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The amino-acid sequence and three-dimensional structure of equine serum albumin have been 
determined. The amino-acid sequence was deduced from cDNA isolated from equine liver. Compari- 
sons of the primary structure of equine serum albumin with human serum albumin and bovine serum 
albumin reveal 76.1 % and 73.9% sequence identity, respectively. The three-dimensional structure 
was determined crystallographically by the molecular-replacement method using molecular coordi- 
nates from the previously determined structure of human serum albumin, to a resolution of 0.27 nm. 
In accordance with the primary structure, the three-dimensional structures are highly conserved. 
There is a root-mean-square difference between a-carbons of the two structures of 0.201 nm. The 
association constants (Ka) for the binding of 2,3,5-triiodobenzoic acid were determined by ultra- 
filtration methods for equine and human serum albumins to be approximately 1WM-l and 105M-', 
respectively. Crystallographic studies of equine serum albumin reveal two binding sites for 2,3,5- 
triiodobenzoic acid identical with those previously reported for human serum albumin which are 
located within subdomains IIA and IIIA. Details and comparisons of the binding chemistry are 
discussed. 

As the most abundant protein of the circulatory system 
albumin functions as a multipurpose transport molecule and 
is a principal contributor to colloid osmotic blood pressure. 
Its affinity for numerous small molecules is widely known. 
As extracellular proteins they are unusual in possessing a 
free sulphydryl (Cys34), a large number of disulphides (17) 
and with rare exception, an absence of glycosylation sites. 
They are moderately large (65 kDa) proteins formed by a 
repeating domain structure which suggests that albumin is 
derived from a primordial gene duplication event involving 
a 22-kDa, 190-amino-acid proto-albumin [l]. Serum albu- 
mins are perhaps the most frequently studied and applied 
proteins in biochemistry largely because of their low cost and 
ready availability. For additional information see reviews by 
Peters [2] and Fehske et al. [3]. 

The sequences of a number of albumins have been deter- 
mined including those of human serum albumin (HSA) [4- 
71, bovine serum albumin (BSA) [8] (Holowachuk E. W., 
unpublished results), ovine serum albumin (OSA) [9], por- 
cine serum albumin (PSA) [lo], rat serum albumin (RSA) 
[l l] ,  mouse serum albumin (MSA) [12], frog serum albumin 
[13], salmon serum albumin [14] and lamprey serum albumin 
[15]. In all of these albumins the characteristic repeating 
series of disulphides is strictly conserved leading to further 
expectation of a common topology. Indeed, for similar 
reasons one would expect that the other members of the albu- 
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min multigene family, a-fetoprotein and vitamin-D-binding 
protein, will share a common three-dimensional structure 
with the albumins. 

This work is part of a series of studies examining the 
structure, chemistry and evolution of serum albumin. Pre- 
viously, the three-dimensional structure of HSA was deter- 
mined revealing the three-domain, six-subdomain structure 
[16 - 181. In addition, the crystallographic studies indicate 
that the principal binding regions of HSA reside within two 
of the six subdomains (IIA and IIIA). Here, we report the 
determination of both the primary and tertiary structures of 
equine serum albumin (ESA) based on the known atomic 
structure of human serum albumin [18]. Historically, ESA 
was among the first animal proteins crystallized. These crys- 
tals, originally reported by Gurber in 1894 [19], were formed 
from ammonium-sulphate precipitation and many years later 
crystallographically characterized by McClure and Craven 
[20]. The crystals utilized in this study are identical with 
those previously reported, but grown optimally under slightly 
different conditions. 

As a family of proteins the serum albumins have been 
evolving rapidly. For example, lamprey and salmon serum 
albumins possess the characteristic repeating series of disul- 
fide bridges with other albumins, but shows little other se- 
quence identity. Despite the similarities of amino-acid se- 
quence among mammalian albumins, there can be marked 
differences in the affinity among the albumins for various 
ligands. For example, canine serum albumin, unlike many of 
the albumins previously characterized, has no affinity for Cu 
or Ni, presumably due to the lack of His at position 3 [21]. 
Similarly, only the primate albumins have high affinity for 
hematin [22]. HSA has an unusually high affinity for bili- 
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rubin which represents a major binding site distinct from sev- 
eral other albumins including ESA [23]. In addition, ESA is 
an exception among albumins studied so far in possessing no 
esterase activity associated with the highly conserved Tyr411 
[24]. Originally, this esterase activity was discovered by So- 
lene and Means [25] and results in the acetylation of Tyr411. 
A number of similar chemical reactions have been charac- 
terized including one involving the p-nitrophenyl esters of 
fatty acids [26]. Tyr411 of HSA is clearly the most reactive 
residue of the albumins studied [24]. Although very little of 
the ligand-binding chemistry has been conducted with ESA 
compared with the voluminous works on HSA and BSA, it 
is of interest to examine the comparative structure and chem- 
istry of related albumins in order to gain further insight into 
the chemical basis for their extraordinary ligand-binding ca- 
pabilities. 

MATERIALS AND METHODS 
Isolation and characterization of ESA cDNA 

Horse liver biopsy samples, snap frozen in liquid Nz, 
were obtained from Dr. M. Brunner (College of Veterinary 
Medicine, Cornell University, Ithica, NY). Total cellular 
RNA was extracted into guanidine isothiocyanate and puri- 
fied by centrifugation through CsCl [27] and poly(A)-rich 
RNA was purified by two rounds of affinity chromatography 
on oligo(dT)-cellulose [28]. First strand cDNA was synthe- 
sized from poly(A)-rich RNA, as previously described [29, 
301 except for the use of oligo-(dT)-XhoI linker/primer 
(0.5 &pg mRNA), MLV reverse transcriptase, and the sub- 
stitution of 5-methyl-dCTP for dCTP [31, 321. Second-strand 
synthesis was initiated by the addition of RNase H, Klenow 
polymerase and dNTP [33]. The use of 5-methyl-dCTP in 
the first-strand reaction eliminates the need for site-specific 
methylation as hemimethylated cDNA is fully resistant to 
cleavage by methyl-sensitive restriction endonucleases such 
as EcoRI and XhoI. The double-stranded cDNA was flush- 
ended with T4 DNA polymerase and ligated to EcoRI adapt- 
ers with T4 DNA ligase. The EcoRI adapter ends of the 
cDNA were phosphorylated with polynucleotide kinase and 
the cDNA digested with XhoI, generating cDNA with 5' 
EcoRI and 3' XhoI cohesive ends. The cDNA were size frac- 
tionated on sepharose-CL-4B columns and cDNA greater 
than 1000 bp were purified. The sized cDNA was ligated into 
the directional cDNA-cloning vector 1 ZAP I1 [34] (Strata- 
gene) previously cleaved with EcoRI and XhoI, and treated 
with alkaline phosphatase. The ligated DNA was packaged 
in vitro into infectious phage particles with Gigapack gold 
packaging extracts (Stratagene), and the library was plated 
on Escherichia coli K12 strain PLK-F' in order to determine 
the recombinant phage titer and to amplify the library. 

The horse liver cDNA library was screened for albumin- 
specific cDNA by in-situ hybridization with a "P-labeled 
BSA cDNA probe of 830 bp, cleaved with EcoRI and NcoI 
from the 5' coding region of BSA cDNA (Holowachuk, E. 
W., unpublished results) in order to ensure the isolation of 
full-sized ESA cDNA clones as previously described [29, 
301. Full-size cDNA ( ~ 2 . 2  kbp) were identified by amplifi- 
cation of the cDNA-cloning site of 1 ZAP I1 and sizing the 
cDNA inserts on agarose gels [35]. 

Bacteriophage A ZAP I1 carries the plasmid Bluescript 
SK (-) within which insert DNA are cloned, and which can 
be excised in vivo upon infection with M13 helper phage 
[34]. Bluescript SK (-) plasmids carrying ESA cDNA were 

recovered from the recombinant 1 ESA phage by infection 
with M13 R408 helper phage, as described [34]. The se- 
quencing of the ESA cDNA was facilitated by the isolation 
of a series of 200 - 500-bp progressive unidirectional-dele- 
tion derivatives which extended across the cDNA subclones 
from an EcoRI site by treatment sequentially with ex0111 and 
Mung bean nuclease [36, 371. Plasmid DNA minipreps were 
purified (Magic Minis, Promega Corp.) from detergent ly- 
sates prepared from overnight cultures for use as DNA-se- 
quencing templates. Double-stranded nucleotide sequencing 
was performed by the dideoxynucleotide triphosphate 
method with modified T7 DNA polymerase and [32P]dATP 
[38]. All oligonucleotides were synthesized on a 40-nmol 
scale using the ABI model 391 DNA synthesizer. Nucleo- 
side-3'phosporamadites, polystyrene supports and other syn- 
thesis reagents were from Applied Biosystems. 

Crystallization and data collection 
Albumin used in these studies was obtained commer- 

cially from Sigma Chemical Company as recrystallized, 
essentially fatty-acid-free fraction V. Crystals of ESA were 
grown by the hanging-drop vapor-equilibration method. So- 
lutions of 50-60 mg/ml ESA and 5 pl in volume were added 
to 5 p1 precipitating solution of 55% saturated ammonium 
sulphate, 45% 0.05 M potassium phosphate, pH 7.0. This 
droplet was equilibrated to a 1-ml reservoir of the same 55% 
precipitating solution. Crystals are grown at 22°C and appear 
as hexagonal rods in 5-10 days. The crystals have Laue 
symmetry of P6/m and unit-cell constants of a = b = 
9.66 nm, c = 1.44 nm, a = /3 = 90" and y = 120.0" and be- 
long to the space group P6, or P6, as previously reported by 
McClure and Craven [20]. Co-crystals of ESA with the 
ligand 2,3,5-triiodobenzoic acid were produced in the same 
manner as above except with the addition of 4mol 2,3,5- 
triiodobenzoic acidmol ESA. 

X-ray diffraction data were collected on a Siemens/Nico- 
let multi-wire and Rigaku RAXIS IIc area detectors operat- 
ing on a Rigaku RU200 rotating anode using monochromated 
Cu Ku radiation. Data were collected and merged from five 
crystals to give 176004 observations of 26408 unique reflec- 
tions to 0.25-nm resolution with weighted Rmerge on inten- 
sity for I > 1.0 CJ (I) = 10.21%. After reducing the data to 
0.25-nm resolution, data were truncated to 0.27 nm for com- 
pleteness and reliability to give 19970 > 1.0 o (0 out of 
20960 collected and 21 031 theoretically possible (99.6% 
complete) for which 95% observed greater than 1.0 0 (I). 
Data for the triiodobenzoic acid co-crystalline complex were 
collected from a single crystal to give 47 139 observations of 
15094 unique reflections > 0.0 CJ (I) to 0.30 nm (98% com- 
plete) of these data 12725 > 1.0 o (I) (82.4% complete) 
giving an Rmerge of 9.43%. 

Structure determination 
The structure of ESA was determined by the molecular- 

replacement method [39] using the previouslyr determined 
atomic coordinates of HSA [18] as a starting model. The 
orientation of the molecule was determined by the Crowther 
fast-rotation function [40] in the computer program package 
MERLOT [41] with good contrast as the highest peak in the 
rotation function. The solution was 3.60, where (7 is the 
square root of the variation of the rotation function for all 
possible orientations, with the next highest peak in the rota- 
tion function being 27% lower in peak height. This orienta- 
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Table 1. Data from ultrafiltration experiments comparing the 
binding of triiodobenzoic acid to human and equine serum albu- 
mins. [D,], molar concentration of free triiodobenzoic acid; [DB], 
molar concentration of bound triiodobenzoic acid; r, mol bound trii- 
odobenzoic acidmol serum albumin; A :,"b for triiodobenzoic acid, 
144.2. 

Protein A,,, [D"I [DBI r 
of 
filtrate 

mollmol M 

Fig. 1. Stereo view of the 2FO-FC electron density calculated at 
0.27-nm resolution for the helical region LeulM-Cys 199. This 
figure was produced with the aid of the computer program FRODO 
1561. 

HSA 0.009 
0.012 
0.039 
0.285 
0.879 

ESA 0.022 
0.020 
0.100 
0.290 
0.615 

1.168 X 
1.557 x 
5.060 x 

1.140x10-4 

2.854 x 
2.595 x 
1.298 X 
3.763 x 
7.980 X 

3.698 x 10-5 

1.186X lo-"  0.538 
2.380 X 1.079 
4.791 X 2.149 
6.817 x lo-" 3.090 
8.442 x lo-" 3.827 

1.169x 0.530 
2.369X 1.074 
4.661 X lo-"  2.113 
6.810X lo-" 3.087 
8.784 X 3.982 

tion was further fine adjusted using 0.5" grids by the Lattman 
rotation function [42]. The translation vector determination 
and proper space-group assignment were done in two dif- 
ferent approaches. First, the Patterson translation function 
[43] was calculated on two different space groups, P6, and 
P6,. In the case of the space group P6,, the two Harker sec- 
tions gave consistent peaks with very good contrast (the se- 
cond highest peaks were 52% and 40% lower, respectively), 
while no consistent solution could be found for the enantio- 
morphic space group P6,. Secondly, correlation coefficient 
and R-factor searches were performed for both space groups. 
Again, in the case of the space group P6, the search produced 
the single solution consistent with the first approach, which 
gave the correlation coefficient 52.9% and R-factor 42.2% 
for 5299 reflections with the resolution range of 2.0-0.4 nm. 
In the case of the space group P65, the best correlation coeffi- 
cient was 35.1% and the best R-factor 47.7%, and the corre- 
sponding translation vectors were inconsistent. After resolv- 
ing the space-group ambiguity and placing the molecule in 
the unit cell as described, the model was subjected to 10 
cycles of refinement as a rigid body giving the R-factor of 
41.6% and correlation coefficient of 54.3% for the same data 
set. 

The side chains of the amino acids of the molecule were 
then replaced by the newly determined amino-acid sequence 
of ESA with the aid of computer graphics. It was then put 
through a cycle of simulated annealing using program 
XPLOR [44]. This was followed by refitting the structure 
through a series of omit maps where 30-40 amino acids 
were deleted from the structure at a time and the remaining 
structure was refined by constrained-restrained refinement 
for several cycles using the program XPLOR or Hendrick- 
son-Konnert least-squares program [45]. The refitted model 
was again subjected to the simulated annealing procedure. 
The current crystallographic R-factor is 23.8% for 19152 re- 
flections with F > 2.0 G (F) and resolution range from 
1 .O nm to 0.27 nm. The root-mean-square deviation from ide- 
ality is 0.0026 nm for bond distance and 5.3" for bond angle. 
The general quality of the electron density is illustrated in 
Fig. 1. 

Ultrafiltration experiments with 2,3,5-triiodobenzoic acid 
Ultrafiltration experiments were performed on both ESA 

and HSA using 2,3,5-triiodobenzoic acid (for a review see 
[46]). The albumins (essentially fatty-acid free) and triiodo- 
benzoic acid were purchased from Sigma Chemical Co. Solu- 
tions were prepared in 4 ml and buffered with 0.05 M sodium 
phosphate, pH 7.4, using protein concentrations of 15 mg/ml 
(molar ratios of triiodobenzoic acid to ESA of approximately 
0.5 : 1, 1 : 1, 2: 1 and 3 : 1). All samples were equilibrated for 
4 h at room temperature. Ultrafiltration was performed using 
Amicon Centriprep-10 Concentrators. The concentration of 
free triiodobenzoic acid in the filtrate was determined by 
measurement of absorbance at 260 nm using a Varian DMS 
200 spectrophotometer. Data were analyzed and compared 
for the two species using a direct-linear-plot method [47] 
and Scatchard model [48]. Experimentally observed data are 
listed in Table 1. 

RESULTS AND DISCUSSION 
Primary structure 

The ESA cDNA sequence (Fig. 2) indicated that the 
equine preproalbumin molecule is composed of 607 amino 
acids, including a hydrophobic signal sequence of 18 resi- 
dues and a propeptide sequence of six basic amino acids. The 
mature ESA molecule comprises 583 amino acids, the same 
number of residues found in mature BSA (Holowachuk, E. 
W., unpublished results) and OSA [9], but one or two 
amino acids less than found in mature rat serum albumin 
(RSA) [ l l ]  or HSA [6, 71, respectively. ESA, like BSA and 
OSA, has a deletion of residues 116 and 585 found in HSA 
(Fig. 2). The ESA cDNA sequence was confirmed by nucleo- 
tide sequencing of at least two independent ESA cDNA 
clones. Based on the cDNA sequence, the protein sequence 
of mature ESA has a calculated molecular mass of 65709. 

Overall, the mature ESA molecule exhibits the highest 
sequence identity with HSA (76.1%) and PSA (76.0%), fol- 
lowed by OSA (75.5%) and BSA (73.9%) (data not shown). 
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Prcproalburnin -><- Proalbumin -><- Mdrure albumin 
ACAATGAAGTGGGTAACCTTTGTTTCCCTTCTCTTTCTCTTCAGCTCTGCTTATTCCAGAGGCGTGTTGCGTCGTGATACACACAAGAGTGAGATTGCTCAT 102 

M K W V T F V S L L F  L F S S A Y S R G V L R R D T t l K S E  I A H  9 I F A V 

CGCTTTAATGATTTGGGAGAAAAACATTTCAAAGGCCTGGTGCTGGTTGCCTTTTCTCAGTATCTCCAGCAGTGCCCATTTGAGGACCACGTAAAATTAGTG 
H F N D L G E K H F K G L V L V A F S Q Y L Q Q C P F E D H V K L V  

K E N  A I A 

AATGAAGTAACTGAATTTGCAAAAAAATGTGCTGCTGATGAGTCAGCTGAAAATTGTGACAAGTCACTTCATACTCTTTTTGGAGATAAACTGTGTACAGTT 
N E V T E F A K K C A A D E S A E N C D K S L H T L F G D K L C T V  

T V  

GCAACTCTTCGTGCAACCTACGGTGAACTGGCTGACTGCTGTGAAAAACAAGAACCTGAGAGAAATGAATGCTTCCTGACACACAAAGATGATCACCCGAAC 
A T L R A T Y G E L A D C C E K Q E P E R N E C F L T H K D D H P N  

E M A Q N 

CTCCCCAAGCTG---AAACCAGAACCGGACGCTCAGTGCGCCGCCTTCCAGGAAGATCCAGACAAGTTTCTGGGAAAATACCTGTATGAAGTTGCCAGAAGA 
L P K L - K P E P D A Q C A A F Q E D P D K F L G K Y L Y E V A R R  

R V R  V V M  T H D N E E T  K I 

CATCCTTACTTTTACGGCCCAGAACTACTTTTCCACGCTGAGGAATATAAAGCAGATTTTACAGMTGCTGTCCAGCTGATGATAAGCTGGCCTGTCTGATA 
I i P  Y F Y G P E L L F H A E E Y K A D F T E C C P A D D K L A C L I  

A F K R  A Q A  A L 

204 
43 

306 
77  

4C8 
111 

501 
144 

609 
178 

CCGAAGCTTGATGCTTTGAAGGAAAGAATACTGCTTTCATCTGCCAAAGAGAGACTCAAGTGCTCCAGTTTCCAAAATTTTGGG~AGAGAGCTGTCAAAGCA 711 
P K L D A L K E R I  L L S S A K E R L K C S S F Q N F G E R A V K A  212 

E R D E G K A  Q A L K  F 

TGGTCAGTAGCTCGCCTGAGCCAGAAATTTCCCAAGGCTGACTTTGCAGAGGTTTCCAAGATAGTGACAGATCTTACCAAAGTCCACAAGGAATGCTGCCAC 813 
W S V A R L S Q K F P K A D F A E V S K I V T D L T K V H K E C C H  246 

A R E L T 

GGTGACCTGCTTGAATGTGCCGATGACAGGGCGGATCTTGCCAAGTACATATGTGAACATCAAGATTCAATCTCTGGCAAACTGAAAGCATGCTGTGATAAA 915 
G D L L E C A D D R A D L A K Y I C E H Q D S I S G K L K A C C D K  280 

N S E E 

CCTTTGTTGCAAAAATCCCACTGCATTGCCGAGGTGAAAGAAGATGACCTGCCTAGTGACCTGCCTGCATTAGCTGCTGATTTTGCTGAAGATAAGGAAATC 1017 
P L L Q K S H C I A E V K E D D L P S D L P A L A A D F A E D K E I  314 

E E N  E M  A S V S D V  

TGCMACACTATAAGGATGCCMAGATGTCTTCCTGGGCACGTTTTTGTATGMTACTCAAGAAGGCATCCTGATTACTCCGTCTCCTTGCTGTTGAGAATT 1:19 
C K H Y K D A K D V F L G T F L Y E Y S R R H P D Y S V S L L L R I  348 

N A E  M A V L 

GCCMGACATATGAAGCCACGCTGGAGAAGTGCTGTGCGGAGGCCGACCCTCCTGCGTGCTACCGCACAGTGTTTGATCAGTTTACACCTCTTGTGGAGGAG 1221 
A X T Y E A T L E K C C A E A D P P A C Y R T V F D Q F T P L V E E  382 

T A H E  A K  E K  

CCTAAGAGTTTAGTCAAGAAAAACTGTGACCTTTTTGAAGAGGTTGGAGAGTATGACTTTCAAAATGCGCTCATAGTTCGTTACACCAAGAAAGCACCCCAG 1323 
P K S L V K K N C D L F E E V G E Y D F Q N A L I V R Y T K K A P Q  416 

Q N  I Q E Q L  K L V 

GTGTCAACTCCAACTCTCGTGGAGATTGGAAGGACCCTGGGGAAAGTGGGCAGCAGATGCTGTAAAC'rTCCTGAATCAGAAAGATTGCCCTGTTCTGAAAAC 1425 
V S T P T L V E I G R T L G K V G S R C C K L P E S E R L P C S E N  450 

V S  N K H A K  M A D  

CATCTGGCCTTGGCCCTGAACCGGTTGTGTGTGTTGCATGAGAACACACCAGTGAGTGAGAAGATTACCAAATGCTGCACGGATTCCTTGGCGGAAAGACGG 1 5 2 1  
H L A L A L N R L C V L H E K T P V S E K I T K C C T D S L A E R R  484 
Y s v v  Q E V N  D R V  

CCATGCTTTTCTGCTCTGGAACTCGATGAAGCATATGTTCCCAAAGAATTTAAGGCTGAAACATTCACCTTCCATGCAGATATATGCACACTTCCTGAAGAT 1629 
P C F S A L E L D E G Y V P K E F K A E T F T F H A D I C T L P E D  518 

N S K  T 

GASAAACAAATCAAGAAACAATCTGCACTTGCTCAACTGGTGAAACACAAGCCCAAGGCAACAAAAGAACAACTGAAAACTGTCCT~GGAAATTTCTCAGCC 1731 
E K Q I K K Q S A L A E L V K II K P K A T K Z Q L K T V 1. G N F S A 552 

R T V A M D D  A 

TTTGTAGCCAAGTGCTGCGGACGTGACGACAAACAGGCCTGCTTTGCTGAGGAGCGTCCAAAACT'rtiTT~C'rTC~A~TCAACT~~CCT'rAGC~---TAAAAA 1833 
F V A K C C G R E D K E A C F A E E G P K l ~ V A S S Q 1 , A L A - *  583 

E K A D  T K A A G L '  

CAACGCAATCACGASCATCTCAGCCTACCCTGAGAATAACAGAAAGAAAGGGAAATGAAGACCCAGA~CTTATTCATCTGTTTTTA'rTTTCTCTTGGTGTAA 1932 

AACCAACACTCTGTCTAAAAAAACACAAATTTCTTTAAACATTTTGCCTCTTT'rCTCTGTGCTGCAArTAAT.~AAAAAAATGAAAACAA~CTAACATA" 7 3 3 0  

Fig. 2. Nucleic-acid and amino-acid sequence of ESA compared to that of HSA (third line). 

For comparative purposes and clarity, the sequence number- 
ing of ESA will be normalized to that of HSA in the remain- 
der of the text. The high level of amino-acid identity found 
between the mammalian serum albumins reflects the impor- 
tance of the structure of the molecule for its function. The 
structural features of the binding cavities of serum albumin 
are important for the binding and delivery of the numerous 
ligands which interact with the molecule. For example, the 
importance of hydrophobic ligand-binding sites is seen by 
comparing the residues which form the HSA ligand-binding 
cavities in subdomains IIA and IIIA of HSA, previously 
identified [18]. Amino-acid identity of 12/16 (75%) and 
12/17 (70.6%) is found between ESA and HSA when com- 

paring the cavity-wall residues of subdomain IIA and IIIA. 
The amino-acid differences represent conservative changes 
which would be expected to maintain similar functional bind- 
ing characteristics in the molecule: Phe201 for Leu, Val210 
for Phe, Ser214 for Ala, and Ile233 for Leu in IIA; and 
Val387 for Ile, Ala414 for Val, Ile425 for Val, and Ala455 
for Val in IIIA. Perhaps the most striking comparative obser- 
vation relates to the highly conserved residues identified to 
be in close proximity with the bound ligand 2,3,5-triiodoben- 
zoic acid (from 83% to 93% for IIA and IIIA, respectively), 
determined crystallographically for HSA [ 181 and ESA. 
Trp214 and Tyr4ll are conserved as in other mammalian 
albumins. Consistent with the absence of fragmentation of 
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Fig. 3. a-carbon backbones superimposed by the method of least- 
squares to illustrate structural similarity between HSA and 
ESA. 

ESA with CNBr [49], there are no methionines in the mature 
ESA sequence (while there are as many six in HSA). 

The structural features of the signal peptide and propep- 
tide of serum albumins are important for the secretion of 
mature albumin [50, 511. The 18-amino-acid signal peptide 
or prepeptide and 6-amino-acid propeptide sequences of pre- 
pro-ESA differ from the sequences previously reported for 
the serum albumins. The signal peptide or prepeptide of the 
prepro-ESA exhibits the highest identity with human and 
porcine signal peptides with only one amino acid difference, 
followed by bovine and sheep albumin with two residue dif- 
ferences, the chicken and rat with five and six amino-acid 
differences, respectively, and the non-mammalian serum al- 
bumin signal peptides which exhibit less than 44% identity. 
These amino-acid differences between the mammalian serum 
albumins represent conservative changes with no compro- 
mise of the hydrophobic nature of the signal peptide and 
no effect on secretory function. The propeptide of equine 
proalbumin, RGVLRR, is unique and differs from the other 
known mammalian proalbumins with a Leu in place of Phe 
at position 4 of the propeptide sequence. This conservative 
change has no effect on the function and cleavage of the 
propeptide of pro-ESA [52, 531. 

Tertiary structure 

The three-dimensional structures of equine and human 
serum albumin are highly similar (Fig. 3). Both structures 
have been refined to approximately equivalent resolutions, 
0.28 nm for HSA and 0.27 nm for ESA. Least-squares super- 
position of the a-carbons gave an average rms (root-mean- 
square) deviation of 0.201 nm (582 atom pairs) and a mean 
displacement of a-carbons of 0.15 nm. Greater agreement ex- 
ists when individual subdomains are compared. For example, 
the IIIA subdomains show an average rms of 0.127 nm (110 
atom pairs). The greatest deviations between the two struc- 
tures occur at the extended polypeptide intersubdomain con- 
nections and in the larger solvent-exposed loops between hel- 
ices. Consistent with this observation, a region of high 
amino-acid substitution (115 - 125) occurs in the intersubdo- 
main connection of domain I (Fig. 2). One of the two pre- 
viously mentioned amino-acid deletions in ESA, BSA and 

Fig. 4. Crystallographic unit cell packaging diagram for ESA. 
(A) Packing of the ESA molecules in the hexagonal space group P6, 
as projected down the crystallographic c-axis. Continuous solvent 
channels are centered on the six-fold screw axes which run parallel 
to the c-axis. Unit cell is outlined in white. (B) View of the unit cell 
packing perpendicular to the c-axis. 

OSA (residue 116) is found in this same intersubdomain con- 
nection while the other represents the deletion of the terminal 
residue. As with HSA, the disulphide linkages are primarily 
gauche-gauche-gauche. The ten principal helices h l  -h10 
within each domain are conserved, however, some of these 
helices are shorter in length, e.g. hlO(I1) and hlO(II1). Conse- 
quently, ESA displays less overall helical content than HSA. 
As in the human albumin, the first two or three residues of 
the structure are disordered. This inferred mobility should 
provide the flexibility necessary for the chelation of Cu and 
Ni, since both the His3 and the N-terminal nitrogen are in- 
volved in metal coordination [54]. 

The solvent content of this crystal form is 43% and al- 
most totally occurs as continuous solvent channels which run 
parallel to the c axis centered on the six-fold axes of symme- 
try (Fig. 4A). These solvent channels have cross-sections of 
approximately 4.0 nm. The remaining crystal structure is 
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Fig. 5. Electron density of bound 2,3,5-triiodobenzoic acid at 
0.30-nm resolution produced from (F,-F,)a where F ,  and F ,  
refer to measured diffraction data from the triiodobenzoic acid 
cocrystal complex and native data, respectively, and the phases, 
a, are from the native model. Atoms : red, oxygen ; yellow, carbon ; 
orange, iodine. Yellow and blue contour levels at 2.0 c and 4.0 CT, 
respectively. 

formed by tight inter-molecular packing (Fig. 4B). Given the 
close interaction of the molecules in the crystal lattice, 
cocrystallization would thus seem the method of choice for 
crystallographic studies of ligand binding to ESA. It is inter- 
esting to note that despite a different amino-acid sequence, 
and markedly different crystallization media, both the tertiary 
and quaternary structures of ESA and HSA are virtually iden- 
tical. These similarities were apparent beginning with the ini- 
tial molecular-replacement studies which gave exceedingly 
clear solutions. The agreement between the structures is un- 
derstandable since most of the differences in amino-acid se- 
quence constitute changes which conserve charge, hydropho- 
bicity and size. These observations suggest a conformational 
stability of serum albumin in solution (at pH 5-7.0) which 
has perhaps not been previously appreciated. 

Ligand-binding studies 

Although very little ligand-binding chemistry has been 
conducted on ESA, it has been shown that the reactivity of 
ESA with p-nitrophenyl acetate is markedly less (essentially 
absent) than nine other albumins from vertebrate species 
[24]. This anomalous ESA esterase activity has been con- 
firmed and further documented in a more recent study [55]. 
Earlier, Brown [51] provided a simple explanation for this 
difference in activity, namely that Tyr411 is replaced by Val. 
Brown's studies were based on the partial determination of 
the amino-acid sequence and are inconsistent with the se- 
quence deduced from the cDNA which indicates Tyr411 is 
conserved (this work). One possible explanation is sequence 
polymorphism which is quite common in cattle, horses and 
sheep. In the structure of HSA, Tyr411 is in the IIIA binding 
pocket in close proximity to the carboxyl of many small aro- 
matic compounds, consistent with its known chemistry [19]. 
Presumably it is the strong interaction of Arg410 with Tyr411 
in HSA that is responsible for activating the hydroxyl for 
nucleophilic sustitution. Given that Tyr411 is present in ESA, 
a structural explanation for the lack of esterase activity of 
ESA is not obvious, perhaps owing to the medium resolution 
of the two structures. 

As previous crystallographic studies of 2,3,5-triiodoben- 
zoic acid binding to HSA revealed the potential utility of 
this ligand for future research, studies were undertaken to 
determine its approximate binding constant to ESA and HSA. 

Fig. 6. Stereo view showing the similarity between the triiodo- 
benzoic-acid-binding sites within IIA (A) and IIIA (B) where the 
subdomains have been superimposed by the method of least- 
squares. The protein components are shown in orange and green 
for ESA and HSA, respectively, and the positions of bound triiodo- 
benzoic acid are shown in red and yellow for ESA and HSA, respec- 
tively. It should be noted that many of the side-chain conformations 
illustrated in Fig. 6 can only be determined with confidence at higher 
resolution. In addition, the complex itself has not been refined. 

Although there is no exact agreement in the published litera- 
ture between the various methods used for this purpose, we 
chose the direct-linear-plot method for convenience and fu- 
ture comparison purposes [47]. Measurements of the Ka by 
ultrafiltration experiments using this method produced esti- 
mates of 2.2 X lo5 M-' and 8.3 X 104M-' for HSA and ESA, 
respectively. These binding constants compare favorably 
with those obtained by others for similar molecules. In addi- 
tion, the non-linearity of the Scatchard plot indicates that at 
least two binding sites for triiodobenzoic acid are present 
and suggests the possibility of a cooperative effect in both 
albumins (data not shown). Consequently more detailed 
studies should be undertaken to achieve a more complete 
understanding of this phenomenon. 

The binding sites of triiodobenzoic acid were determined 
for ESA by direct observation through crystallographic 
analysis at 0.30-nm resolution. This is significantly higher 
resolution than the 0.40-nm resolution previously determined 
for triiodobenzoic-acid binding to HSA. As in the structure 
of HSA, there are two strong and distinct binding sites lo- 
cated within subdomains IIA and IIIA. Difference densities 
were unequivocal and clearly indicated the atomic positions 
of all three iodine atoms of each molecule of triiodobenzoic 
acid as the highest peaks (>6.50) in the electron-density 
maps. Thus, the chemical structure and orientation of triiodo- 
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IIA 

Y ( 1 4 9 )  K ( 1 9 9 )  F ( 2 1 1 )  W ( 2 1 4 )  S ( 2 1 5 )  R ( 2 1 8 )  L ( 2 1 9 )  R ( 2 2 2 )  F(223) 

E q u i n e  Y Y Y ( V ) w  Y Y ( A ) w  Y Y N(K) Y 

YW Yf Y Human Y Y Y W  Y Y Y 

L ( 2 3 4 )  L ( 2 3 8 )  H ( 2 4 2 )  R ( 2 5 7 )  L ( 2 6 0 )  A ( 2 6 1 )  I ( 2 6 4 )  I ( 2 9 0 )  A ( 2 9 1 )  E ( 2 9 2 1  

E q u i n e  Y ( 1 )  Y Y Y YW Y W  Y Y Y Y W  

Human Y Y Y Y YW YW Y Y Y Y W  

I I I A  

P ( 3 8 4 )  L ( 3 8 7 )  I ( 3 8 8 )  N ( 3 9 1 )  C ( 3 9 2 )  F ( 3 9 5 )  R ( 4 1 0 )  Y ( 4 1 1 )  L ( 4 3 0 )  

E q u i n e  Y Y Y Y Yw Nw Y Y Y 

Human Y Y Y Y YW YW Y Y Y 

V ( 4 3 3 )  C ( 4 3 8 )  A ( 4 4 9 )  E ( 4 5 0 )  L ( 4 5 3 )  R ( 4 8 5 )  S ( 4 8 9 )  

E q u i n e  Y YW Y(S) Y Y Y Y 

Human Y YW Y Y Y Y Y 

Fig. 7. Amino acids involved in ligand binding. Amino acids which are involved in binding in ESA and HSA are marked Y for yes, N 
for no. Boldface Y indicates the amino acids are conserved in both ESA and HSA. Amino acids which are more remote but still form 
important sides of the binding region are designated w for wall and f for far, as additional identifiers. 

benzoic acid in the binding pockets is unambiguous (Fig. 5). 
There are always concerns when ligands are diffused into 
crystals to determine binding loci, since potential binding 
sites may not be accessible because of restrictions in intermo- 
lecular contacts within the crystal structure. These concerns 
for triiodobenzoic acid binding to serum albumin can be 
eliminated since the ESA/triiodobenzoic acid complex was 
produced by co-crystallization with a triiodobenzoic acid to 
ESA molar ratio of 4: 1 and identical results were obtained 
with HSA under markedly different experimental conditions. 
As the triiodobenzoic acid structure has never been included 
in the model, this provides additional supporting evidence 
for the correctness of the structure. Overall, ESA and HSA 
exhibit similar but distinct binding chemistry of triiodoben- 
zoic acid (Fig. 6). However, it is the similarities, not the dif- 
ferences which are striking. The major binding differences 
occur when comparing the two IIA subdomains. In IIA the 
carboxyl of ESA-bound triiodobenzoic acid is oriented pri- 
marily towards Arg257, but also shares this interaction with 
His242 (not with Lys199 as in HSA). This is the result of a 
shift of triiodobenzoic acid in ESA by a few tenths of a nm 
toward helix h6(II) (Fig. 6A). In HSA this carboxyl group is 
oriented midway between His242, Lys199 and Arg257 
(Fig. 6A). The binding of triiodobenzoic acid in subdomain 
IIIA is quite similar for both ESA and HSA (Fig. 6B). Alto- 
gether, ESA shares 18 out of 19 equivalent residues in close 
proximity to the triiodobenzoic acid in IIA and 15 out of 16 
for IIIA (Fig. 7). When one considers only the residues in 
immediate contact with the ligand (approximately 10- 11 
residues in each subdomain) eight or more in each subdo- 
main are strictly conserved in all mammalian albumins 
(Carter, C. D. and Ho, J. X., unpublished results). Knowledge 
of these residues should provide extremely important infor- 
mation for guiding future studies of the underlying chemistry 
of albumin. Furthermore, these findings add convincing sup- 
port to the notion that albumin’s principal role in the circula- 
tory system is in the transport, distribution and metabolism 
of various exogenous and endogenous ligands. 
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