| 11-2 RESPIRATORY PIGMENTS

}’}’t‘: can only account for the distribution of oxygen carriers in the animal kingdgp
if we assume that these compounds have been independently evolved in ma:‘n f
Fos dfffcf‘el1t,. lines, jf()r more than one type of compound has been employed, ang thii
o distribution of thf:sc follows no simple phylogenetic plan. The most widesprea o
- these substances is the group of compounds called haemoglobins; these have ce,.
tainly evolved quite independently in unrelated groups, doubtless as a consequence

of the capacity of living organisms for synthesizing the compounds known as por.

phyrins, which may be regarded theoretically as derivatives of a parent compound

called porphin (Fig. 11-1). This substance, known only from laboratory synthesi,

consists of four pyrrole rings linked by four methane bridges into a cyclic system

which is evidently of great stability, for porphyrins of biological origin occurin

mineral deposits such as coal and oil. They are widely distributed in living organisms,

in bacteria and plants as well as in animals. In fact, the capacity for synthesizing them |

is universal in aerobic organisms, with the exception of certain bacteria, and theyare

probably another example of a molecular pattern that appeared very early in the

history of evolution. e

A particularly important property of porphyrins is their ability to associate vith ‘
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e e cQordinatcd 'compounds known as metallo

petals ﬁ‘; v as the prosthetic groups of proteins that have

_d. ~in the cell. Thus ilf_on porphyrins are the prosthe
functions re found largely in plant tissues, and ajso of the

dase g ues, while chlorophyll is a magnesium-porph
ani® "> e cytochrome§, which we have seen to be essential co

! racellular oxidation mechanisms, are composed of proteins having ironmggnel:xt: of

o= rosthetic groups. Probably the capacity for Synthesising this type :)I;rr):ollgs

their P : :
as th 4 to the evolution of adaptively valuable compounds, with the consequent

Zziillgpment of certain oxygen carriers. |
One of the porphyrins that can be derived from porphin is protoporphyrin. The

jddition to ’this qf one f.errous iror} atom produces ferrous protoporphyrin (haem,
Fig. 11-2), in which the iron atom is Jome.d by four of its coordination bonds to the
four nitrogen atoms (?f the protoporphyrin. One of the remaining six coordination
ponds can then be joined to a molecule of protein called globin. The result is the
formation of the compounds known as haemoglobins, which are the best known of all
of the oxygen carriers. The haemoglobin molecule can carry an oxygen molecule
attached to the remaining coordination bond, with the iron remaining in the ferrous
state (Fig. 11-2); this is of peculiar value in oxygen transport. The oxygen is readily
taken up at the respiratory surface, and is equally readily given up within the tissues
at regions of low oxygen concentration; this latter process, called dissociation,
involves the replacement of a molecule of oxygen by a molecule of water. The two
forms of the compound, oxygenated and deoxygenated, are known respectively as
oxyhaemoglobin and deoxyhaemoglobin. They must be distinguished from the
oxidized form, methaemoglobin; in this the iron is in the ferric form, and the sixth
bond carries a hydroxyl group, with the result that the molecule is no longer available
as an oxygen carrier.
Haemoglobins occur in all vertebrate animals, with some very rare exceptions
(the leptocephalus larva of the eelisone), sothat they can beregarded asabiochemical
characteristic of the.group. In invertebrates the situation is quite otherwise. It has
been known since the early investigations of Ray Lankester in the nineteenth century
that haemoglobin is widely distributed in these animals, but its appearance is
Cu,ri‘?“Sl)’ sporadic, and of no obvious phylogenetic significance. As sugge§tcd above,
gl‘;ss}s' most readily explained as a consequence of t.he widespread Cflpf:lcgchgssey gf
1Zing protoporphyrin. Conceivably haemoglobin .could have arise N
“langes in the cytochromes resulting from mutation. Cytochromes, how e
*Pend for their functioning upon oxidation, with an associated chang; l: o F
wlence state of the iron from the ferrous to the ferricform. Thus, as Munr}(: c(;aance
“Vers remark, it s probably easier to imagine haemoglobins arising frgm e

8880 ¢iat: -
Hociation of protoporphyrin with various globins.
Among the invertebrates haemoglobin 1s pa
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“Porphyrins. These com.
a wide range of catalytic
tic groups of the peroxi-
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yrn complex (Sec. 1-3).
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L in the
Anpejy | | it is typically dissolved 1n 1
bloodh("‘ia and the entomostracan Crustacea, where 1t 1S ty}I)t . g:l rs only rarely in

oth, ﬁ‘?}d,ialthough it may also be present in the tissucs. oviding one example.
: er ‘ar_.thf,opo ds, the blood of the midge larva, Chzro{zomus, P;‘l in the tissues, butit
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he gamma band, although at a s_lightly different position, together
and, lying in the green region. The positions of these bands
with 07 moglobins from different sources, which means, of course, that there
qary in Be different haemoglobins. Indeed, spectroscopic characteristics are not
be m?—g-ences between them. They are distinguishable also by physical proper-
s their isoelectric points and their amino acid composition, and these are
ences in the kinetics and equilibria of their interactions with oxygen.
racteristics arise solely from difl"erem':es in the globin portion of their”
the haem portion being alvfays 1dent1.cal. This can be demonstrated by
age of the capacity of pyridine for displacing the globin and combining.
yith the haem to form a pyn(!lne—haem comglex. Thc. spectroscopic propemes of
is complex are always prec1sel?'v the same, irrespective of the properties of the
Lok Jobin from which it is derived.
h“m:l? haemoglobins consist of unit molecules, each with one haem and its globin,
and having a molecular weight of 17,000-18,000. In gen'era‘ll,. the invertebrate haemo-
globins differ from the vertebrate ones in having less histidine and lysine, and more
arginine and cystine, but they also differ among themselves in the number of units
{hat they contain. These range from two in the larva of Chironomus (m.w. 31,400),
for example, to several hundred in Arenicola (m.w. 3 million). This variability has
doubtless helped to provide for the adaptive molecular evolution of haemoglobins
that are particularly suited for use in different types of environment. There are,
however, other differences to be found in respiratory pigments, showing that sub-
stances that are similar in principle in their oxygen-transporting properties may yet
be very different in their molecular structure.
. One example of these is chlorocruorin, a green respiratory pigment found only
in four families of the Polychaeta: the Ampharetidae, Chlorhaemidae, Sabellidae,
:i:d §ergulidae. It is. closely related chemically to haemoglobin (Fig. 11-2). The pro-
isl: ll;dlffcrcpt, as is to be expected, but the iron porphyrin of its prosthetic group
SUbstit:::d“{,hmh differs only in having one of the two vinyl groups (—CH:CH%)
ity 1 yha formyl (.aldehyde, - CHQ) group. Its molecular weight, however, is
in its ca’;ﬂ 113 » amounting to about 3 x{ullion, and it contains some 190 iron atoms
colouss Wh]i)ch molecule. Chlorf)cmonn is described as dif:hroic, foF it has two
in °°ncemrate:re dependent on its cqncz':ntration, green in dﬂut? solutions and red
for the colour mOHes. Worms with this pigment are not necessarily green, however,
o serpyj; ds, Moa}’ be ma§keq by other pigments, asit is, for example, in the tenfacles
Presence gp abs:e confl.lsmg is the fact that ctosely related species may differ in the
Possesges chlomnce ot:thc pigment, as in the genus Spirorbis. One species, S. borealis,
195, hag g <y Cruorin; another, S. corrugatus, has haemoglobin; a third, S. mili-
thye € close S:;altory pigment at all.
i o chj x'-ocruo,-inl : ntly of chlorocruorin to haemoglobin makes it likely enough
[hi:“%ht Well haye a(?u d ?Volye from haemoglobin by genetic mutation, and that
igment i ik ;l:sen lrlldepc.ndently in different species. Thus the presence of
by the COncerpeq. Thzssa"ly e"‘dencf of t‘hc close phylogenetic relat'lonslyp ofthe
(g, Presence of chl need for caution in making such interpretations is shown
- deygj > M two gtgphe orocruorohaem, which is the prosthetic group of chloro-
Ped the Tespirago Luidia and Astropecten; these animals have not, however,
Ory pigment itself,
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The devious pathways of biochemical evolution are further i"uSl[‘-"L "
aled |y

haemerythrins. These are rcddis}-l-vio.let irorl-con.taining respiratory Pigm
wn only in the sipunculids (mcl_udmg Sipunculus and Phascoloy, ’
na, the priapulids Halicryptus and Priapulus, ang the b " :,\m.). the
hrin is thus a rare pigment, and, apart from the ;¢ |i,
been identified in all sipunculids examined, its distribution is sporadjc and witho
any phylogenetic significance. The sxpunculfds are possu!)ly related (o :mnclidgl;)m
the priapulids are non-coelomate forms, while the b.rachxopods are perhaps rciljll’ul
through the structure of their lophophpre to Phoronis and.lhc Ectoprocta, Thcré wc‘f
other distinguishing features of this pigment. For one thing, it is always prcScm‘ .“
cells, which are usually in the coelomic fluid; in Magelona, however, they ‘"Cln.:n
blood corpuscles, this animal being the only polyc.haete to carry a respiratory pi;
ment in this particular way. This intracellular location of haemerythrin is doubtlegs
correlated with its molecular weight (66,000 in Sipunculus), which is low in compari.
son with that of most invertebrate respiratory pigments, and more comparable wit
that of vertebrate hacmoglobin (68,000). Retention of respiratory pigments of loy
molecular weight within cells is thought to be an adaptation preventing their loss
through the excretory system. Another feature of haemerythrin is that, despiteils
oxygen-carrying capacity and its red colour, it is not closely related to hacmoglobin.
Its spectrum shows no strong absorption bands, and in molecular structure it isa
protein, with a high percentage of iron in its molecule, but with no associated por-
phyrin, the jron being attached directly to the protein. Thus in haemoglobin and
haemerythrin we find a similar result achieved by different chemical means.
'Haemerythrin is misleadingly named, and so also is haemocyanin, apolher
respiratory pigment in which the prosthetic group is not a haem, and in which the
metal is probably attached directly to the protein. Here, however, the mel'al is copper
instead of iron. In this respect haemocyanin differs from all of the previously men-
tioned respiratory pigments, and shows some relationship to the cOch"’CO"'a',"”;%
‘phenol oxidases, a relationship analogous to that of the haemoglobins 0 lhclrsoof
containing oxidases and peroxidases. The oxygen combines with (WO 3‘01’Zbin
copper in haemocyanin, as compared with the one iron atom of the haemog menl‘
and in so doing produces a blue compound, a deoxygenated form f)f the Plcgoppcf
bcipg colourless. The molecular weights are considerable—units with twﬁ]eswﬂh
. atoms range from 50,000 to 74,000, and are associated into complex J'Tl‘olelc there s
molecular weights as high as 6,650,000 in Helix pomatia. Not surprisiné y

¢ the
are kno nls (p,
polychaete Magelo
Lingula. Haemerythrin
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Fig. 11-3. Oxygen dissociation curves for the haemoglobins of two earthworms,

Allolobophora terrestris (A) and Lumbricus terrestris (8) at the temperatures shown.

;ggse are high oxygen affinity pigments. From Haughton et al., 1958. J. exp. Biol. 36,
-368.

_The wide distribution of respiratory pigments, and their occurrence in such
g(ljffcrcm groups, is sufficient indication that they must confer some respiratory
Yantages, Yet it needs to be emphasized that, as in the case of Spirorbis, one
Species may exist wi
;:;Zdl']: 1 not always easy to decide just what their function is in certain s_pccics.
"ndergoi: 5 alrea(!_y suggested, the molecules of these pigments seem well suited for
g adaptive

coe Properties of th
nditiong of life of

thout any of these pigments, while related species possess them.

modification. Yet we must judge their function not only from
e particular pigment, but also with an understanding of the

the species concerned.

variation here, as with the haemoglobins, in the properties of the P‘gmc-m;wncc in g
- Haemocyanin, like chlorocruorin, occurs only in solution, in this lr-lons ws o Slorgg grne'r al, respiratory pigments function cither as oxygen carriers, or s oxygen
the haemolymph of certain arthropods and molluscs, where its distf ibe & ostricd? rcaso,;aplowd‘"g reserves to be used at times of shortage. The former function may
i t of maldce’ s buy, 5 Y be attributeq to those pigments that are present within the blood stream,

@ certain phylogenetic pattern. It is the only respiratory pigmen

€Y are present in other tissucs (as, for example, in the muscles of dreni-

Crustacea, occurring in the decapods and the stomatopods. It is foun _':Jiccf"lc.s: () ¢ ey ar, )
crustaceans, nor does it occur at all in insects, but it appears in 50 ’ chito™ i Y sep BITe Probably serving for oxygen storage. However, storage '8 T
Limulus, Euscorpius, and spiders. As regards molluscs, it is foun opranchs™! :’Xngn ﬁrri?{a ¢ from transport, for the tissue pigments, by combining with the
cephalopods, and in many gastropods, including particularly the pros° - hﬂem"; h°“550es h‘}g. In the blood stream, must accelerate the passage of oxygen into
the gulmonates, but it has not yet becn' identified in the bivalves. Olllfsceans "relo. 'c?l'l,’ufsts ‘0 A . lfkcly to be particularly important in organs that carry out rhythmi-
- cyanins have molecular weights of several million, while those of €5 g the ﬁob.'"vbeing 8ctivity; it is significant, therefore, that there is evidence of huemo=
:.the -order of several hundred thousand: the dif}erence doubtless ‘d‘“l‘ibuliommc”‘arly abundant in the muscles of gizzards und radulae, Morcovar.
y . ""Maybe adapted to the mode of feeding, as ituppearstobein Aplyaid

© " dependent origin of these substances in the two groups.
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5 i t of low oxygen affinity, typical

2 Bohr effect, illustrated by a pigmen ! ) 3
Fig. 11':(; o:f-::’ mammals. The curve is shifted to the right by an increase of co,
a sion ?n the blood stream; such an increase, which may be expected to occurin
:rg‘isc;?;: :)f high metabolic activity, will thus facilitate the release of oxygen to the

tissues.

which feeds continuously, and the related Navanax inermis, which feeds sporadi .‘

i bin) in its buccal musculatute, § N
s i m-uSCI? en o (g?l?agtlzt;:ggc is also the mainfunclt | fedby acidity. If the pH decreases, so does the oxygen affinity, and the curve is
Srine gy plgmest ofthe body i globirs (4 moved to the right (Fig, 11-4). An increase in carbon dioxide tension will have this

. . iti as the coelomic haemo & el . . : : . < .
of the respiratory pigment of the POdy caVltl‘::; ,Suscl:)f sipunculids. This may be s f rc:j: i(:lze ?Ol}r. effect), and since this tension will be high where tissues are active, the
of some annelids and the coelomic hacmer'yd rn hydrostatic skeletons resultg ind :: 3 e effeOtz'u:lhtate _the release of oxygen to the tissues that most need it. A reversed
-but we:have noted that tl:le ul: o sugh ﬂl‘_ltl S 11; br)i’ngs them into close funcnonbac § on CL1s sometimes found, the dissociation curve shifting to the left with a rise
good deal of movement in them, and certain ¢ wot, therelor | ;

relationship with contractile tissues; some transport function can

eXcluded in such instamces. - ; arelati‘J"Sh;E g oving oxypen ¢ €Pigment, but that a high affinity may indicate a storage function,
One key factor in the mode of functioning ot;( thc.;e :n% the pressure ® oy | - mposspg Lo 0 become available in conditions in which transport has become
between the amount of oxygen that they can take u

. W 0 gpye S, hoWever isa i 3 . .
3 . ip is expresse® T (g b Fenicolg » 15an oversimplification, as may be illustrated by reference
(oxygen tension) to which they are exposed. This relationshiP I £ g i Th

Fig. 11-5. Comparison of the oxygen dissociation curves of the vascular and
coelomic haemoglobins of Nephtys hombergii at pH 7.4 and 15°C and of the haemo-
globin of Arenicola marina at pH 7.5 and 19°C. The levels of interstitial oxygen tension
and of oxygen tension in the residual water of exposed Arenicgla burrows are

i]n;iiczi‘ted by vertical lines above the abscissa. From Jones, 1955. J. exp. Biol., 32,
0-125.

Ithas of - ’
port ]-lnctignt?: been suggested that a low oxygen affinity indicates an oxygen trans-

. r the pj
ments is th pig

Wit . eoxygen afﬁnit ofth h l b. . . A s F.

c. ¥ . which is o ap rangin y ¢haemoglobin of this animal is high (Fig. 11-5),
oxygen dissociation curve (or oxygen equl]xbpum cutr;':zions. Examples (:Cicsof i zgy}“gh for ap iiii?-tmg 0t08.3 mm, while its oXxygen-carrying capacity is exception-
exposing the blood to oxygen at a series of dfffcr‘f"t. n curves for wo Spar, v flore , Netabolic ratee ;atc‘ E‘{en 80, however, this capacity is low in relation to the
curves are seen in Fig. 11-3, which shows the (.hssocmuon affinity, WH st tvc:' i Xygen Wou;)d the animal. Even ifthe pigment were functioning solely as a
earthworms. Thege have haemoglobins of high oxyge ions. Their I'OWCS’This,lf i figa?'s Sma astore a5 u(;n ly be sufficient for about 21 min of activity. Admittedly
- Saturated at a wide range of environmental oxygen tenl; Jow in the USS”,th 2bod o e éﬁ" OVeme 'S could be of value in the intervals between the rhythmic

tensions imply that oxygen tensions are corresponding pine

ns, € s '“(hi_c_h, as we shall see later (Sec. 11-3), the worms carry out in
is suggested, may be due to the lack of respiratory 0rgan= .

<M, an ;
D itis d which provid
B ox

. 0 ob "¢ a regular replenishment of the oxygen supply:

surface that has a high resistance to diffusion. de of fu“c_"m::]jﬂf i Wil - oen, T :l;l:; hat the Pigment does, in fact, provide a mechanism for trans-
It will be apparent ‘that a useful index of the mO genat thChcfa[Urellloas | R ncc‘)“lam oxygzn tension of tl}e water in the sand around the burrow at low
pigments is given by determining the partial pressure of OJEZS with t,em IP 1-3) ¥ i ig 11_ Sho‘\:’s":’ﬁlcentrat}on equivalent to about 6.7 mm of mercury.
saturated with oxygen. This value, expressed 2s Psos -vanvcrsa (Fig- - At the pigment can continue totakeup oxygenat even

temperatures shifting the curves to the left, and Vicé
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lower tensions than this, so that it is well able to transport it to the tissues ang relegg,
it to the haemoglobin of the muscle. We shall see that the respiration of Arenicol,
is further aided by the animal’s ability to draw oxygen into its burrow whep the
tide is out; presumably, therefore, it is not dependent for long periods upon
stored oxygen. We may conclude that the transport capacity of the haemoglobin of
Arenicola is well adapted to the needs of an animal which experiences a wide rang

of oxygen tensions in its burrow. At the same time, some storage function is not
excluded.

Another burrowing polychaete, Nephtys hombergii, presents an interesting con-
trast to Arenicola. It has haemoglobin in the coelom as well as in the blood, thep,
‘values being, respectively, 5.5 and 7.5 mm. These are within the range of values forj
Arenicola, but the shape of the curve is very different (Fig. 11-5), showing that oxygen
is released over a much wider range of tensions. This, therefore, is a low-affinity p x
ment. The difference can be ascribed to Nephtys moving vigorously through the sub-
stratum in temporary burrows that collapse when the tide is out. Unlike Arenico
therefore, it has no substantial store of environmental oxygen, while it can get it
benefit from the sparse interstitial water, for the oxygen tension of this is so low 10
be virtually unusable. A high-affinity pigment would be of little value for transpo" |
Wwhen the tideis in. When it is out, the animal must reduce activity, and its metabolis”
then is probably largely anaerobic. Where so many invertebrates differ from mam i
mals is in their ability to maintain metabolism at very low internal oxygen tensto™ |
This is probably the situation in Arenicola, and it is probably true also of Tubifex g ¢

earthworms, which can continue their metabolism even when their haemoglot™”
completely immobilized by the presence of carbon monoxide.




