA, proving the wrapping of HbA by negatively charged HSA. The 3D reconstruction of HbA–HSA3 based on transmission electron microscopy images revealed a complete triangular
structure. The proposed geometries enabled us to assign a possible spatial arrangement of the HbA centre
and HSA periphery. The HbA–HSAm clusters showed higher O2-affinities (P50 = 8–9 Torr) than the native
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HbA. The clusters prepared under N2 atmosphere showed a low O2-affinity (P50 = 26 Torr) resembling
those of human RBC. Moreover, the cluster containing an aa-cross-linked HbA with bis(3,5-dibromosalicyl)fumarate showed a markedly low O2-affinity (P50 = 35 Torr). These HbA–HSAm clusters with various
O2-affinities can support a new generation of RBC substitutes, which can be better tuned to play a role
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in O2 transport.

1. Introduction
Over the last 30 years, haemoglobin (Hb)-based O2 carriers
(HBOCs) of several kinds have been prepared and evaluated as
red blood cell (RBC) substitutes,1–4 such as polymerized Hb,5–7
poly(ethyleneglycol)-conjugated Hb,8–10 enzyme-linked Hb,11,12
and saccharide-bound Hb.13 Nevertheless, because of several
concerns, none has been assigned yet for practical use.14,15 The
first issue is vasoconstriction, which is observed for some
materials and which causes a mild increase in blood pressure.
Many researchers have inferred that the vasopressor response
is attributable to rapid scavenging of the endothelial-derived
relaxing factor, nitric oxide (NO), by Hb leaked into the extravascular space.16–18 Lemon et al. reported that recombinant Hb
a
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mutants (rHb) having low NO-association rates elicited a less
hypertensive action than native Hb did.17 The second concern
is unmodulated O2-affinity. In general, cell-free HBOCs show
individual and high O2-affinity compared to RBC.6,9,10,13 High
O2-affinity is thought to prevent the delivery of a sufficient
amount of O2 to tissues under normal physiological conditions.
In contrast, high O2-affinity avoids early O2 offloading on the
arterial side of circulation and this is expected to be beneficial
for targeted O2 transport to the hypoxic regions.8,18 If one
were able to create a novel cell-free HBOC with controllable
O2-binding capability, then it might become a promising RBC
substitute and an O2-providing therapeutic reagent that can be
useful for clinical situations.
We previously demonstrated that covalent wrapping of bovine
Hb (HbBv) using human serum albumin (HSA) generated a core–
shell structured protein cluster, HbBv–HSAm, as a unique
HBOC.19–21 Actually, HSA is a versatile protein (4–5 g dL1) in
blood plasma. It shows low permeability in the vasculature walls
attributable to the electrostatic repulsion between negatively
charged albumin surfaces and the glomerular membrane.22,23
Therefore, intravenous transfusion of the HbBv–HSAm cluster
would not incite unfavourable vasoactivity because it might not
extravasate through the vasculature. To develop this O2-carrying
plasma protein as an alternative material for RBC transfusion in
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clinical uses, additional work must be done. (i) Human adult Hb
(HbA) must be exploited as a core protein. Some differences exist
between HbBv and HbA in terms of the amino acid sequence
and O2-binding property.24 (ii) The O2 affinity should be tuned
to some degree for various medical applications. This report
describes, for the first time ever, the synthesis of a series of core–
shell clusters HbA–HSAm, comprising HbA and HSA. The results
show that the O2 affinities of the clusters are governed by the
conformational state of the HbA core [T-(tense) or R-(relaxed)
state], which is locked in during the preparation process. Consequently, HbA–HSAm clusters having various O2-affinities (P50 =
8–35 Torr) have been produced.

2. Experimental section
2.1.

Materials and apparatus

The elution curve showed new multiple peaks in the high
molecular weight region. Native-PAGE also showed new bands
above HSA. Then the resultant solution was subjected to GFC
on an FPLC system (Äkta Prime Plus; GE Healthcare UK Ltd)
equipped with a Superdex 200 pg (HiLoad 26/60; GE Healthcare
UK Ltd) column using PB (50 mM, pH 7.4) as the running
buffer. The eluent was monitored at 280 nm and fractionated.
The fractions showing a single band in the native-PAGE were
collected. Each component was checked again using SEC
measurements. The total protein concentration was assayed
using a protein assay kit (Pierce 660 nm; Thermo Fisher
Scientific Inc.). The Hb concentration was assayed (Hb assay
kit, Nescoat Hemokit-N; Alfresa Pharma Corp.). The cysteinyl
thiol assay of HbA was conducted by reaction with 4,4 0 -dithiopyridine coupled with the sulphydryl group to give 4-thiopyridinone with absorption at 324 nm.25 The procedure of the
maleimide assay on SMCC–HbA is described in the ESI.†

Succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate
(SMCC) was purchased from Tokyo Chemical Industry Co. Ltd.
Human serum albumin (HSA) was purchased from the Japan
Blood Products Organization. Bis(3,5-dibromosalicyl)fumarate
(DBBF) was purchased from LKT Laboratories Inc. L-Glycine
was purchased from Wako Pure Chemical Industries Ltd.
Inositol hexaphosphate (IHP) was purchased from SigmaAldrich Corp. Human adult Hb (HbA) was purified from red
blood cell concentrates received from the Japanese Red Cross
Society (see ESI†). Other chemicals of special grade were used
without further purification unless otherwise noted. Water
was deionized (18.2 MO cm) using water purification systems
(Elix UV and Milli Q Reference; Millipore Corp.). Native-PAGE
was performed using an electrophoresis power supply (EPS 301;
GE Healthcare) using 5–12% polyacrylamide precast gradient
gel (SuperSep Ace 5–12%; Wako Pure Chemical Industries Ltd).
Isoelectric focusing (IEF) was done using an electrophoresis
power supply (EPS 601; GE Healthcare) using a pH 3–10 IEF gel
(Novex; Invitrogen Corp.). A GE Healthcare IEF calibration
kit Broad pI (pH 3–10) was used for the protein marker. The
voltage was raised gradually to 500 V for 2 h.

The circular dichroism (CD) spectra were measured using a
spectropolarimeter (J-820; Jasco Corp.). The sample concentration was 0.2 mM in PBS. Quartz cuvettes with 10 mm thickness
were used. The molecular sizes of the clusters were ascertained
using dynamic light scattering (DLS) measurements (Zetasizer
Nano; Malvern Instruments, Ltd) at 25 1C. The diameters were
estimated by the number obtained from the particle size distribution. Aqueous solutions with a concentration of 2 mg mL1
were prepared using Milli-Q water.

2.2.

2.5.

Synthesis of HbA–HSAm clusters

A freshly prepared DMSO solution of SMCC (20 mM, 4.0 mL)
was added dropwise to the pure carbonyl HbA solution (0.1 mM,
40 mL in phosphate buﬀered saline solution, PBS) in a roundbottom flask (100 mL volume). After stirring under dark conditions
in CO atmosphere for 3 h at 25 1C, the reactant was loaded for gel
filtration chromatography (GFC) using a Sephadex G25 (superfine)
column to remove the unreacted cross-linker. The eluent of
SMCC–HbA was concentrated to 40 mL (Vivaspin 20 ultrafilter,
10 kDa MWCO; Sartorius AG). The obtained SMCC–HbA (0.1 mM,
40 mL) was added gradually to the HSA solution (1.0 mM, 40 mL in
PBS). The reactant was stirred under dark conditions for 14 h at
4 1C. A part of the reaction mixture was used for size-exclusion
chromatography (SEC) on an HPLC system (LaChrom Elite;
Hitachi High-Technologies Corp.) equipped with a column
(Shodex Protein KW-803; Showa Denko K.K.) using phosphate
buffered (PB) solution (50 mM, pH 7.4) as the mobile phase.
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2.3.

Synthesis of HbA–HSA3 clusters

The reaction mixture of SMCC–HbA and HSA obtained in the
above experiment (Section 2.2) was subjected to GFC (Superdex
200 pg in XK50/60 column; GE Healthcare UK Ltd) using PBS as
the running buffer. We collected all the cluster products except
for the unreacted HSA. The collected yield was 85% based on
HbA. The average HSA/HbA ratio of the harvested cluster mixture
was 3.0  0.2, which is indicated as HbA–HSA3 with italicized
subscript 3.
2.4.

CD and DLS measurements

Measurements, image processing, and 3D reconstruction

The transmission electron microscopy (TEM) observations of
the HbA–HSA3 clusters were conducted according to our previously
reported procedures.19 Image processing (single-particle analysis)
and 3D reconstruction of the clusters based on the TEM data were
conducted using our previously described techniques.19,26,27 In
short, the images of individual molecules (total 1800 sections)
corresponding to different spatial orientations of individual clusters
were identified, extracted, aligned, and summed to yield class sum
images with an enhanced signal-to-noise ratio (SNR). Automatic
classification was conducted using the IMAGIC-5 software (Image
Science Software GmbH, Berlin, Germany) and a multivariate
statistical analysis (MSA) technique.28 Angular reconstitution
was used to assign the angular relationship between the obtained
‘class averages’ (Euler angles).29 Further refinements were
obtained using ‘‘anchor-set’’ reprojection images as references.
No symmetry operation was used in the reconstruction.

This journal is © The Royal Society of Chemistry 2015
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2.6.

O2-binding property

The visible absorption spectra were recorded using a UV-Visible
spectrophotometer (8543; Agilent Technologies Inc.) equipped
with a temperature control unit (89090A; Agilent Technologies
Inc.). To prepare oxy HbA–HSAm clusters, O2 gas was flowed
to PBS (pH 7.4) containing carbonyl HbA–HSAm clusters ([Hb]:
ca. 10 mM) in an optical quartz cuvette (10 mm path length)
sealed with a rubber septum under light (500 W halogen lamp)
in an ice-water bath. Next, N2 gas was flowed continuously to the
O2 complex solution, yielding deoxy HbA–HSAm. The O2 affinity
(P50: O2-partial pressure where Hb is half-saturated with O2) and
the Hill coefficient (n) were determined using an automatic
recording system for blood O2-equilibrium curves (Hemox
Analyzer; TCS Scientific Corp.) using PBS (pH 7.4) at 37 1C.
The sample was oxygenated under an increased O2-partial
pressure and deoxygenated by flushing with N2.
2.7.

Synthesis of HbA(T)–HSA3 clusters under N2 atmosphere

A DMSO solution of SMCC (20 mM, 0.5 mL) was added
dropwise to the deoxy HbA solution (0.1 mM, 5 mL in PBS)
under humidified N2 atmosphere at 25 1C. Before the addition
of SMCC, HbA must be fully deoxygenated. The mixture was
stirred for 2 h and poured into the PBS solution of glycine
(150 mM, 0.33 mL) using a humidified N2 gas stream, followed
by stirring for 1 h at 25 1C to quench the unreacted cross-linker.
Then the reactant was added gradually into the HSA solution
(2.0 mM, 10 mL in PBS) under N2 gas pressure. It was stirred in
the dark for 14 h at 25 1C. No further eﬀort was made to exclude
O2 thereafter. A part of the reaction mixture was subjected
to SEC on an HPLC system equipped with a column (Shodex
Protein KW-803; Showa Denko K.K.) using PB (50 mM, pH 7.4)
as the mobile phase. The elution curve showed multiple peaks
in the high molecular weight region. Native-PAGE also revealed
three bands above HSA. The resultant solution was subjected to
GFC (Superdex 200 pg in XK50/60 column; GE Healthcare
UK Ltd) using PBS (pH 7.4, 50 mM) as the running buﬀer.
We collected all cluster products except for HSA. Using the
total protein and Hb assays, the average HSA/HbA ratio of the
harvested clusters was found to be 2.9  0.2, which is indicated
as HbA(T)–HSA3.
2.8. Synthesis of aaHbA(T)–HSA3 clusters under N2
atmosphere
First, aa-cross-linked HbA(T) [aaHbA(T)] was prepared as
described in a report by Walder et al.30,31 The PBS solution
(pH 7.2) of IHP (25 mM, 0.5 mL) was mixed with the oxy HbA
solution (0.1 mM, 30 mL in PBS) in a round-bottom flask
(100 mL volume). Then, humidified N2 gas was purged into
the flask for 1.5 h at 25 1C. IHP was added to block the
competing reactions with the b subunits of HbA. Subsequently,
DBBF (2.5 mg, [DBBF]/[HbA] = 1.25, mol/mol) was added to
the mixture. The resultant was stirred for another 2 h under
N2 atmosphere at 37 1C. Then, an aqueous solution of glycine
(1.5 M, 0.625 mL) was added to the solution to terminate the
reaction. The mixture was stirred for 2 h. After the CO gas

This journal is © The Royal Society of Chemistry 2015
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flowed into the flask, the reactant was loaded for GFC performed
using a Sephadex G25 (superfine) column to eliminate the
unreacted DBBF, thereby generating aaHbA(T).
The PBS solution of oxy aaHbA(T) (0.1 mM, 20 mL) in a
round-bottom flask (100 mL volume) was purged with a stream
of humidified N2 for 2 h at 25 1C. From this step, all the
reactions were performed under N2 atmosphere. A DMSO
solution of SMCC (20 mM, 2.0 mL) was added dropwise to
the obtained deoxy aaHbA(T) solution. Then the mixture was
stirred for 2 h at 25 1C. Next, the PBS solution of glycine (1.5 M,
0.27 mL) was added to the solution using a humidified N2 gas
stream, followed by stirring for 2 h at 25 1C. Finally, the reactant
was added to the HSA solution (2.0 mM, 40 mL in PBS) using an
N2 stream. It was stirred gently in the dark for 14 h at 25 1C. The
resultant was subjected to GFC (Superdex 200 pg in XK50/60
column) using PBS (pH 7.4, 50 mM) as the running buﬀer.
We collected all the clusters without HSA. Using the total
protein and Hb assays, the average HSA/HbA ratio of the
obtained clusters was found to be 3.0  0.2, which is denoted
as aaHbA(T)–HSA3.

3. Results and discussion
3.1.

Synthesis of HbA–HSAm clusters

HSA comprises three homologous domains (I–III), each of
which consists of A and B subdomains.32,33 This heart-shaped
protein includes a total of 35 Cys residues, whereby 17 pairs of
the residues form intramolecular disulphide bonds. The results
show that only one free Cys in reduced form remains at position
34. It allows for site-specific binding. A heterobifunctional crosslinker, succinimidyl-4-(N-maleimidomethyl)cyclohexane-1carboxylate (SMCC), was used as a connector between the
particular Cys-34 of HSA and the surface Lys groups of HbA
to create a core–shell cluster with HbA in the centre and HSA
at the periphery (HbA–HSAm, Fig. 1).
First, SMCC was reacted with carbonyl HbA in PBS (pH 7.4).
Then, the binding number of SMCC on HbA was 6.1 per
molecule, as ascertained from the maleimide assay. The
obtained SMCC–HbA was added dropwise to the HSA solution,
followed by stirring for 14 h. The examination of the reaction
mixture using SEC revealed four peaks in the high molecular
weight region (Fig. 2A, elution time 14–19 min). Native-PAGE
also revealed three new bands above HSA (Fig. 2B). The major
products (bands I–III) were isolated using gel filtration chromatography (GFC) (Fig. 2A). Based on the Hb and protein assays, the
HSA/HbA ratios were determined as 1.9, 3.0, and 3.9 for the
band-I, -II, and -III compounds, respectively. We identified
these clusters respectively as HbA–HSA2 (heterotrimer), HbA–
HSA3 (heterotetramer), and HbA–HSA4 (heteropentamer) (Fig. 1).
The formation ratios of the heterotrimer, heterotetramer, and
heteropentamer were estimated as 25%, 45%, and 24% from curve
fitting of the SEC profile. The HbA–HSA1 (heterodimer) was also
formed and observed at 18.3 min in the SEC curve. It is consistent
with our previous result on HbBv–HSAm.19 However, HbA–HSA1
with a low formation ratio was not detected in the native-PAGE,
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Fig. 1 (A) Schematic illustration of the synthetic route of HbA–HSAm
clusters using heterobifunctional cross-linkers (SMCC). (B) The covalent
linkage structure between the Lys residue of HbA and the Cys-34 residue
of HSA.

because of the differences in the limit of detection and dynamic
range of SEC and PAGE analysis.
In diﬀerent preparations, we collected all the products
together using GFC and removed the unreacted HSA. This cluster
mixture, indicated as HbA–HSA3 with italicized subscript 3,
showed an HSA/HbA ratio of 3.0  0.2 on average.
Unlike HbBv having only a single Cys at the 93 position of
the b subunit,34 human HbA possesses three Cys residues at
93(b), 104(a), and 112(b) (a total of six Cys residues per
molecule).35 Then the SMCC–HbA might form unfavourable
HbA oligomers via intermolecular connections between their
maleimide terminals and cysteinyl thiols in different HbA.
Nonetheless, such oligomerization did not occur because
Cys-104(a) and Cys-112(b) are known to be non-reactive sites.36
The remaining Cys-93(b) is located in hydrophobic crevices of
the protein, at least 15 Å deep with respect to the molecular
surface.35 The maleimide arm of SMCC–HbA (10 Å spacer
length) is too short to bind Cys-93(b) of different HbA. Moreover, sulphydryl group of Cys-93(b) in HbA was masked by the
maleimide-end of free SMCC (described below). We concluded
that SMCC is an excellent cross-linker to create structurally
defined core–shell HbA–HSAm clusters.
The CD spectrum of HbA–HSA3 clusters coincided well with
the sum of the HbA spectrum and a three-fold enlarged HSA
spectrum (Fig. 3), which implies that (i) the HbA : HSA composition ratio is 1 : 3 (mol : mol) and that (ii) the secondary structure
of the individual protein unit remains unaltered after the
cluster formation. The HbA–HSA2 and HbA–HSA4 clusters
showed CD spectra with HbA + 2HSA and HbA + 4HSA,

6160 | J. Mater. Chem. B, 2015, 3, 6157--6164

Fig. 2 (A) SEC profiles of the reaction mixture of HbA and HSA (black
dotted line), purified HbA–HSA4 (green line), HbA–HSA3 (red line), HbA–
HSA2 (blue line), and the cluster mixture HbA–HSA3 (purple line). (B) The
native–PAGE results of the same samples: I, HbA–HSA2; II, HbA–HSA3; III,
HbA–HSA4.

indicating that the respective HbA : HSA ratios are 1 : 2 and
1 : 4 (mol : mol) (Fig. 3).
The diameters of HbA–HSAm clusters observed by dynamic
light scattering (DLS) measurements increased gradually with
the number of HSA units: 7.6 nm for HbA–HSA2, 8.9 nm for
HbA–HSA3, and 10.2 nm for HbA–HSA4 (Fig. S1, ESI†). Their
isoelectric points (pI: 5.0–5.2) were all significantly lower than
the value of native HbA (pI: 7.0) and were very close to that of
HSA (pI: 4.9) (Fig. S2, ESI†). These results supported that the
HbA core is wrapped covalently by HSA. The surface net charges
of the HbA–HSAm clusters are reasonably negative to circulate
in the bloodstream for a long time. The mixture of clusters,
HbA–HSA3, also demonstrated the same CD spectrum, diameter (8.9 nm), and pI value (5.1) as the HbA–HSA3 tetramer
(Fig. 3 and Fig. S1 and Table S1, ESI†).

This journal is © The Royal Society of Chemistry 2015
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the potential binding Lys partners of the HbA sphere. The
examination of the structural geometry revealed four (two sets)
possible conformers of the HbA–HSA3 clusters. Each has three
Lys binding sites on the HbA surface for HSA. Based on our
assumption that the three Lys groups (HSA binding sites) on
HbA maintain some mutual separation because of the electrostatic repulsion between the conjugated HSA moieties, we reasoned
that one variant is the most probable conformer, having binding
sites of Lys-90(a1), Lys-82(b1), and Lys-90(a2). The final detailed
structure of HbA–HSA3 clusters is portrayed in Fig. 4B and Movie S1
(ESI†). Remarkably, the HSA binding sites on HbA closely resemble
those of HbBv–HSA3 clusters [Lys-90(a1), Lys-82(b1), and Lys16(a2)],19 but they are not identical. In the case of human HbA,
Lys-90(a2) is the binding partner instead of Lys-16(a2) in HbBv.
3.3.
Fig. 3 CD spectra of HbA–HSAm (m = 2, 3, 4), HbA–HSA3, HbA, and HSA
(0.2 mM) in PBS solution (pH 7.4) at 25 1C.

3.2.

Structure analysis of HbA–HSA3 clusters

TEM observations of the negatively stained sample of HbA–
HSA3 clusters showed individual particles with a diameter of
approximately 10 nm. The detailed structure information was
unobtainable from the raw images because of the low contrast
and the small size of the clusters. We used additional image
processing procedures (single-particle analysis), such as alignment,
multivariate statistical analysis, and classification procedures,
to produce class sum images with an enhanced signal-to-noise
ratio.19,26–29 From the obtained class sum images (Fig. 4A), the
3D volume of the HbA–HSA3 clusters was reconstructed using
the angular reconstitution technique. Later, we calculated a
presentation of the two protein constituents by fitting their
PDB-data into the reconstructed framework. The fitting of three
HSAs defined the spatial arrangement of Cys-34, which revealed

Fig. 4 (A) Gallery of a selected class sum images representing diﬀerent
spatial orientations of HbA–HSA3 clusters. (B) The spatial molecular view of
HbA–HSA3 clusters derived from a 3D volume reconstruction calculated
from a set of class sum images. Color code: HbA, red; HSAs, chartreuse,
lemon, and pale green. Hemes (C, grey) in HbA, Cys-34 (S, yellow) in HSA,
and crosslinking moieties (C, green) are shown in space-filling representations. PDB ID: 2DN3 for HbA, 1E78 for HSA. Movie, attached wmv file
(Movie S1, ESI†).

This journal is © The Royal Society of Chemistry 2015

O2-binding properties of HbA–HSAm

The visible absorption spectra of the HbA–HSAm clusters in
PBS solution under N2, O2, and CO atmospheres (deoxy, oxy,
and carbonyl forms, respectively) were almost identical to
the corresponding spectra of the naked HbA (Fig. 5, Table S2,
ESI†).37 We infer that the electronic states of the hemes in HbA
were unaffected by the covalent linkages of HSA.
The O2 aﬃnity (P50: O2-partial pressure where Hb is halfsaturated with O2) and the co-operativity coeﬃcient (Hill
coeﬃcient, n) of the HbA–HSAm clusters can be measured using
an automatic recording system for the blood O2-equilibrium
curve: a Hemox Analyzer. The P50 of native HbA was ascertained
as 12 Torr at 37 1C,9,38 whereas the value of HbA–HSA3 was
8 Torr (Table 1). Apparently, the HbA–HSA3 clusters show a
higher O2-affinity than HbA. The n value decreased from 2.4 to
1.4. Equivalent P50 and n reductions were also observed in
HbA–HSA2 and HbA–HSA4 clusters (P50 = 8–9 Torr) (Table 1). No
clear dependence of these parameters on the HSA-binding
number (m = 2, 3, 4) was found. Two possible explanations
exist for the increase of O2 affinity and the decrease in
co-operativity. The first is the binding of the maleimide

Fig. 5 Visible absorption spectral changes of the HbA–HSA3 clusters in
PBS solution (pH 7.4) at 25 1C.
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Table 1 O2-binding parameters of HbA–HSAm clusters in PBS solution
(pH 7.4) at 37 1C

HbA–HSA2
HbA–HSA3
HbA–HSA4
HbA–HSA3
HbA(T)–HSA3
aaHbA(T)–HSA3
HbA
RBC
a

P50 (Torr)

n

8
8
9
8
26
35
12
12a
15b
25

1.4
1.4
1.4
1.4
1.2
1.4
2.4
2.4a
2.3b
2.5

38 b

In Hemox buﬀer (pH 7.4), 37 1C.

9

In PBS (pH 7.4), 37 1C.

terminal of free SMCC to the thiol group of Cys-93(b) (Fig. 6A,
upper) in HbA. Modification of Cys-93(b), which is adjacent to
the proximal histidine [His-92(b)] coordinated to the prosthetic
heme group,35 is known to increase the O2 affinity.9,10,13,19
Furthermore, it reduces the available motion of the a1b1/a2b2
interface and thereby induces disturbance in the quaternary
structure of HbA from the T-state to the R-state.13 As described
above, HbA includes a total of six Cys residues in the tetramer
units, but only Cys-93(b) shows high reactivity in the oxy or
carbonyl form.36 In fact, the number of active cysteinyl thiols
per HbA decreased from 2.0 to 0.2 after the SMCC reaction,25,39
implying that two Cys-93(b) of HbA are likely to be masked by
SMCC maleimide. Fortunately, no Lys residue reacts with the
opposite side of the SMCC bound Cys-93(b). The second reason
is the modification of surface Lys groups of HbA by the
succinimide terminal of SMCC (Fig. 6B). It is necessary to
create the clusters, but the chemical modification of Lys groups
on HbA influences the O2 affinity and decreases the Hill
coefficient.5,8,40 Particularly, Lys-82(b) plays a key role in

Fig. 6 (A) Binding of the maleimide terminal of SMCC to the thiol group of
Cys-93(b) in HbA. (B) Binding of the succinimide terminal of SMCC to
surface Lys groups of HbA.

6162 | J. Mater. Chem. B, 2015, 3, 6157--6164

controlling the quaternary structural change from the T-state
to R-state. Our image processing and 3D reconstruction demonstrated that Lys-82(b) is a binding partner of Cys-34 of HSA, as
described earlier. Overall, it can be concluded that the blocking
of Cys-93(b) increases the O2 affinity. Modification of surface
Lys groups locks the R-state conformation of the central HbA,
resulting in the decrease of the O2-binding co-operativity.
3.4. O2-binding properties of HbA(T)–HSA3 and
aaHbA(T)–HSA3 clusters
The heterobifunctional cross-linker SMCC binds not only to
the reactive amino groups of Lys on HbA, but also to the thiol
group of Cys-93(b). Consequently, the clusters showed high
O2-aﬃnity. In our synthesis, the central HbA is always maintained in the carbonyl form to prevent the autoxidation of
the ferrous hemes. In deoxygenated T-state HbA (deoxy form),
Cys-93(b) is less accessible to modifying agents (Fig. 6A,
lower).36 If all the synthetic reactions using deoxy HbA are
performed in N2, then SMCC cannot bind to the sulphydryl
group of Cys-93(b). Therefore, a diﬀerent type of HbA–HSAm
clusters with low O2-affinity might be conferred. For this
reason, the HbA–HSAm clusters were prepared under N2 atmosphere. After the reaction of SMCC with deoxy HbA, a large
excess amount of glycine was added to quench the succinimide
group of the unreacted cross-linker. Subsequently, the mixture
was reacted with HSA for 14 h. The resultant was subjected to
GFC. All the major products were collected together as HbA(T)–
HSA3 (HSA/HbA ratio = 2.9  0.2 on average). The physicochemical properties of HbA(T)–HSA3 clusters were identical to
those observed for HbA–HSA3 (Table S1, ESI†).
As expected, the obtained clusters showed a markedly lower
O2-aﬃnity (P50 = 26 Torr) than the native HbA (12 Torr)
(Table 1). The thiol assay of the molecule revealed that Cys-93(b)
residues of the HbA core remained in reduced form. By preventing
SMCC maleimide from accessing Cys-93(b), we were able to
produce HbA(T)–HSA3 clusters with a low O2-affinity, which nevertheless resembles that of human RBC (P50 = 25 Torr). The n value
of the HbA(T)–HSA3 clusters was 1.2, indicating a loss of
O2-binding co-operativity. We inferred that the HbA centre
was locked in the T-state conformation by the binding of SMCC
to surface Lys groups on HbA under N2 atmosphere. Low P50
and n of the SMCC-modified HbA(T) intermediate (27 Torr, 1.3)
proved this hypothesis and showed that HSA wrapping did not
affect the O2-binding equilibrium of the core HbA.
Other Hb-derivative-containing clusters were designed to
decrease the O2 aﬃnity further. HbA cross-linked between the
a-subunits of Walder et al. was a pioneering product generated
by the reaction of bis(3,5-dibromosalicyl)fumarate (DBBF) with
deoxy HbA.30,31 The X-ray crystallographic studies revealed a
cross-linking bridge between Lys-99(a1) and Lys-99(a2). The
reaction of DBBF at Lys-99(a) is very specific for the deoxy
quaternary structure (T-state); the obtained aaHbA(T) showed
a low O2-aﬃnity (P50 = 31–33 Torr).10,18 It is particularly
noteworthy that this cross-linking does not invoke the
reduction of O2-binding co-operativity (n = 2.4–2.5). Therefore,
we used aaHbA(T) as the core of the clusters. Using aaHbA(T),
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the corresponding cluster, aaHbA(T)–HSA3, was synthesized
under N2 atmosphere using the same procedure as that used
for HbA(T)–HSA3. The physicochemical properties of aaHbA(T)–
HSA3 (average HSA/HbA ratio = 3.0  0.2) were comparable to
those of HbA–HSA3 (Table S1, ESI†).
The aaHbA(T)–HSA3 clusters showed a markedly low
O2-affinity (P50 = 35 Torr): lower than that of human RBC
(Table 1). This low affinity is attributable to two facts: (i) the
Lys-99(a1) and Lys-99(a2) residues were cross-linked intramolecularly. (ii) The Cys-93(b) residue of the aaHbA(T) core
was not masked by SMCC. However, the n value of aaHbA(T)–
HSA3 was low: 1.4. We inferred that the T-state conformation
of the aaHbA(T) core was preserved by chemical modification
of the surface Lys groups.

4. Conclusions
Covalent enfolding of human HbA by HSA using SMCC generates structure-defined core–shell protein clusters. The major
product is a HbA–HSA3 heterotetramer. The negative surface
net charge (pI: 5.0–5.2) supports the enwrapping of HbA by
HSA. It can be beneficial in applications as a potential O2-carrier.
Based on image processing of the TEM data and 3D reconstruction
procedures, the complete triangular structure of the core–shell
HbA–HSA3 clusters was ascertained. Volume fitting of the molecular constituents enabled us to assign a putative spatial
arrangement of HbA and HSAs. The O2 affinity of HbA–HSAm
became higher (P50 = 8–9 Torr) than that of the native HbA
because the Cys-93(b) residue in HbA reacted with the maleimide
terminal of SMCC. In the T-state (deoxy) HbA, Cys-93 is nonaccessible to the reagent. Due to this reason, SMCC cannot bind
to the cysteinyl thiol group. Consequently, the preparation of the
HbA(T)–HSA3 clusters under N2 atmosphere caused a useful
reduction in the O2 affinity, yielding a P50 value of 26 Torr,
which closely approximates that of human RBC. The aaHbA(T)–
HSA3 clusters showed a markedly low O2-affinity (P50 = 35 Torr).
We prepared three HbA–HSAm clusters showing different P50
values of 8, 26, and 35 Torr. Our results imply that the O2 affinity
of the HbA–HSAm clusters can be modulated by altering the
conformational state of the HbA centre. These clusters with
controllable O2-affinities can support a new generation of RBC
substitutes, which are better tuned to play a role in O2 transport.
They can be of great medical importance as alternative materials
for human RBC transfusion in various clinical settings.
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