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ABSTRACT  The extracellular hemoglobin of Ascaris has
an extremely high oxygen affinity (Ps, = 0.004 mmHg). It
consists of eight identical subunits of molecular weight 40,600.
Their sequence, determined by protein chemistry, shows two
tandemly linked globin-like sequences and an 18-residue C-ter-
minal extension. Two N-linked glycosylation sites contain equal
ratios of mannose/glucosamine /fucose of 3:2:1. Electron mi-
crographs suggest that the eight subunits form a polyhedron of
point symmetry Dy, or 42. The C-terminal extension contains
a repeat of the sequence Glu-Glu-His-Lys, which would form
a pattern of alternate glutamate and histidine side chains on one
side and of glutamate and lysine side chains on the other side
of a B strand. We propose that this represents a polar zipper
sequence and that the C-terminal extensions are joined in an
eight-stranded B barrel at the center of the molecule, with
histidine and glutamate side chains inside and lysine and
glutamate side chains outside the barrel compensating each
other’s charges. The amino acid sequence of Ascaris hemoglo-
bin fails to explain its high oxygen affinity.

Hemoglobins are widely distributed among eukaryotes and
have recently also been found in prokaryotes. Their amino
acid sequences reveal that the globin fold has been conserved
throughout evolution (1-3). Of the more than 500 amino acid
sequences of globins in the latest National Biomedical Re-
search Foundation Protein Identification Resource (NBRF/
PIR) data base (release no. 29) (4), all except about 50 are
from vertebrates and are either single-chain myoglobins or
tetrameric hemoglobins. They are all very similar in sequence
and structure, and their oxygen affinities are of the order of
Pso = 0.5-1.0 mmHg (1 mmHg = 133 Pa). Invertebrate
globins are more diverse in quaternary structure and oxygen-
binding properties (for reviews, see refs. 1 and 5). They are
mostly large extracellular aggregates classifiable by the num-
ber of chains and of globin domains in each chain (5). The 50
invertebrate globin sequences in the NBRF/PIR data base
cover a wide range of phyla and types of quaternary struc-
ture. All retain the heme-linked proximal histidine (F8) and
the phenylalanine (CD1) that wedges the heme into its
pocket. Most of them also show the distal histidine (E7) and
valine or isoleucine (E11), but more important, all retain a
pattern of about 33 internal sites from which all polar residues
except serine and threonine residues are excluded (6, 7).
Ascaris is a parasitic nematode that lives in the intestines
of animals where oxygen is scarce. It contains a hemoglobin
with an oxygen affinity two orders of magnitude higher than
that of any vertebrate myoglobin or hemoglobin or any
synthetic iron porphyrin made so far (Ps, = 0.004 mmHg). We
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know of no way by which the oxygen affinity of ferrous heme
could be raised to that level. As a first step toward the
solution of this chemical mystery, we have determined the
amino acid sequence of Ascaris hemoglobin. 1

MATERIALS AND METHODS

The perienteric fluid hemoglobin of Ascaris suum, obtained
in a local slaughterhouse, was prepared essentially according
to ref. 8. The final preparation, which was passed over a
Superose 6 column in 50 mM Tris-HCI, pH 7.5/100 mM NaCl,
had an A412/A20 = 1.3 and showed a single but broad spot on
two-dimensional SDS/PAGE. The protein was split chemi-
cally or enzymatically. Chemical cleavage was done by
CNBr, 2-(2-nitrophenylsulfenyl)-3-methyl-3-bromoindole-
nine, or partial acid hydrolysis (9). Enzymatic cleavage was
done on the denatured, unmodified maleylated protein, by
either trypsin, chymotrypsin, or Staphylococcus V8 prote-
ase. Conformation-dependent cleavage was done with sub-
tilisin (9). Specific cleavage after lysine was done with
endoproteinase Lys-C (10). Analysis with carboxypeptidase
P was done at pH 5.6 and 25°C with an enzyme-to-substrate
ratio of 1:200. Peptide mixtures from chemical or enzymatic
cleavage were separated by reversed-phase HPLC on C4
(Vydac) or C,s (uBondapak; Waters) columns, and the pep-
tides were eluted with acetonitrile in 0.1% trifluoroacetic acid
at or near neutral conditions (50 mM triethylamine/acetic
acid, pH 6.5). Several CNBr peptides were purified by
preparative SDS/PAGE and electroelution according to refs.
11 and 12. Coomassie stain was displaced from the peptide
with 1% SDS and extracted with four volumes of acetone.
Excess SDS was extracted with acetone/acetic acid/
triethylamine/water (17:1:1:1, vol/vol). Final contaminants
were eliminated by reversed-phase HPLC. Endoproteinase
Lys-C peptides, separated by two-dimensional SDS/PAGE
were transferred by electroblotting (13). Amino acid compo-
sitions were determined by using a precolumn derivatization
method (14). Tryptophan-containing peptides were identified
by Ehrlich staining (10). Automated amino acid sequence
determination was done by using a pulsed liquid-phase se-
quencer (Applied Biosystems models 477A and 473). Sam-
ples were run on Polybrene-coated glass fiber filters or on
poly(vinylidene difluoride) membranes (13, 15, 16). Short
peptides were sequenced manually by the 4,4-dimethylami-
noazobenzene-4'-isothiocyanate/phenylisothiocyanate dou-
ble-coupling method as described (17). Carbohydrates were
analyzed by GLC on a CP Sil 5 fused silica WCOT

Abbreviation: NBRF/PIR, National Biomedical Research Founda-
tion/Protein Identification Resource.
11To whom reprint requests should be addressed.
e sequence reported in this paper has been deposited in the
NBRF/PIR data base (accession no. A50001).
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Table 1. Physicochemical characteristics of Ascaris globins

Parameter Hemoglobin Myoglobin
Native molecules
520w 11.6-11.8 (8, 23) 3.129)
Molecular weight
Equilibrium sedimentation 328,000 (8, 23) 37,000 (24)
Gel filtration 425,000 (25)
pl 5.0 (26) 6.7 (26)
v, g/ml 0.725 (27)
flfo 1.51 27)
Heme per molecular weight 1/21,600 (23) 1/37,000 (24)
1/40,000 (8)
Maximum diameter by
EM, A 170 = 15
SAXS 170 + 10 (28)
Phenotypes, no. 1(8) 229
Globin chains
Molecular weight
Equilibrium sedimentation 40,600 (27) 37,000 (24)

SDS/PAGE 43,000 + 2000 (23)
38,500 + 500 (25)
Sequence 37,500
Sequence including sugar 39,500
% sugar, wt/wt 5.2
pl 6.6 (25)
Chains, no. 1(25)

The numbers in parentheses are the reference numbers from which
the values were taken. Values without reference numbers were
determined in this work.

(Chrompack, Delft, The Netherlands) column according to
ref. 18. Protein concentration was based on amino acid
analysis. The NBRF/PIR data base was used in combination
with software written by Pearson and Lipman (19). Second-
ary structure prediction was done according to ref. 20.
Molecular modeling, using the x-ray coordinates of sperm
whale myoglobin, was done with the ‘‘Desktop Molecular
Modeller’’ (21). The model of the 8 barrel was built with the
program CHARMM (22).

RESULTS AND DISCUSSION

Ascaris hemoglobin is an octamer of M, = 328,000 (Tables 1
and 2). Each subunit consists of a single polypeptide chain
containing two glycosylated and covalently linked globin-like
domains. It contains 311 amino acid residues with a calcu-
lated M; of 37,461. Fig. 1 shows the reconstruction of the
protein from representative peptides. Measurement of the
carbohydrate content by GLC yielded a M, of 2076, making
the total M, 39,537, compared with estimates of M; 38,500 or
43,000 by dissociating polyacrylamide gel electrophoresis
(23, 25) or M, 40,600 by sedimentation equilibrium (23, 27).
The high molecular weight of about 19,800 per globin domain
is due partly to the carbohydrate and partly to an 18-residue
extension of the second domain. The carbohydrates are
attached to the side chains of the N-terminal asparagine and

Table 2. Ligand-binding properties of Ascaris globins at 20°C
Hemoglobin

Myoglobin
Parameter 0, CO 0,
Pso, mmHg 0.001-0.004 0.1 (28) 0.1 (29)
k'(on), uM~1-sec—1 1.5 1.71 29) 1.2 (29)
ty,, psec 342 3.3(29
k(off), sec—! 0.0041 0.018 (29) 0.2 (29
t,, sec 173 139 (29)

The numbers in parentheses are the reference numbers from which
the values were taken. The values without reference numbers were
taken from ref. 30.
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FiG. 1. Reconstruction of the Ascaris globin sequence from
relevant peptides. Peptides were designated as follows: KR, tryptic;
R, tryptic after maleylation; K, lysine-specific endoproteinase; CH,
chymotryptic; E, Staphylococcus V8 protease; SU, subtilisin; M,
CNBr; W, 2-(2-nitrophenylsulfenyl)-3-methyl-3-bromoindolenine;
DP, partial acid hydrolysis. Peptides were numbered for each
cleavage according to their position in the amino acid sequence of the
chain starting from the N terminus. Dots indicate unidentified
positions, and cp indicates carboxypeptidase B. Cleavage of the
protein was as described in Materials and Methods.

asparagine CD6 (see Fig. 2 for residue notation) of the second
domain. The ratio of mannose to N-acetylglucosamine to
fucose is 3:2:1 (Table 3) (30).

Sixty-two percent of the residues in the two domains
occupy identical positions (Fig. 2). They were aligned relative
to template II of Bashford er al. (31), based on 226 vertebrate
and invertebrate sequences, and compared to an alignment of
91 invertebrate globin domains. The alignment is confirmed
(i) by the exclusion of polar residues from 30 out of the 33
invariant nonpolar sites listed in refs. 6 and 7; (ii) by the
alignment of proline C2, which determines the folding of the
BC corner; (iii) by the heme-linked histidine F8; (iv) by
phenylalanine CD1, which is a heme contact invariably found
in globin sequences; and (v) by the alignment of glycine
residues B6 and E8, which are essential for the normal close
contact between helices B and E. Alignment of the N-termi-
nal 20 residues of the two domains to the classical globin
sequence is ambiguous, mainly due to the lack of landmarks
such as the conserved tryptophan A12. The best alignment,
having no internal polar residues, creates an unusually long
AB corner of 5 residues (Fig. 2). The influence of the
glycosylated N-terminal residue and the structure of the first
20 residues defied prediction. There are no conflicting resi-
dues in the BC and CD region or in the D helix. The polar

Table 3. Carbohydrate content of Ascaris globin
Moles of carbohydrate per mole of protein

or peptide
Carbohydrate Native Hb Peptide ET Peptide KR10
Fuc 2.32(2) - 1.01Q) 1.45(1)
Man 5.93 (6) 2.4(3) 3.00 3)
GIcNAc 2522 + 2% 1051 + 1% 1.06 (1 + 1%

The numbers in parentheses indicate nearest whole numbers.
*The GlcNAc-Asn bond is not hydrolyzed.
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NA A 1 AB 8
1 2 1234567890123456 1
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E 1 1 2

1 1¢ 0 0
1234567890123456 1234567 12345678 1234567 12345678901234567890

HAHY V L SPADKTNVKAAWGKVG A HAGEYGAEALERMFLS FPTTKTY FPHF DLS HG SAQVKGHGKKVADALTNAVA
HBHU VHL TPEEKSAVTALWGKYV NVDEVGGEALGRLLVV YPWTQRF FESFGDLS TPDAVMG NPKVKAHGKKVLGAFSDGLA
MYWHP V L SEGEWQLVLHVMAKVE A DVAGHGQDILIRLFKS HPETLEK FORFKHLK TEAEMKA SEDLKKHGVTVLTALGAILK
GGICE3 L SADQISTVQASFOKVK G DPVGILYAVFKA DPSIMAK FTQFAG K DLESIKG TAPFETHANRIVGFFSKIIG
GGLMS PIVDTGSVAPL SAAEKTKIRSAWAPVY S TYETSGVDILVKFFTS TPAAQEF FPKFKGLT TADQLKK SADVRWHAERIINAVNDAVA
GPYL2 GAL TESQAALVKSSWEEFN A NIPKHTHRFFILVLE] APAAKDL FS FLK G TSEVPQN NPELQAHAGKVFKLVYEAAL
GGNW18 GL SAAQGRQVIAATWKDIA GND  NGAGVGKDCLIKHLSA HPQMAAV FG FSG AS DPAVADLGAKVLAZIGVAVS
ASCDOM1 MK TRELCMKSLENAK VDTSN EARQDGIDLYKHMFEN YPPLRKY FKMREEYT AEDV QN DPFFAKQGQKILLACHVLCA
ASCDON2 -=---NKHGRNQCMRSLONID IGHSE TAKQNGIDLYKMMFEN YPSMREA FKDRENYT AENV QK DPFFAKQGQRILLACHLLCA
p.s.1 0 0 0 000000 0 00 000 02 00 001000700000107 5000
p.s.2 0 0 0 000000 0 00 000 07 00 001050700000107 1000
EF F FG G 1 1 GH H 1 1
1 2 345678 1234567890 12 34 1234567890123456789 1234567890123456789
HAHU HV D DMPNA LSALSDLHAH KL RV DPVNFKLLSHCLLVTLAAH LPAEF TPAVHASLOKFLASVSTVLTSKYR
HBHY HL D NLKGT FATLSELHCD KL HV DPENFRLLGNVLVCVLAHH FGKEF TPPVQAAYQKVVAGVANALAHKYH
MYWHP K K GHHEAE LKPLAQSHAT KH KI PIKYLEFISEAITHVLHSR HPGDF GADAQGAMNKALELFRKDIAAKYKELGYQG

GGICE3 EL P  NIEAD VNTFVASHKP RG  V THOQLNNFRAGFVSYMKAH T DF A GAEAAWGATLOTFFGMIFSKM

SM DDTEKMSMK LRDLSGKHAK SF QV DPQYFKVLAAVIADTVAAG

DAGFEKLMSMICILLRSAY

GGLMS

GPYL2 QLEVTGVVVSDAT LKNLGSVHVS KG  V ADAHFPVVKEAILKTIKEV VGAKW SEELNSAWTIAYDELAIVIKKEMDDAA
GGNW18 HL GDZGKMVAQ MKAVGVRHKG YGNKHI KGQYFEPLGASLLSAMEHR I1GGKM NAAAKDAWAAAYADISGALIS GLas
ASCOOM1
ASCOON2

TY DORETFNAY TRELLDRNAR LN VMM PPEVMTDFUKLFEEYLGKK
SY DOEETFHNY VHELMERMER DG VOL PDQIWTDFUKLFEEFLEKK

s.1 00070 0 1 2
.5.2 00070 0 0 0

700100 00
700100 00

TTL DEPTKQAMME IGREFAKE] ---

SHL CENTKNAWAVIGKEFAYEATRNGKEWHEEKEEMKEEHKEEN
00 00007000 O
00 00507000 7

FiG. 2. Alignment of Ascaris hemoglobin domains with globins of known structure. The penalty scores for domains 1 (p.s. 1) and 2 (p.s.
2) are below the sequence. HAHU, human « chain; HBHU, human 8 chain; MYWHP, sperm whale (Physeter catodon) myoglobin; GGICE3,
insect (Chironomus thummi thummi) globin 111; GGLMS, lamprey (Petromyzon marinus) globin V; GPYL2, (Lupinus luteus) leghemoglobin
I1; GGNWI1B, bloodworm (Glycera dibranchiata) globin major monomeric chain; ASCDOM]1 and -2, domains 1 and 2 of common roundworm
(A. suum) hemoglobin. The letters above the sequences indicate the helix notation.

residues that normally occupy positions E3, E13, and E17 are
substituted by two phenylalanine residues and a leucine
residue, indicating that helix E makes contact with a neigh-
boring domain in the same polypeptide chain or with another
subunit. The position of the usual distal histidine E7 is
occupied by glutamine and that of the distal valine E11 by an
isoleucine. These substitutions are rare in vertebrates (E7 is
glutamine only in elephant myoglobin and in the a chain of
opossum; E11 isoleucine occurs only in the a chain of
opossum and in lamprey), but are more common in inverte-
brates. The internal cysteine residues E15 and E19 are too far
apart to form a disulfide bridge. Tryptophan residues occupy
positions G5 and G9 where they have not been found before.
Normally G9 faces outward, which makes it likely that the
indole ring of this tryptophan forms a domain or a subunit
contact. If it were internal, space could be provided by its
nearest neighbor, glycine H12, instead of the usual leucine,
valine, phenylalanine, or tyrosine H12.

Most heme contacts are conserved, but some are unusual.
At CD4 and F7 arginine residues in Ascaris replace phenyl-
alanine residues in human hemoglobin. In both positions the
phenyl ring is in a surface crevice, and the arginine side
chains could arrange themselves with their guanidinium
groups reaching into the solvent. The replacements of leucine
FG3 in humans by glycine in Ascaris and of valine FGS in
humans by methionine or leucine in Ascaris may give the
heme a tilt in a direction that, in human hemoglobin, has been
observed to raise the oxygen affinity. Arginine CD4 could
form a salt bridge with one heme propionate, and arginine
E10 with the other propionate. The H helix of domain 1 is
connected to the N terminus of domain 2. Due to the unusual
A helix, it is hard to judge whether there is no linker sequence
or whether the end of the H helix (from isoleucine H19) and
a part of the A helix form the linker, but this does not
resemble any of the linker sequences collated by Argos (32).

The C-terminal 18 residues have a regular repeat of
++——. When this is plotted on a helical wheel, all the
positively charged side chains come to lie on one face of the
a-helix and the negatively charged ones lie on its opposite
face, which would maximize electrostatic repulsion. On the
other hand, if the sequence is plotted on a B strand, as in Fig.
3, then the charges on each side are positive and negative in
turn, giving it maximal stability. Moreover, one side is lined
by alternate glutamate and histidine residues and the other by
alternate glutamate and lysine residues. To our knowledge,

no such sequence has been reported. Its possible function is
suggested by the quaternary structure of Ascaris hemoglobin.
Darawshe and Daniel’s (33, 34) electron micrographs indicate
that the eight subunits of Ascaris hemoglobin, are arranged in
two parallel layers; in each layer, four subunits lie at the
corners of a square, consistent with the point group symme-
try 42 (D4). They considered the two extreme arrangements
with the squares in register (‘‘eclipsed’’) or out of register
(“‘staggered’’) and concluded that their micrographs were
more consistent with the eclipsed arrangement. Our electron
micrographs of Ascaris hemoglobin negatively stained with
uranyl acetate, both pure and cross-linked with glutaralde-
hyde, are not consistent with an eclipsed model that would,
at low resolution, have a center of symmetry and could not
yield the frequent kidney-shaped and arrowhead-shaped im-
ages marked a and c, respectively, in Fig. 4. They are
consistent with the staggered arrangement, with the two
squares of subunits turned relative to each other by about
40°C as in Fig. 5, in views corresponding to the images a and
¢ and to the image b, which is a view along the fourfold axis.
Low-angle x-ray scattering of a concentrated solution of
Ascaris hemoglobin yielded a radius of gyration of 54.4 +
0.10 A and a maximum dimension of 170 = 10 A (1. Pilz, E.
Schwarz, 1.D.B., and L.M., unpublished data). The average
maximum dimensions measured on the electron micrographs
are the same, with a scatter of about 15 A.

The C-terminal sequence of Ascaris hemoglobin suggests
that it acts as a cement between the eight subunits. It is
suggestive that lysine and histidine residues are not mixed;
since their side chains have different lengths, they would be
misfits when juxtaposed. The eight B8 strands could be linked
in a circle at the center of the octamer in one of two
alternative antiparallel arrangements. In one of them, each 8
strand would be linked to its neighbor on one side by
hydrogen bonds between the side chains of glutamate and
histidine residues and to its neighbor on the other side by
hydrogen bonds between glutamate and lysine residues (Fig.
3). The CO and NH groups of the main chains would remain
free to form hydrogen bonds with water. Alternatively, these
CO and NH groups would be hydrogen-bonded to each other
in a B barrel as in Fig. 6 (22). Lysine side chains are on the
outside (not shown) and histidine side chains, being shorter,
are inside. Both are compensated by glutamate residues. The
histidine and glutamate side chains could be fitted into the
barrel in several ways without overcrowding. The tilt of the
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FiG. 3. (Upper) C-terminal sequence of Ascaris hemoglobin
arranged on B strands. Note the alternation of cationic and anionic
side chains on each side of the B strands, which suggests a zipper.
(Lower) The sheet is rolled into a cylinder, with (a), (b), etc. at the
top joined to (a), (b), etc. at the bottom.
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Fic. 4. Electron micrograph of Ascaris hemoglobin negatively
stained with uranyl acetate. a, b, and ¢ indicate kidney-, heart-, and
arrowhead-shaped images, respectively.

chains was chosen to give good hydrogen bonding between
neighboring B strands. Of the two alternative arrangements,
the B barrel is the one likely to have the lower free energy.
By analogy with the leucine zipper sequence that contains a
leucine at every seventh residue along an a-helix, we propose
to call the -Glu-Glu-His-Lys- repeat a polar zipper sequence.

The B-barrel model is consistent with the pH dependence
of the sedimentation coefficient (23). This has a constant
value of 11.7 S between pH 3.9 and about pH 8. Between pH
8and9, s drops to 11.2 S. Below pH 3.9 and above pH 11.5,
the molecule dissociates into components of 4.6 S, corre-
sponding to dimers, and 2.7 S, corresponding to monomers.
The carboxylate of the glutamate side chain normally has a
pKa of 4.5, which would be lowered when it forms a salt
bridge with a base. Dissociation due to discharge of the
glutamate residues below pH 3.9 would therefore be consis-
tent with our model. Free histidine and lysine side chains
have pK, values of 6.4 and 10.4, respectively, which would
be raised by their being salt bridged to bases. A change of
conformation at about pH 8 and dissociation into subunits
above pH 11.5 is consistent with these pK, values.

The very high oxygen affinity of Ascaris hemoglobin
cannot be due to the replacement of the distal histidine by
glutamine or of the distal valine by isoleucine, because in
myoglobin this replacement lowered the oxygen affinity by a
factor of 7 (35), and replacement of the distal valine by
isoleucine in sperm whale myoglobin lowered the oxygen
affinity more than 5-fold (36).

7 b c

FiG. 5. Model of eight subunits as a polygon with D4, or 42,
symmetry, viewed from three different angles, a, b, and c, on the
electron micrograph.
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The tilt of the heme imposed by the replacement of valine
FGS by methionine or leucine, and of leucine FG3 by glycine,
may raise the oxygen affinity, but not 100-fold. The mystery
of Ascaris hemoglobin therefore remains unresolved. For its
explanation, a crystal structure will be essential.
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