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Serum  albumin  (SA)  is  the  most  abundant  plasma  protein  in mammals.  SA  is a multifunctional  pro-
tein  with  extraordinary  ligand  binding  capacity,  making  it a transporter  molecule  for  a diverse  range
of  metabolites,  drugs,  nutrients,  metals  and  other  molecules.  Due  to its ligand  binding  properties,  albu-
mins  have  wide  clinical,  pharmaceutical,  and  biochemical  applications.  Albumins  are  also  allergenic,  and
exhibit a high  degree  of  cross-reactivity  due  to  significant  sequence  and  structure  similarity  of  SAs  from
erum albumin (SA)
ovine serum albumin (BSA)
quine serum albumin (ESA)
abbit serum albumin (RSA)
ross-reactivity
alcium binding

different organisms.  Here  we  present  crystal  structures  of  albumins  from  cattle  (BSA),  horse  (ESA)  and
rabbit (RSA)  sera.  The  structural  data  are  correlated  with  the  results  of immunological  studies  of  SAs.  We
also analyze  the  conservation  or divergence  of structures  and  sequences  of  SAs  in the context  of  their
potential  allergenicity  and  cross-reactivity.  In addition,  we identified  a previously  uncharacterized  ligand
binding  site  in  the  structure  of  RSA,  and  calcium  binding  sites  in  the  structure  of  BSA,  which  is  the  first
serum  albumin  structure  to contain  metal  ions.

© 2012 Elsevier Ltd. All rights reserved.
. Introduction

Serum albumin (SA) is the most abundant plasma protein in
ammals. It is synthesized in the liver and exported as a non-

lycosylated protein into the plasma, where it reaches a high
oncentration (ca. 0.6 mM)  and greatly contributes to the colloid
smotic pressure. SA is a multifunctional protein with an extraor-
inary capacity for binding ligands. It is a reservoir of the signaling
gent nitric oxide (Stamler et al., 1992) and serves as a trans-
orter for a diverse range of metabolites, drugs, nutrients, and other

olecules (de Wolf and Brett, 2000). Significantly, serum albumin

s the major circulatory protein involved in the handling of Ca2+

and Mg2+) in mammals, controlling the ionized or “biologically

Abbreviations: SA, serum albumin; BSA, bovine serum albumin; ESA, equine
erum albumin; RSA, rabbit serum albumin; RMSD, root mean standard deviation.
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active” levels of these metals in the blood. These binding properties
give SAs a wide range of clinical, pharmaceutical, and biochemical
applications.

Many SAs are also allergenic, and antibodies that recognize SAs
are typically cross-reactive (Boutin et al., 1988; Hilger et al., 1997;
Spitzauer, 1999; Spitzauer et al., 1994, 1995). Specifically, SAs of
different mammals present in their milk, meat, or epithelia, have
the capability to sensitize predisposed individuals which results
in a high degree of cross-reactivity. For example, patients with an
allergy to cow’s milk can develop allergy to dog or cat epithelia SAs
without previous first direct contact with the respective animals
(Vicente-Serrano et al., 2007). SAs are somewhat unusual allergens,
as proteins with sequence identities to their human homolog above
approximately 62% are rarely allergenic (Jenkins et al., 2007).

Serum albumins are relatively large (molecular weight of
around 66 kDa) and negatively charged proteins. A number of struc-
tures of human serum albumin (HSA) are present in the Protein
Data Bank (PDB) (Berman et al., 2000), but there are no struc-
tures of other animal albumins. SAs are heart-shaped and comprise
three helical domains, each comprising two subdomains. In order

to compare the SAs from different mammalian source we deter-
mined the crystal structures of albumins from bovine (BSA), equine
(ESA) and rabbit (RSA) sera. We  conducted comparative analyses of
their structures and sequences, correlating the structural data with

dx.doi.org/10.1016/j.molimm.2012.05.011
http://www.sciencedirect.com/science/journal/01615890
http://www.elsevier.com/locate/molimm
mailto:maks@iwonka.med.virginia.edu
mailto:wladek@iwonka.med.virginia.edu
dx.doi.org/10.1016/j.molimm.2012.05.011
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Table  1
Crystallization and cryo-cooling conditions.

PDB code 3V03 3V08 3V09

Protein BSA ESA RSA
Well  solution 0.2 M Ca acetate, 20% (w/v)

PEG3350, 0.1 M Tris HCl pH 6.5
1.9 M NH4 sulfate, 2.5% (w/v)
PEG8000, 0.1 M NaBr, 0.1 M Tris
H

0.1 M MES  pH 6.5, 30% (v/v) PEG400
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Cryo-protectant – 

esults of different immunological studies of SAs. We  also analyze
he conservation of serum albumins as well as their divergence in
he context of potential allergenicity and cross-reactivity.

. Materials and methods

.1. Crystallization

BSA (Lot# 010M1506) and RSA (Lot#117K7565) were purchased
rom Sigma–Aldrich, whereas ESA was obtained from Rockland
Lot#4173). Tracking and analysis of the crystallization experi-

ents were performed with the Xtaldb system (Zimmerman et al.,
005). Prior to crystallization, the proteins were dissolved in a
uffer containing 10 mM Tris–HCl, 150 mM NaCl at pH 7.5, and were
assed through a Superdex 200 column attached to the ÅKTA FPLC
el filtration system (GE Healthcare). After gel filtration, fractions
ontaining monomeric proteins were pooled and concentrated to
7 mg/mL  (ESA), 15 mg/mL  (RSA) or 10 mg/mL  (BSA). BSA and ESA
rystals were grown using vapor diffusion and hanging drop setups,
hile RSA was crystallized using a sitting drop setup. In each case,

he crystallization drops were composed of a 1:1 mixture of the
rotein solution and the precipitant solution from the wells. Crys-
allization and cryocooling conditions are summarized in Table 1.

.2. Data collection, structure determination and refinement

Data collection for ESA was performed at the 19-BM beamline
f the Structural Biology Center (Rosenbaum et al., 2006) at the
dvanced Photon Source (APS). Data collection for BSA and RSA
as performed at the 21-ID-G beamline of the Life Sciences Collab-

rative Access Team at the APS. Data were collected at 100 K and
rocessed with HKL-2000 (Otwinowski and Minor, 1997). All struc-
ures were solved using HKL-3000 (Minor et al., 2006) coupled with

OLREP (Vagin and Teplyakov, 1997). The structure of ESA was
etermined by molecular replacement (MR) using the published
tructure of HSA (PDB ID: 1ao6). Subsequently, the refined ESA
tructure was used as a search model to determine the structures
f BSA and RSA by MR.  Refinement was done using HKL-3000 cou-
led with REFMAC5 (Murshudov et al., 2011), COOT (Emsley et al.,
010), and selected programs from the CCP4 package (Collaborative
omputional Project, 1994). The B-factors were refined in each
ase using Translation/Libration/Screw (TLS) groups assigned using
he TLSMD server (Painter and Merritt, 2006). Non-crystallographic
ymmetry restraints were used during the refinement of BSA. Val-
dation of the structures was performed using MOLPROBITY (Davis
t al., 2007) and ADIT (Yang et al., 2004). The coordinates, struc-
ure factors, and intensities were deposited in the PDB (PDB IDs:
v03 for BSA, 3v08 for ESA and 3v09 for RSA). Statistics describing
rystallographic data collection and refinement are summarized in
able 2.

.3. Sequence and structure analysis
The PDBeFold (Krissinel and Henrick, 2004) service was used to
earch for human serum albumin structures that adopt conforma-
ions most similar to those of BSA, ESA, or RSA, and calculate the
Cl pH 7.5
6 4
ineral oil/paratone –

root-mean-square deviations (RMSDs) between them. Structures
with a Q-score equal or greater than 0.8 were chosen for further
analysis. Solvent accessible surface areas were calculated using
PyMOL (DeLano, 2002). PyMOL was also used for figure prepara-
tion. Multiple sequence alignments were calculated using ClustalW
with the default parameter settings. PySHADE (Porebski et al.,
manuscript in preparation) was  used to plot sequence alignments
and sequence variability plots.

3. Results and discussion

3.1. Sequence analysis

Albumins are initially expressed in vivo, as preproalbumins,
including a signal sequence and a propeptide (Hawkins and
Dugaiczyk, 1982). The bovine and horse preproalbumins are 607
amino acids long, whereas rabbit preproalbumin contains 608
amino acids, and the human protein, 609. The corresponding
mature proteins are comprised of 583 (BSA, ESA), 584 (RSA), and
585 (HSA) amino acids. The overall sequence identities of mature
BSA, ESA and RSA, compared to HSA has, are 75.6%, 76.1% and 74.2%,
respectively and their sequence alignment is presented in Fig. 1.

3.2. Overview of the structures

Bovine serum albumin crystallized in a monoclinic crystal form,
in the C2 space group, with two  chains present in the asymmetric
unit. Equine serum albumin crystallized in a hexagonal crystal form
in the P61 space group, as described previously (Ho et al., 1993).
However, despite the fact that crystal structure of ESA was deter-
mined (Ho et al., 1993), the coordinates were never deposited in the
PDB. Rabbit albumin crystallized in an orthorhombic crystal form,
in the P212121 space group. Both ESA and RSA crystallized with one
molecule in the asymmetric units. In all three structures, the albu-
mins are composed of three structurally similar helical domains (I,
II, and III) arranged in a heart-shaped molecule. Each domain can
be divided into two  subdomains (A and B) (Fig. 2). The helical con-
tent of the three albumins is 74% (BSA), 75% (ESA) or 72% (RSA),
and each has 17 conserved disulfide bonds and a free thiol group
associated with Cys34. The structures of all three albumins show
strong similarity to the structure of the HSA. The averaged RMSDs
between a particular albumin structure and HSA  structures (where
the number of structures for which RMSDs were calculated is indi-
cated in parentheses) adopting the most similar conformations is
1.1 Å (N = 24) for BSA, 1.2 Å for ESA (N = 8) and 1.2 Å for RSA (N = 21).

Unidentified endogenous ligands were observed in the crystal
structures of equine and rabbit albumin (Fig. 3). However, the shape
of the electron density does not allow for unambiguous identifica-
tion of the ligands. In ESA, the ligand is positioned in domain IIA, in
the pocket that corresponds to one of the two primary drug bind-
ing sites in HSA, known as Sudlow’s site I (Sudlow et al., 1975). That
site has been characterized in HSA as a conformationally adaptable

region with up to three subcompartments (Petitpas et al., 2001). The
ligand in the equine protein is a relatively small molecule and its
position is approximately the same as the position of an outer ring
of thyroxine bound in the HSA structure with the PDB  id 1hk1, or



176 K.A. Majorek et al. / Molecular Immunology 52 (2012) 174– 182

Table 2
Data collection and refinement statistics.

PDB code 3V03 3V08 3V09

Protein BSA ESA RSA
Data  collection
Space group C2 P61 P212121

Cell dimensions
a, b, c (Å) a = 215.7, b = 45.1, c = 142.4 a = b = 94.6, c = 142.6 a = 75.5, b = 81.9, c = 104.9
˛,  ˇ, � (◦) 90.0, 114.0, 90.0 90.0, 90.0, 120.0 90.0, 90.0, 90.0
Resolution (Å) 50.00–2.70(2.70–2.75) 50.00–2.45(2.49–2.55) 50.00–2.27(2.31–2.27)
Rsym 0.069(0.626) 0.061(0.466) 0.079(0.700)
I/�I 29.1(2.2) 21.0(2.7) 22.1(2.3)
Completeness (%) 99.6(100.0) 97.7(98.9) 99.9(100.0)
Redundancy 4.0(4.0) 3.2(3.1) 4.3(4.3)

Refinement
Resolution (Å) 2.7 2.45 2.27
No.  reflections 33241 24701 29035
Rwork/Rfree 20.2/25.5 20.4/24.5 19.3/24.2
RMSDs
Bond  lengths (Å) 0.012 0.012 0.014
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umbers in parentheses refer to the highest resolution shell.

arfarin in the structure with the PDB id 2bxd. Thyroxine and war-
arin are two examples out of many ligands that have been observed
o bind to this pocket in HSA. The unidentified ligand in RSA is a
onger molecule—possibly a fatty acid—positioned partly in site I,
ut mostly in the central part of the protein, between the IIA, IIB
nd IIIB subdomains. This site is not characterized as a binding site
n any published structures of HSA.

In the crystal structure of bovine albumin we  observe binding
f three calcium ions. The interaction of calcium with serum albu-

ins is of significant physiological and biomedical importance and

ave been intensively studied (Besarab and Caro, 1981; Besarab
t al., 1981; Martin and Perkins, 1950a, 1950b, 1953). Although
he interaction with Ca2+ is relatively weak (Ka = 1.5 × 103 M−1 for

ig. 1. Sequence alignment of analyzed SA.
he residue numbering is shown according to HSA. Residues of BSA, ESA and RSA that di

 solvent accessible area >10 Å2 are red; those with a solvent accessible area ≤10 Å are bl
olored with orange, red and black for first, second and third site respectively.
1.4 1.6

human albumin (Kragh-Hansen and Vorum, 1993), approximately
45% of the 2.4 mM of circulating Ca2+ in the serum is albumin-bound
(Peters, 1995). However, the locations of specific Ca2+ sites on albu-
min  are unknown. In addition, it is thought that the binding of
Mg2+ to serum albumins will parallel Ca2+ in terms of binding sites
(Peters, 1995). Mg2+ is also transported by albumin but binds with
slightly lower affinity than Ca2+ (Ka = 1 × 102 M−1; Pedersen, 1972).
The concentration of Mg2+ in blood plasma is around 1.2 mM and
like Ca2+, approximately 45% is complexed with albumin (Peters,

2+ 2+
1995). Hence, given that 1.1 mM Ca and 0.5 mM Mg are bound
to 0.6 mM circulating albumin, there should be at least three sites
for ‘hard’ metal ions, which is in agreement with our findings. It has
been suggested that Ca2+ associates with albumin non-specifically

ffer from HSA are marked in either red or blue. Specifically, variable residues with
ue. Residues that are involved in calcium binding in BSA are marked with dots and
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Fig. 2. Domain and secondary structure element assignment for serum albumins, as represented by the BSA molecular structure.
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n  (Sugio et al., 1999).

Peters, 1995). However, further evidence (in addition to the pre-
ented bovine albumin structure) for the existence of distinct sites
omes from the observation that unsaturated and short-chain fatty
cids have been shown to influence the binding of Ca2+ to HSA
Aguanno and Ladenson, 1982). Fatty acid-binding to mammalian
lbumins is known to allosterically disrupt the major Zn2+ site,
hich is located in close proximity to the three Ca2+ sites (Lu et al.,

012; Stewart et al., 2003). In fact, all three Ca2+ binding sites iden-
ified in BSA are localized in close proximity to fatty acid binding
ites identified in the structure of HSA (Fig. 3), thus Ca2+ binding
ould potentially be disrupted in the presence of fatty acids.

All Ca2+ binding sites are located in domain I (Fig. 3). The rel-
tively low resolution and high temperature factors of the BSA
tructure make detailed interpretation of the exact metal binding
eometry ambiguous to some extent. Therefore during the refine-

ent we restrained the ligand distances based on the data in Zheng

t al. (Zheng et al., 2008). For the first Ca2+ binding site that we  iden-
ifed in the BSA structure (Fig. 4) we observed some flexibility in the
rent shade. The subdomains and secondary structure elements are assigned based

binding of Ca2+. The site is composed of residues E6, E243, D248,
and E251, with the electron density for the Ca2+ in chain A more dis-
ordered than in chain B. In chain B, Ca2+ is coordinated by residues
D248, E251, and E243. In chain A, D248 and E251 also coordinate the
Ca2+, but the ion is shifted closer to residue E6 and is coordinated
by it directly, while the distance to E243 is increased enough to
require water-mediated interactions with the ion. As NCS was  used
during refinement, there is no difference in the position of the side
chains between A and B chains. The first Ca2+ binding site is located
in close proximity to the previously determined Zn2+ binding site
(Stewart et al., 2003), with residue D248 being shared between the
two sites. This suggests that crosstalk may  exist between Zn2+ and
Ca2+/Mg2+ transport in the blood. Serum albumins bind Zn2+ with a
much higher affinity (1.9 × 107 M−1 for bovine albumin; Masuoka

2+
et al., 1993) hence Zn binding at this region would be prefer-
ential. The second Ca2+ site (Fig. 4) is close in space to the first
site and is composed of residues D13, D254, and D258. All of the
contacts with the first two  Ca2+ ions are mediated by side chain
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Fig. 3. Ligand binding sites of RSA and ESA.
The structure of RSA is shown in ribbon representation, colored according to the
domain assignment presented in Fig. 2. All HSA structures with ligands were super-
imposed. Black lines represent small molecules present in the structures of HSA. The
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wo  unknown ligands in the RSA and ESA structures are shown as spheres in red and
reen, respectively. Calcium ions that are bound to BSA are shown as black spheres.

nteractions, and all residues in the two sites are conserved in all
nalyzed species. The third Ca2+ binding site (Fig. 4) utilizes side
hain of D111, the side chain and main chain oxygen of S109,
nd a water mediated interactions with D107. In this site D107
s conserved, D11 is replaced by N in HSA and ESA and S109 is not
onserved at all (Fig. 1). In each case the coordination is completed
y the water molecules, however due to resolution of the data the
xact position of water molecules is uncertain.

.3. Analysis of known and potential epitopes

.3.1. Bovine serum albumin

The antigenic activity of serum albumins of different animals

as been extensively studied (Spitzauer, 1999). Albumins can act
s allergens either through ingestion (meat, milk, eggs) or inhala-
ion (animal dander) (Liccardi et al., 2011; Vicente-Serrano et al.,

ig. 4. Binding sites of the calcium ions.
he three calcium binding sites from chain A of BSA are shown. Calcium ions and waters 
unology 52 (2012) 174– 182

2007). BSA, ESA, and RSA have been classified as allergens (Bos d
6, Equ c 3 and Ory c RSA, respectively). BSA has been identified
as one of the most important allergens in bovine meat, whereas
equine and rabbit albumins are mostly considered inhaled aller-
gens. In addition, BSA was  identified as a trigger of life-threatening
anaphylaxis during some medical procedures (Matheu et al., 2002;
Wuthrich et al., 1995). Several regions in BSA have been identified
as epitopes, but in most cases the fragments identified as contain-
ing epitopes are relatively long (Alting et al., 1997; Beretta et al.,
2001; Karjalainen et al., 1992; Restani et al., 1998; Tanabe et al.,
2002; Ueno et al., 1994). To narrow the size of the possible epitope
region we compared differences between HSA and BSA and con-
sidered the surface exposure of these residues (Fig. 5). Although
several residues differ between the human and bovine albumin,
only some of them are sufficiently exposed on the surface to allow
recognition and binding to the protein in its native folded form.
Other regions are only exposed after protein digestion or denatu-
ration. We  also analyzed the conservation of serum albumins in the
available sequences of Artiodactyla (bovine, goat, sheep, and deer)
and rodents/lagomorphs (rat, mouse, rabbit, hamster and guinea
pig) in context of the possible epitopes and their possible cross-
reactivity (Spitzauer, 1999; Spitzauer et al., 1995). For the odd-toed
ungulate there are only two serum albumin sequences known, for
horse (Equus ferus caballus) and donkey (Equus africanus asinus),
which are very similar.

There are two  regions showing the significant differences
between HSA and BSA, both localized on the subdomain IB. The first
region is localized on the first two �-helices of the IB subdomain,
comprising residues 114–135 (numbered with respect to mature
BSA), with most of the different residues exposed at the protein
surface. BSA residues S109, D111, D37 and E38 also differ from the
HSA sequence and lie in close proximity, possibly extending the
recognition region. Residues 126–144 (collectively known as the
ABBOS peptide) have been described as a reactive epitope (Alting
et al., 1997; Karjalainen et al., 1992), though residues 136–144 are
identical between BSA and HSA. Residues 107–123 have been found
to induce T cell proliferation (Tanabe et al., 2002).

The second region with an accumulation of surface-exposed
residues that differ between BSA and HSA is found on the third and
fourth �-helices of the IB domain, comprising residues 155–189.
Specifically, the BSA residues in this region that both (1) differ from
those of HSA and (2) are highly solvent-exposed are Y155, N158,
K159, N161, G162, V163, Q165 (in the third �-helix) and E182,

T183, E186, K187 (in the fourth �-helix). This region is also rel-
atively conserved in the albumins of Artiodactyla, suggesting this
could be a cross-reactive epitope in these species. BSA residues
K294, A296, I297, E299, and N300, also differ from those of HSA and

are shown as spheres.
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Fig. 5. Variability of SA surface amino acids.
(A) Sequence variability of BSA, ESA and RSA as compared to HSA. Residues in the specified SA that differ from the HSA sequence are marked with vertical lines. Amino acids
with  solvent accessible area >10 Å2 are marked in red and those with ≤10 Å2 in blue. Secondary structure (SS) is colored according to the domain assignment presented in
Fig.  2. Above the alignment, regions of BSA that are known B-cell epitopes described in the text are marked in orange and regions that are known T-cell epitopes are marked in
green.  (B) BSA molecular surface colored according to domain assignment. (C–E) Molecular surfaces of BSA, ESA and RSA (respectively) with residues that are not conserved
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etween the particular SA and HSA colored according to the conservation of that r
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hows  the colors used to mark residues, which indicate the number of other SAs in

onstitute a continuous patch on the protein’s surface. The residues
re located on the long loop connecting subdomains IIA and IIB and
ould potentially be recognized as either a conformational or linear
pitope.

It has been shown that anti-BSA AB6 mAb  probably recognizes
n epitope of the undigested form of BSA present in a peptide corre-
ponding to residues 299–338 (Ueno et al., 1994). Region 364–382

as been found to induce T cell proliferation (Tanabe et al., 2002).
ur observations indicate more precisely the recognizable residues
orresponding to this region. The BSA residues that differ from
 in other SAs of known sequence in the same or similar order (BSA – Artiodactyla
/Lagomorpha (rat, mouse, rabbit, hamster and guinea pig)). The scales on the right

 the residue is conserved.

those of HSA make two  parallel patches on the third and fourth
�-helix of subdomain IIB. Specifically residues E351, A354, E358,
K362, and D363 form the first patch and A367, S370, T371, K375,
H378, and D381 from the second. Some of these amino acids are
conserved in Artiodactyla, especially on the patch on the fourth helix
(A367, T371, K375, and D381), making them a potentially cross-
reactive epitope. Residues P303 and T305 lie close to the second

patch, and may  also be recognized. Of residues 336–345, which
have been shown to be a B-cell epitope (Tanabe et al., 2002), the
only residue exposed to the surface that differs between human
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nd bovine albumin is E338. The remaining residues of this region
hat differ from those of HSA are not exposed to the protein sur-
ace, and likely only recognized as epitopes after protein digestion,
enaturation, or significant conformational changes. Peptides cor-
esponding to residues 451–459 induce T cell proliferation, and a
ubset of those residues (453–457) act as a B-cell (IgE-binding) epi-
ope (Tanabe et al., 2002). This includes BSA residues L453, I454 and
457 located in subdomain IIIA, that are different from HSA, but are
ot exposed in this conformation of BSA.

A relatively small patch composed of residues that are not
inear in terms of sequence is located between subdomains IIIA
nd IIIB of BSA, including R412, T491, P492 and E540. The C-
erminal subdomain of BSA (IIIB) has also been shown to contain
mportant epitopes. Region 500–574 has been suggested as an
pitope-containing region for human species, with 500–518 being
he most critical (Beretta et al., 2001). Residues 537–554 have
een shown to be recognized by AB3 mAb  (Ueno et al., 1994), and
esidues 520–542 have been suggested to be important (Restani
t al., 1998). Within this region of the BSA structure, four patches
f residues are exposed to the protein surface and differ from HSA.
ach of these four patches is located on a different helix of subdo-
ain IIIB. Residues A500, D502, E503, K504 and L505 constitute the

rst patch on one side of the subdomain, whereas residues P516,
517, T518 and K520 constitute the second patch on the opposite

ite of the subdomain. The last two patches are located on the last
wo helices of BSA and are long and parallel; specifically T545, E548,
549, V551, D555, and A559 (third patch) and A565, V569, P572,
576, S577, T580, and A583 (fourth patch). Residues V551, D555,
nd A559 are separated from A565, V569, and P572, by residues
hat are identical between BSA and HSA. Residues T545, E548, and
549 from one helix and V576, S577, and T580 from the other helix
re spatially close, and thus could be recognized as a single epitope.

.3.2. Equine serum albumin
ESA has not been well characterized in terms of epitopes

Fjeldsgaard and Paulsen, 1993; Ponterius et al., 1973). Three tryptic
eptides of ESA (corresponding to residues 21–113, 188–275, and
03–560) have been isolated and characterized (Goubran Botros
t al., 1996). These peptides were able to inhibit the binding of
llergic patients’ IgE and IgG antibodies to horse albumin as well as
o dog and cat serum albumins, indicating that they are involved in
ross-reactions. These peptides do not correspond to regions with a
igh number of residues different between human and equine albu-
in, which are, to some extent, similar to the differing regions in

SA. Here we analyze ESA based on the differences versus HSA and
orrelate them with surface accessibility, suggesting the location
f regions that could potentially function as epitopes (Fig. 5).

ESA amino acids A121, Q122, A124 and 127–132 (QEDPDK) dif-
er from those in HSA and constitute a patch that is corresponding
o the BSA patch (part of the ABBOS peptide). There is also a patch on
he third and fourth �-helices of the IB domain, including residues
158, E159, A183, 185–190 (KERILL), with residues K17, H18 and
284 also contributing to that patch. As in BSA, some ESA residues

ocated on the long loop connecting subdomains IIA and IIB (includ-
ng residues K293, E294, D296, L297 and S299) differ from their
ognates, so could be recognized either as conformational or linear
pitope. ESA residues D311, E313, H317, K319 and D320 on sub-
omain IIB constitute a patch that is not present in BSA. There is
lso a potentially recognizable patch on the fourth �-helix of sub-
omain IIB, including residues P366, A367, R370, T371, Q375, and
377, with residue A309 contributing: and a second patch including
esidues 384–401 (KSLVKKVCDLFEEVGETD; where ESA residues

ifferent from those in HSA are depicted in bold).

Several ESA residues in the range of 428–458 differ from the
uman albumin sequence, constituting a continuous patch that is
xposed to solvent. However, most of these residues are located
unology 52 (2012) 174– 182

in a central part of ESA, at the bottom of deep clefts which would
occlude the binding of large antibody proteins (without significant
conformation changes). Only the residues of the loop and at the
ends of the two helices are more accessible (R435, L439, S442, and
E443). Multiple residues in the range of 470–482 of ESA also differ
from the HSA sequence.

The surface patches of non-conserved residues located on the
last two  helices of ESA correspond to some extent to the analo-
gous patches on BSA. The first one, comprising residues 545–561
(TVLGNFSAFVAKCCGRE) is elongated and continuous, and may
extended by residues D392, E396, V397 and D400, which are also
exposed and differ from the HSA sequence. The sequence of the last
helix of ESA differs less from HSA than BSA, with only 5 residues
(A565, P572, S577, L580 and A583) that are not conserved in the
HSA sequence.

3.3.3. Rabbit serum albumin
Examples of possible epitopes on the RSA (Fig. 5)

include the third helix of the IA subdomain, residues 33–52
(KCPYEEHAKLVKEVTDLAKA). Residue E38 is proximal to the
second patch made by residues 76–82 (ALPSLRD) of the loop
between fourth and fifth helix of subdomain IA, which is relatively
well-conserved in rodents, making it a potentially cross-reactive
epitope. The patch formed by residues 33–52 contacts a second
patch formed by residues 130–137 (DEKAFFGH) of the second
helix of subdomain IB. In the central part of the heart-shaped
RSA structure there are three connected patches. The first is
located on the third helix of the subdomain IB comprising residues
156–164 (YYAQKYKAI). The second comprises residues 179–199
(TPKLDALEGKSLISAAQERLR) from the fourth helix of the subdo-
main IB, which span into domain IIA. The third includes residues
from domain IIA, specifically H274 and 291–294 (YGLH). The
patches mentioned above include some residues that differ from
the HSA sequence but are conserved in rodents, making them good
candidates for possible cross-reactivity. There is also a patch on
the helices of subdomain IIA including residues D227, T229, D230,
I231, H267, E269, and T270, which is much bigger in RSA than
in BSA or ESA. The patch located on subdomain IIB is composed
of residues A304, V305, E307, E308, D312, L325, and K329. One
of the patches most conserved in rodents, but different from
HSA is located on the helix spanning the subdomains IIB and
IIIA (L374, Q378, D382, K385, and V388). The patches located
on the last two helices of the RSA are composed of residues
538–562 (HATNDQLKTVVGEFTALLDKCCSAE) of the penulti-
mate helix and 566–583 (ACFAVEGPKLVESSKATLG) of the last
helix.

4. Conclusions

Until now, crystallographic coordinates of only human serum
albumin have been deposited in the PDB. Here we report crystal
structures of albumins from bovine, horse and rabbit sera. Since
mammalian serum albumins are highly cross-reactive allergens, we
correlate the structural data with results of different immunologi-
cal studies of SAs (Spitzauer, 1999). We  also analyze structures and
conservation as well as the divergence of serum albumins in context
of potential allergenicity and cross-reactivity. These results pro-
vide a tool for better understanding the potential epitopes in these
albumins, and can be applied in planning experiments on allergenic
properties of specific fragments of these albumins. Moreover, the

structure of RSA reveals the presence of a new, previously unchar-
acterized ligand binding site. Finally our structure of BSA is the first
serum albumin structure to contain ordered metal ions. We  observe
three Ca2+ ions bound, which is in agreement with previous studies
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hat have suggested the existence of 2–3 calcium binding sites on
lbumin.
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