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Summary: The complete primary structure of’
the two hemoglobin components of the Great
Indian Rhinoceros ( Rhinoceros unicornis) is
presented. The ratio for the two components
Biay Bh): Aey BY) is 6:4. Polypeptide subunits
were separated by chromatography on CM-cel-
lulose in a buffer containing 8M urea. The
sequence was studied by degradation of the
tryptic and hydrolytic cleavage products in a
liquid phase sequencer.

At position BNA2 component B has Aup, where-
as component A has Glu, an ATP-binding site

in [ish and reptilian hemoglobins. The other
phosphate binding sites i.c. BNA 1 Val, BEF6

Lys and BH21 His are identical with 2.3-bisphos-
phoglycerate4 DPG)binding sites in mammalian
hemoglobins, whereby rhinoceros hemoglobin
resembles both ATP-sensitive poikilotherm
hemoglobin and DPG-sensitive mammalian
hemoglobin. The two components (8! /8'"") addi-
tionally differ by exchange of Glu — Gly at posi-
tion A3 and Gln — Lys at position BGH3. The
significance of these changes is discussed. Oxy-
genation properties of the two hemoglobins
components and their dependence on ATP and
DPG are given. The structure and function of
Rhinoceros hemoglobin may give an insight into
the evolution of the organic phosphate binding
in vertebrate hemoglobins.

Die molekularen Grundlagen fiir die ATP- und 2. 3-Bisphosphoglycerat-Kontrolle
(poikilotherm-homdéotherm) der Sauerstoffaffinitit des Himoglobins vom Panzernashorn

(Rhinoceros unicomis. Perissoductyla)

Zusammenfassung: Die vollstiindige Primiirstruk-
tur der beiden Himoglobine des Panzerashorns
{Rhinoceros unicornis) wird angegeben. Die bei-
den Komponenten B (ay 83): A (ay ) stehen in
cinem Verhiiltnis von 6:4. Die Peptidketten wur-
den iiber CM-Zellulose in einem Puffer mit 8M
Hamstolf getrennt. Die Sequenzen wurden
durch Abbau der tryptischen und hydrolytischen
Spaltprodukte im Fliissigphasen-Sequenator be-
stimmt.

In Position NA2 wird bei der Komponente B
Asp. bei der Komponente A Glu gefunden, bei-

des ATP-Bindungsstellen, wie sie bei Fischen,
Amphibien und Reptilien gefunden werden: Die
anderen Bindungsstellen fiir Poly phosphate sind
BNA1 Val, BEF6 Lys und fH21 His. also 2,3-
BisphosphoglyceratDPG)-Bindungsstellen der
Siiuger. Die Rhinozeros-Himoglobine zeigen bei-
des, ATP-Sensitivitiit der Himoglobine poikilo-
thermer Tiere, aber auch DPG-Sensitivitit der
Himoglobine der homéothermen Siuger. Die
beiden Komponenten (8'/6") unterscheiden sich
zusitzlich durch Austausch von Glu — Gly in
Position BA3 und Gln — Lys in Position SGH3.

Abbreviations:

Quadrol = N AN NV -tetrukist 2-hydroxypropytlethylenediamine: Reagent 1 = 44(isothiocyanato) benzene Sulf?“i‘-‘ N
acid, sodium salt; Reagent IV = 7<isothiocyanato) nzphthalene-1,3 S-trisulfonic acid; trisodium salt; Hepes = 2 {442
hydroayethyD 1-piperazino -ethane sulfonic acid, sodium salt; Hp = hydrolytic peptide; DPG = 2 3-bisphospho-
glycerate; IPP = inovitol pentakisphosphate; Tos-Phe-CH;Cl = N-tosyl-L phenylalanyl-chloromethane.

* 103rd Communication on hemoglobiny; for the 102nd communication see ref.']
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Die Bedeutung dieser Unterschiede wird disku-
tiert und die physiologischen Daten und Eigen-
schaftzr der beiden Himoglobine in ihrer Ab-
hiingigkeit von ATP und DPG wiedergegeben.
Struktur und L'unktion Jder Rhinozeros-Himo-

globine kdnnten Einblick in die Evolution der
Bindung und Wechselwirkungen der organischen
Polyphosphate bei Wirbeltier-Himoglobinen
geben.

Kev words: Homeotherms, poly phephate control, Rhimoceros hemeglobin

Hemoglobin is the oxygen carrier in the blood of
all vertebrates except for a few antarctic. deep-
sea fishes. [ts oxygen-binding elficiency is re-
wulated by allostenic cofuctors ke GTP (mainly
tound in fish), ATP (mainly found in fish,
amphibiuns and reptiles). IPP (mainly in birds)
and DPG (mainly in mammals). Studies on the
primary structure of hemoglobin and its inter-
action with these anionic organic effectors have
led to the identification of positively charged
key amino-acid residues involved in the regula-
tion. Thus, while DPG as well as A1P/GTP bind
at position 81 Val and 882 Lys. DPG binds to
B2 His and 143 His of mammalian hemoglobin
mclecules, whereas the nucleoside triphosphates
specifically interact with B2 Glu/Asp and 143

Arg of fish hemoglobin!™-1,

Some members of the mammalian order Pers-
sodactyla (familics Rhinocerotidae and Tapiri-
dae) are unique in having glutamic acid in posi-
tion f2. one of the binding sites for AIP/G1P.
We have extended our studies on the Rhinoc-
erotidac and report the pnmury structures of the
two hemoglobin components (tom Ritinoceros
wiicornis. which show aspartic or glutamic acid.
respectively. at position 2 and present oxy-
genation properties and the sensitivities to DPG
and ATP for the two hemoglobin components.
The ditferent allosteric control mechanisms in
homeotherms and poikilotherms are examincd
on the basis of the new sequence data.

Material and Method

Preparctiom of besolyvscete and clectrephoresis
Hemolysate was preparcd as described earlierl1 1he
number of nemoglobin components was determined by
polyscrylamide gel clectrophoresis)®F usimg 7.5¢ gels
und Tris-glycine buffer. pH 8 5 (Fig. tu). The number
of polypeptide subunits was detenmined in the presence
of Ky wres and Triton X-100 according to Alter ot at 104
g Th),

Scparauan of hemoglobin compuments

Whole hemolysate was wubjected to son exchange chiro-
matography i a colunim (1.6 < 15 cm) of DEAE-

Sephacel (Phatmacia, preswollen), vquilibrated with
30mM T HCE buffer pH 8.5 Elution was carried out
with a gradient of 0.02-0.2M NuCl Flow rate was main-
tained at 21 mlfh and fractions of § ml cach were col-
lected. The shsorbance was monitored at 415 and

180 nm.

Separation of globin chains

A globin sumple reduced with dithiothreitol for 3 h
under mtrogen was applicd to a 1.6 < [S-vm column
of carboxymethyl celtutose! 7 (Whatmun CM-80)
cquihibrated with M urca contuning, 0.2°7 mercapto
ethunol and 2SmM sodium acetate pH 5.7, A subt pradi-
entaf 0.02 0.08M NaCl was employed for eluting the
polypeptides. Purity of the subnmits was examinzd by
polyacrvlumide gel electrophoreas in the presence of
urea znd Triton X-100tFig. 1h)

Euzynatic cleavage

Nutive or oxidized polypeptide chaes wiere digesed

with TPCK treated trypsml8leworttungtony at pit 10.7

and 9.5 for Y hoand an enzyme to substrate ratio of

3100, The hydrolysate was then titrated to pH 13,
atrife d and subpected 1o gef Dltoation,

Frecnomation of poptedes

Fhe enzyiatic hydrotysate was prefractionzted on
Sephudex G-25 fine (2.6 + 140 cind equilibrated and
cluted with O 1M geetic veid at a o rate of 21 midh,
Frdividual peaks were then rechrematogrephed by high-
peiformance Ispuid chromatography on Lichroworb RP-2
usIng onamoenium acetate acetomtrde s)‘slc:;ll"l.

Chersical clegvage

Hydrolytic cleavage of the Asp-tio tond!10} was per-
formed to obtain the C-terminyl purt of the polypep-
tde. The sample was dissolved 1n 63 guanidininm hy-
drochlende/ 707 fornic scid and mamtained at 42 C
for 33 h. [ he hydrolysis products were chromato-
graphed oo Sephadex G-30 fine (2.6 « 160 cm) with
AM urea i 10 formae sad, The C-terminal peptide
was desalted over Sephuadex G-25 in I acetic acid.

Antino acid analysis

Peptides were hydrolysed in con-tant boiling HO1(S 7M)
at 110 °C tor 20 b Cysteine and methionme were esti-
mated after performie acid oxidation, [ryptophan was
estimated alter hydrolysis in the presence of 670 thio-
glycolhe acud. The analyses were peitormed on i Bio-
tronic anto malyser LC 5000,
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Sequence analvsis

Sequence studies were carried out by automatic degrada-
tonlt of tryptic and hydrolytic eleavage products in
the liquid phase sequencers 3908 & 890C (Beckman In-
trumeits ) Intact polypeptide or small lysine peptides
were sequenced with Quadrol (0.25 and 1.0M) after :
coupling with reagent 1020 reagent VIS whereas

A deethylamino pmpync“"' was employed in the case

of arginine peptides and the C-terminal prolyl-peptide.
Conversion of the thiwzulinone to phenylthiohydantoin
was peeformed with M trifluoroucetic acid st 80 °C.
Hdentification of the phenylthiohydantoin derivatives

of amino ucids was followed either on thin-layer pre-
coated silica gel plates (E. Merck)1'$) or by high-per-
teomance liquid chrmuulogxuphy“"l

Oxygen cquilthrivem measurenients

Solutions of the two mujor compozents showing same
oxidation were reduced by addition of u trace of so-
dium dithionite. saturation with carbon monoxide and
dialysis against several changes of CO-saturated, 0.03%
Tris buffer containing 3 x 10 ¥\ FDTA. The hemo-
plobin wolutions were concentrated by pressure dislysis
through i molecular sieve membrane with cut-off at

1O KDa thucleopore Corp., Plessanton, Californii)

Oxygen cquilibris were determined usmg 4 modified
oxygen diffusion chamber technique, in which oxygen
tensions in the gas mixtures pasing through the chaiaber
were increased stepwise using Wosthotf gas mixing
rumps 1D-1630 Bochum) to mix wir and pure aitrogen
1999981171 [he equilibrit were determined at 37 and

25°C a1 different pH values (abtiined by buffering
10 0.1M with Na Hepes. in the presence of 0. 1M KCJ
and in the absenve or presence of DPG, ATP and GTP.
The concentrations of these =anic phosphates in the
sock solution used were assayed enzymatically using
Bochringer test chemicals

Results

Polyacrylamide gel electrophoresis of the hemo-
lysate showed the presence of two components.,
A and B. occuring in a ratio of 4:6. Electro-
phoresis of the hemolysate under dissociating
conditions revealed three polyp. ptide subunits
(Fig. 1.

DEAE-Sephiacel chromatography of the hemo-
lysate resulted in the isolation of the two com-
ponents in pure form (Fig. ). Scparation of the
crude globin on CM—cellulose in the presence ot
8M urea revealed four well-defined peaks

(Fig. 3a). whereas only three peaks were identi-
lied on high-performance liquid chromatography
of the hemolysate with Nucleosil C-4 using 0.1
trifluoroacetic acid and acetonitrile gradients
(Fig. 3k). All four peaks from ¢ M-cellulose chro-
matography were therefore analysed. Tryptic
peplides were prelractionated on Sephadex G-23
and then chromatographed on Lichrosorb RP-2

Iig. 1. Flectrophorene pattern of
Rhinoceros unicornis hemohyate

In the middle Line the crude
hemolysate was used. A = Com-
ponent A: B = component B.
Compunents A and B have been
separated by DEAE-Sephucel
chromatography. a) Non-dis-
sociating condition, with Tny
glycine buffer pt 8.5 by Under
dissociating conditions, in the
preseace of 88 urea and Tniten
X-100.
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position of the remaining amino acids. Their
amino-acid compositions are presented in

Tables 2—4 (see supplementary material). Over-
B lapping scquence was provided by the hydrolytic
C-terminal prolyl-peptide. The complete amino-
acid sequence of the a- and f-chains is presented
in Fig. 5. Alignment of the sequence with human
hemoglobin leads to 18 exchanges in the case of
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Fraction no,

A230

Fig. 2. Separation profile of the whole hemalysate on
4 DEAE-Scphacel calumn ¢ 1.6 » 15 ¢m) with SOmM
TusfHOT butfer, pH 8.5, and a gradient of 0.02-0.2M
NuClL

L
120
with 50mM ammonium acctate and 0-40% Fract, no.
acetonitrile gradients (Fig. 4). Fig. 4. Prefractionation of the tryptic peptides fiom

a-globin chain (peak a'l of Fig. 3a) on a Sephadex G-2§

Sequence studies on the intact polypeptides re- |
column (e, 2.6 x 140 cm). cluted with acetic wcid.

sulted in the identification of the first 42 N-

terminal residues. Tryptic peptides revealed the Flow rate, 20 mifh.

al bl

heme

p

Agna
Azac

" " n 1 I L 1

Volume 4] 10 20 30 40
Tieme [nun]
Fig. 3. Separation of Gie hemoglobin chains from a crude Rbinoceros unicornis hemolysate.
a) Profile on 1 CM-cellulose column (1,6 x 1S ¢m) eluted with 8M urca containing 25mM sodium acetate/0.2%

mercaptoethunol using a gradient of 0.02--0.08M NaCl. b) High-petformance liquid chromatography of 4 hemolysate
on Nucleosil C-4 with 0.1 7 rifluoroacetic acid and 37-60%% acetontrile gradient.
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Hu o Ala 10 Ala

Gly-Lys 2 30

Rua  Valo  -Leu-Ser-Pro-Thr-Asp-Lys«Thr-Asn-Yal-Lys-Thr-Ala-Trp-Ser-His-Val-Gly-Ala-His-A1a-Gly-Glu-Tyr-Gly-Als-Glu-Als-teu-Glu-

Ru ls‘ Vol-Asp-Leu-Thr-Ala-Glu-Glu-Lys-Ala-Ala-Yal-Leu-Ala-Leu-Trp-Gly-Lys-vala

~Asn-GlueA1p-Glu-Yal-Gly.Gly-Glu-Ala-Leu-Gly-

Hu B His Pro Ser 10 thr . val
L) A L]

4 <] 3
woa 40 50
Ru o -Arg-Met-Phe-Leu-Ser-Phe-Pro-Thr-Thr-Lys-Thr-Tyr-Phe-Pro-His-Phe-  -Aip-Leu-Ser-41s- - - = o -Gly-Ser-Als-Gln-
Ru B -Arg-Leu-Leu-Yal-Yal-Tyr-Pro-Trp-Thr-Gin-Arg-Phe-Phe-Asp-Ser-Phe-Gly-Asp-Leu-Ser-Thr-Pro-Ala-Ala-Yal-Leu-Gly-Asn-Ala-Lys-
Hu 0 30 40 6lu 0 Asp Met Pro

c (9] o E

EF F

Ho Gly & Ala Asn 0 Ala Yal 13 Asn 80

Ru e -Val-lys-Ale-Ki3-Gly-Lys-Lys-Yal-Gly-Asp-Ala-Leu-Thr-GIn-Ala-Yal-Gly-His-Leu-Asp-Asp-Leu-Pra-Gly-Ala-Leu-Ser-Al s-Lew-Ser-Asp-
Ru B -Yal-Lys-Ala-His-Gly-Lys-lys-Val-Lleu-His-Ser-Phe-Gly-Asp-Gly-Yal-His-Asn-Leu-Asp-Asn-Leu-Lys-Gly-Thr-Tyr-Als-Ala-Leu-Ser-6lu-

Hu B & Gly-Ala Ser teu-Al2-His 80 Phe thr 90
€F F
G 5 GH
Hu @ His %0 100 110 Ala Leg Ala

Ku @ -Leu-HIs ALA-Tyr-Lys-Leg-Arg-Yal-Asp-Pro-Val-Asn-Phe-Lys- Leu-Leu-Ser-His-Cys-Leu-Leu-Val-Thr-Leu-Ala-Led-His-Asn-Pro-Glne
R 8 -Leo-His-Cys-Asp-Lys-L20-Kis-Yal-Asp-Pro-Glu-Asn-Phe-Arg-Leu-Leu-Gly-Asn-Yal-Leu-Val-¥al-Val-Lea-Ala-Gin-Hls-Phe-Gly-Gline

Hu ) 100

"o cys His Lys

Fa 4

Hu s Glu 120

Ala-Ser 1o

Ry o ~Asp-Phe-T1hr-Pro-Ala-¥sl-His-Ala-Ser-Leu-Asp-Lys-Phe-teu-Ser-Asn-Val-Ser-Thr-val-Leu-Thr-Ser-Lys-Tyr-Arg
Ry B -Glu-Phe-1nr-Pro-Glu-Leu-Gla-Ala-Aa-Tyr-Gln-Lys-Yal-Yal-Ala-Gly-Val-Ala-Acn-Als-leg-Ala-His-Lys-Tyr-His

hu 68 Pro-val 130

140

R

M

Fig. 5. Amino-acid sequence of Rhinoceros unicornis hemoglobin.

The sequences of the a- and f-chains are written in full (Ru &, Ru B1). Exchanges as compared to adult human a- and
A chuins are (Hu a, Hu B) indicated, A, B, C cte. (bars) and AB, CD, GH show the helical und interhelical regions,
respectively. The B <chain differs from the fl-chain at B2 Asp/Glu, f6 Glu/Gly und $119 BGH3 Glu/Lys.

a- and 22 exchanges each for the §' and "' sub-
units requiring a minimum of 21 nucleotide
substitutions (3 of which arise from two-point
mutations) for the a~chain and 27 nucleotide
substitutions for g' and ' (5 of these as a re-
sult of two point mutations). These substitu-
tions alter the a, B, subunit cooperativity at 4
points, i.e. at 55 Met = Leu, $112 Cys — Val,

8116 His - Gln, 3125 Pro — Glu, &, 8, contact
at 43 Glu > Asp, and haem contacts at §70
Ala — Ser and 85 Phe = Tyr. In addition to
this important DPG binding site § NA2 His has
been mutated to Asp or Glu, respectively. With-
in the two f~chains three differences were lo-
cated at fNA2 Asp/Glu, A3 Glu/Gly and
BGH3 Gin/Lys.
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Figs. 6 and 7 show the effect of DGP, ATP and
GTP on the hemoglobin oxygenation proper-
ties of the isolated Rhinoceros hemoglobin com-
ponents, At pH 7.4 and 37 °C components A
and B display similar Pg, values (13.8 and 12.0
mmHg) and the Bohr factors (= g Pgo/pH =

- 0.60 and - 0.58, respectively). At 25 °C

the Py, values for HbA and HbB were 6.3 and
6.0. whereas were - 0.72 and — 0.67 respec-
tively. These data retlect values for the overall
heats of oxygenation of approximately — 46
and - 42 kJ/mol O, about — 11 and — 10
keal/mol) for components A and B, respec-
tively. The inverse relationship between ¢ and
temperature accords with findings for human
hemoglobin' ™! and shows a qualitatively similar
relationship between temperature and the pK
values for ionization in the Rhinoceros hemo-
globin. At pH 7.0 to 7.5 which may be expected

T T br LI B B 50
" Rhinocergs )
s @ unicornis i
L ~120
HIV N ond 10
s b R
& .
| s
05|
Hb A -
I~ O stripped, 25°C
L & |2
] + ATP '
- ¢ + GTP - 37°C
. A + DPG
0 ! | ] 1 Il L ! TS Il 1
- -1
o ® o |
) e A -2
1 4,
T IR VU S S S R W YO
70 75
oH

to encompass physiological conditions, the co-
operativity coefficient, n was about 2.0.

Both hemoglobins showed only slight sensitivity
to organic phosphates at physiological pH con-
ditions. Accordingly. DPG, ATP and GTP in-
creased the Ig Pgq of stripped Hb A by only
0.05 (Fig. 6). Component B, however, exhibited
slightly greater sensitivities to DPG (Alg 5o
approximately 0.06 and 0.13 for ATP and DPG
respectively (Fig. 7).

Discussion

Rhinoccrotidac together with Tapiridae (tapirs)
and Equidac (horses) constitute the order Peris-
sodactyla, which was one of the richest orders in
the tertiary period some 65 million years ago.

=

X

£

s

in

o
Fig. 0. Oxygen tensions and cooperativity coef-
ficients at half saturation (Pgg and ngq) and their
pH dependence of Rhinoceros unicornis hemo-

o . . .

2 clobin A measured in the presence of 0.1M KCl

and 0.1M NaHepes buffers. ©, stripped Hb at

25 °(';~”~, stripped Hb at 37 °('; 8 ATP/tetrameric
b molur ratio ~ 97,4 GTP/Hb ~ 65,4, DPG/
Hb ~ 90. Tetrameric Hb concentration, 0.07mMm,
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Rhinocergs unicornis
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Fig. 7. Pgg and ngy values of Rhinoceros unicornis Hb B.

pH

Detadls oy in legend to Fig, 6. Tetraieric Hb concentration = 0.08mM. ATP/Hb ~ 80, GTP/Hb ~ 55, DPG/Hb ~ 80.

Today the order is restricted to six species of
horses. four species of tapirs and five species of
rhinoccros. Studies on the order Perissodactyla
have been of particular interest owing to th:
fact that their fossil record is well documented
and have contributed much to present-day
understanding of mammalian evolution.

Studies on the various members of this order
aimed at unravelling the primary structure of
hemoglobins undertaken by Braunitzer and
colleagues! ' 2! show the presence of glutamine
at BNA2 in the case of equidae and glutamic acid
in the case of Tapiridae and Rhinocerotidae,
Since interaction of fNA2 His with DPG in
mammals is well documented, these results
evoked much interest as to whether these se-
quences reflect an intermediate mechanism that
might have occured during the course of evo-
lution. ATP is the most effective organic modu-
lator of oxygen affinity in fishes, amphibians
and reptiles, and a stereochemical model for its
interaction has been proposed by Perutz and
Brunoril??! Table | shows the various sites of
its interaction. The hemoglobin of the Great
Indian Rhinoceros evidences an intermediate
control.

With regard to oxygen binding the two hemo-
globin components exhibit similar characters.
The half-saturation oxygen tensions for HbA
and HbB (17.8 and 15.8 mmHeg, respectively at
pil 7.2) correspond accurately with that (17.1
mmHg) given at this pH for the whole hemo-
lysate from the White-Mouthed Rhinoceros
(Ceratotherium sinwm) by Baumann and co-
workers!?’! despite the fact that their measure-
ments were carricd out at about 8 times greater
hemoglobin conc+ “trations. This indicates that
moiecular dissociation did not influence the
oxygen affinities recorded here. In contrast to
the findings that ATP and DPG had the same
effect on the Pgy at 20-fold molar excess over
hemoglobin tetramers in Ceratotherium, our
data show a greater DPG than ATP effect in
the most abundant Rhinoceros component
(HIbB) at saturating cofactor concentrations
(cf. Fig. 7).

Although the two components are structurally
different with §' NA2 Asp, A3 Glu, GH3 GIn
compared to 8" NA2 Giu, A3 Gly, GHi3 Lysa
“division of labour” such as that observed in
some teleost hamolysates, where the cationic
component exhibits higher affinities, smaller
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Table 1.
3} Heterotropic contral of oxygen affinity in vertebrates: The binding sites in f-chuins.
Regulator NAL NA2 EF6 HI3 H17 H21 H22
4l a2 W82 8138 6139 p143 8144
DPG Val tis Lys - - His
ATPGTP Va! Glu Lys ~ - Arg -
PP Val His Lys Arg His Arg -
H(‘O; Ac-Ala - Lys - - - Glu
b) ATP/DPG switch-over mechanism (poikilotherm/homeotherm).
Sequence a 82 #82 3143 Affinity
Helx NAI NA2 FF6 H21
Poikilotherm Val His Lys Arg ATP
intermediate Vel Glu Lys His Rhinoceras ATP < DPG
Hb A
N . Rhinoceros .
Intermediate Val Asp Lys His Hh B ATP < DIV
Homeotherm Val His Lys His DPG

Bohr factors and different tempevature effects
compared to the anionic component is not
seen. The sensitivities of the Rhinoceros hemo-
globins to phosphates are low, with the values

of Alg P, (the difference between values in the
absence and presence of the phosphates) equall-
ing 0.05-0.13, compared to the values of about

0.4 -0.6 found for fish hemoglobins with ATP
and mammalian hemoglobins with DPGI#2¢1,

This indicates that the substitution of BNA2 His

in human hemoglobin A for SNA2 Asp or Glu
in rhinoceros drastically reduces DPG binding,
while nucleoside triphosphate binding is also
hindered by the persistence of the other DPG
sites.

The temperature effect (as expressed in terms

of the overall heat of oxygenation, AH) is simi-

lar to that recorded in other mammals, despite

the higher variable body temperature (between

30 and 42 °C. P.G. Wright, personal communi-
cation) in the Rhinoceros, particularly in its
extremities,

Given the monophyletic origin of mammals,
the occurence in Rhinoceros hemoglobins of

amino-acid residues that are involved in nucleo-

side-triphosphate binding in homeotherm
vertebrates, cannot be considered an evolutio-
nary relict, whersby it must reflect a reversal

siens, £, Mueller, 8. Schrank, R. Gautsch and C. Krom-
bach AMaxtinsried) and A. Bech (Odens?) for skillful
techmical assistance.

Lierature

1

of evolution in terms of oxygen affinity control. 13

The question of the adaptive significance of

such secondary development in Rhinocerotidae

and Tapiridae remains speculative,

We thank Prof. Dr. E. Mayr, Agassiz Museum, Harvard

University, Cambridge, MA, U.S.A. for valusble discus-
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Supplementary Material
Tablzs 2, Amino . acid composf{tion cf peptis2s from a-globin  chaln,
Peptide T-1 T1-2 T-3/4 T-5 1-6 1.7 T1-8 T-9 T-10 (el T-12 1-13 T-14 Globin
pos. =7 811 12-n R-40 41-56 57-60 61 62-%0 91-92  93-99 100-127 128-139  140-141
Asp 1.05 0.95 - - 1.03 - - 43 (4 - 2.8 3.1 (3) 101 - 13.46 (13)
Thr 0.95 0.95 1.03(1) 1.95 1.05 - - 1.0 (1) - - 1.85(2) 1.9 - 10.89 (31}
Ser 0.9 - 1.02(1) 0.9 1.87 - - 1.%0(2) - - 1.84(2) 2.89 - 1.32 (12}
Glu - - 2.88(3) - 0.97 - - 1,06(1) - - 1.06(1) - - 6.5 (6)
Pro 0.9 - - 0.9  0.93 - - 1.04(1) - 0.95  1.95(2) - - 2 n
Gly - - 2.95(3) - 1.05 .08 - 3.4 (3) - - - - - B.36 (B}
Ala - - 4.85(5) - 1.02 .03 - SO5{(S) - - 3.1 (3) . - 15.¢6 (15)
Cys® - - - - - - - - - - 0.94(1) - - 0.81 (1)
Yal 0.84 0.9 1.01(1) - 0.93 - - 2,1 (2) - 2.05 1.93(2) 1.92 - 12.40 (12)
Mete - - - 0.92 - - - - - - - . - 0.78 (1)
ley .98 - a1y 1.2 - - 6.2 (6) 1.1 - 12N 2.2 - 19.86 (20)
Tyr. - - 0.91(1) - 0.83 - - 1.02(8) - - - - 0.83 4.05 (4)
Phe - - - 1.9 2.0 - - - - Lo 0.89(1)  0.97 - 6.91 (1)
His - - 1.87(2) - 1.80 094 - 2,1(2) - - 2.67(3) - - 9.98 (10)
Trp - - o) - - - - . . - - - . 0.58 (1
lys 1.04 1.y - 0.58 0.99 1.0 1.0 .0 (1) - 1.0t 1.04(1) 0.98 - 9.82 (10)
Arg - - 1.02(0) - . - - - 1.0 - - - .0 2,78 (3)
Sumt 7 4 20 ? 1% 4 1 -] 2 7 2 2 2 pL1

© Octersined sfter performic acid oxidstion
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Table ). Asino .acid composition of peptides from bl-qlwln chaln.

Peptide fTa1 72 T3 T4 15 T-6 I-7 T8 1.9 710 T-11 T-14 115 W Globin
pos. 1.8 9-17 18.30 31-40 €1-59 60-61 62-65 66  67-82 83-95 96-104 133-144 145-146

Asp 0.97 - 1.97 - 3.05 - - - 3.8 0.98 2,09 11 - ERL] 15.5 (15)
thr 0.% - - 1.05  0.91 . - - - 0.89 - - - 8] 5.25 (5)
Ser . - - - 1,87 - - - 0.88 0.99 - - - - 4.2 (4)
6lu .93 - 2.85 1.1 . - - - - 0.97  1.02 - - 6.3(7) 14,09 (1)
Pro - . - 10w - - - - - 1.05 - - 1.97 41 (4
ely - 1.09 2.9 - 2.1 - 0.98 - 2.2 1.0 - 1,04 - 3.08 13,06 (13)
Ala 0.89 2.87 1.0¢ - 291 - 0.97 - - 1.98 - 3.94 - 6.38 18.08 (18)
Cys® - - - - - - - - - 0.97 - - - - 0.92 (1)
val 1.0 L1 193 173 L0 095 - - 1.8 - 1.06 1.97(3) - S.76(77 16.2 (18)
Leu 0.99 2.0 1.3 2.2 1.9 - - - 2.86 1.98 1.2 11 - 6.3 19,72 (20)
Iyr . - - 1.08 - - . - - 1.05 - - 0.8  1.54(2) &1 (4
Phe - - - - a1 - - - 0.9% - 1.03 - - 2.81 7.8 (1)
His - - - - . - 2.9% - 193 1. 1.08 1,02 102 2.76 8.9 (8)
T - ) - m - - - - - - - . - - 1.2¢ (2)
ys 0.98 0.87 - - 1.0 105 11 10 1.1 .02 - 1.0 - 2.1 10.3 (10)
arg - - 095 088 - - - - - - 1.0 - - 1.1 30 (3)
Sum 8 9 13 10 19 2 4 1 % 13 9 12 2 47 146
* Deterwined after perforxic acid oxidation

Table 4. Aming -acid composition of peptides from n”-gxwm chain.

Peptide T Te2 Te3 Ted TS T V-7 T8 19 10 Tenn 13 T-14 Ta5  Hp Globin

pos. 1.8 9-17 18-30 31-40 41-59 60-61 62-65 66 G7-82 83-95 96-104 121-132 133-144 145-146 100-145

Asp - - wer - 30 - - - 3.9 0.88 1.87 - 1.2 - 3.2 1.4 (14)
nr 0. - - 0.82 0.88 - - - - 078 - 0.81 - - 112 5.1 (8)
Ser - - - - w1 - - - 0.%4 093 - - - - . €2 {4
Glu .00 - 287 1 - - - - - 0.90 0.9¢ 3.82 - - 5.79 11,96 (12)
Pro - - - 091 104 - - - - - 0.98 0.93 - - 1.89 5.02 (5)
Gly 0.98 1.06 3.06¢ - 202 - 09 - 2.2 1.04 - - 1.1 - 3.4 148 (1)
Ate 0.96 2.82 0.99 - 304 - 0.9 - - L . 1.85  3.84 - 6.78  12.7v (18)
Cys* - - - - - - - - - 0.9 - - - - - 0.85 {1}
val 1.03 0.78 2.01 1.72 0.87 0.98 - - ue - 0.95 - 2.31(3) - 5.03(7) 16,1 (18)
Leu 1.06 2.1 L) 2.07 2.1 - - - 3.1 2,04 1.08 1.2 1.1 - 6.2 19.4 (20}
Tyr - - - 026 - - - - - e - 1.0 - 0.72  1.35(2) 4.1 (4)
Phe - - - - %0 - - - 09 - 1.07 11 - - 2.89 7.3 (0
His - - - - - - 094 - 188 f.1 1.0 - 1.1 1.0 31 8.38 (8)
Tp - (N - (- . - - - - - - - - - 1,19 {2)
lys 0.9 0.92 - - 104 106 1.1 1.0 1.06 0938 - 1,01 0.97 - 3.2 10.8 (1)
Arg - - 088 078 - - - - - - 0.95 - - - 1.1 2.76 (3)
Sum [ 2 0w 2 e ' % 1 9 12 12 H a7 146

* Determined &fter performic acid oxidetion.
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High-Altitude Respiration of Birds

Bl let ra S

The Primary Structures of the Major and Minor Hemoglobin
Component of Adult Goshawk (A ccipiter gentilis, Accipitrinae)*

Inge 1HiEBL®"*, Josef KOSTERS® 2nd Gerhard BRAUNITZER?

? Max-Planck-Institut fiir Biochemie, Abt. Proteinchemic, Martinsried bei Minchen

b Institut fir CGefligelkrankheiten der Universitit Miinchen

{Recvived 26 January 1987)

Summary: The primary structures of the hemo-
globin components [ib A and Hb D of the adult
Goshawk (Accipiter gentilis) are presented. The
globin chains were separated on CM-Cellulose in
8M urea buffer. Component separation was
achieved by FPLC-chromatography on a TSK
SP-5PW column in phosphate-buffers with a
linear gradient of NaCl. The amino-acid se-
quences were established by automated Edman
degradation of the globin chains and of the
tryptic peptides in liquid-phase and gas-phase

sequenators. The sequences are aligned with
those of Europcan Black Vulture (Acgypius
monachus). Phylogenetic aspects and physiologi-
cal properties for Goshawk hemoglobin are in-
ferred {rom sequence data. A detailed evalua-
tion of the oxygen-binding properties has been
carried out during a prolonged study of the
noteworthy ability of Falconiformes to cope
with extremely low oxygen partial pressures,
and will be the subject of a forthcoming paper.

Zur Hilhenatmung der Vigel: Die Primdrstruk turen der Haupt- und Nebenkomponente
der Himoglobine des adulten Habichis ( Accipiter gentilis, Accipitrinae)

Zusammenfassung: Dic Primirstrukturen der
Himoglobine Hb A und Hb D des adulten
Habichts (Accipiter gentilis) wurden ermittelt.
Die Ketten lieBen sich in 8M Harnstoffpuffer
ber CM-Cellulose trennen. Die Isolierung der
Komponenten geschah mittels FPLC iiber eine
TSK SP-5PW-Siule in Phosphatpuftern. Eluiert
wurde in einem linearen Gradienten aus NaCl.

Die Sequenzen wurden durch automatischen Ed-
man-Anbau der Globinketten und der tryp-

tischen Peptide nach der Film- oder Gasphasen-
Methode ermittelt. Sie werden mit denen des
Monchsgeiers (Acgypius monachus) vergiichen.
Die Globinsequenzen des Habichts werden hin-
sichtlich ihrer phylogenetischen und atmungs-
physiologischen Ligenschaften ausgewertet. Die
Physiologie dieser Himoglobine wird im Rahmen
ciner erweiterten Studie zur ungewodhnlichen
Fahigkeit der Greifvogel, sehr niedrige Sauer-
stoffpartialdriicke zu ertragen, dargestellt wer-
den.

Key words: High-altitude respiration, primary structure, hemoglobin, evolution of Falconiformes, FPLC.

Enzyme:
Trypsin (KC 3.4.21.4).
Abbreviations:

Quadrol, N,N,V’ V'-Tetrakis4 2-hydroxypropyllethylenediamine; reagent 1V, trisodium 74 isothiocyanateinaph-.
thalene-1,3,5-trisulphonate; TosPheCH, Cl, (N-tosyl-L-phenylalanyl)chloromethane; RP-HPLC, reversed-phase high-

performance liguid chre togr
* 1041th €

phy; Hb, h
lobins, for 103rd ¢

tion an h

lobin; FPLC, fast-protein liquid chtomatagraphy.
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