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Rattlesnake cytochrome c

A re-appraisal of the reported amino acid sequence
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The amino acid sequence of rattlesnake cytochrome ¢ was originally reported in 1965, and was one of the earlier sequences
to be studied. When compared with other mitochondrial cytochromes ¢, the snake sequence was soon seen to be
anomalous. There were several positions in which the snake protein resembled human cytochrome c, although comparable
anomalies were not reported for the protein from other reptiles such as lizard and turtle. Explanations of these results have
included accelerated evolution in the snake lineage, paralogy rather than orthology, and faulty determination of the
sequence, and the rattlesnake is now often omitted from cytochrome ¢ phylogenetic trees. We have re-investigated the
sequence of the snake protein, and believe that the correct sequence differs in nine places from that used for evolutionary
theorizing since 1965. Four of these differences are near the haem-attachment site, in a region that was only analysed for
amino acid composition in the original investigation. The other five differences are towards the C-terminus of the
molecule, and can be explained as being due to the wrong ordering of amino acids within peptides that had been
satisfactorily purified. Despite these corrections, the rattlesnake cytochrome ¢ sequence still more closely resembles human
cytochrome c than it does that of any other protein we know. We believe that this is an example of convergent evolution,
although it does appear that there has been accelerated change in the line connecting the rattlesnake to the ancestral
vertebrate line. Detailed evidence for the amino acid sequence of the protein has been deposited as Supplementary
Publication SUP 50162 (16 pages) at the British Library Document Supply Centre, Boston Spa, Wetherby, West
Yorkshire LS23 7BQ, U.K., from whom copies can be obtained on the terms indicated in Biochem. J. (1991) 273, 5.

INTRODUCTION

Crick (1958) said “Biologists should realize that before long
we shall have a subject which might be called ‘protein
taxonomy’ — the study of the amino acid sequences of the proteins
of an organism and the comparison of them between species”.
This prediction did come about, and the inter-species comparison
of mitochondrial cytochromes ¢ became the test system for the
subject. Cytochrome ¢ has the advantage of being almost
universally distributed in eukaryotes, and in being a small and
readily purified protein, often being at high concentrations. The
cytochrome from horse heart was one of the first proteins to be
sequenced (Margoliash et al., 1961), and cytochrome ¢ was the
first protein for which a useful range of sequences from different
species of organisms was determined (Margoliash, 1963). In the
first edition of the Atlas of Protein Sequence and Structure
(Dayhoff et al., 1965) ten eukaryotic cytochrome ¢ sequences
were included, including that from rattlesnake (Bahl & Smith,
1965). Since then, the only further reptile cytochrome ¢ sequences
that have been reported are those from the snapping turtle
Chelydra serpentina (Chan et al., 1966) and the monitor lizard
Varanus varanus (M. Goodman, personal communication).

Fitch & Margoliash (1967) and Dayhoff & Eck (1968) produced
phylogenetic trees derived solely from cytochrome ¢ sequence
information, and showed that in general they agreed well with
trees derived from fossil and morphological evidence. However,
there were some anomalies, and those associated with the
rattlesnake sequence seemed to be particularly great. Bahl &
Smith (1965) had noted that there were several positions where
the snake protein resembled the human one (Matsubara &
Smith, 1963), and Fitch & Margoliash (1967) remarked that the
turtle sequence grouped with the birds rather than with the
snake. The tree in the third edition of the Atlas (Dayhoff &
Eck, 1968) showed the rattlesnake on a long branch from its
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‘biological’ position on the bird—turtle node, and the authors
commented on the apparent parallel evolution with primates,
but in the fourth edition (Dayhoff, 1969) the rattlesnake was
no longer shown. Jukes & Holmquist (1972) interpreted the
sequences as showing that evolutionary divergence in rattlesnake
cytochrome ¢ from the reptile stem has been more rapid than in
the turtle line. Fitch (1973) considered the possibility that the
published sequence might be wrong, and discounted the argu-
ments and methods of analysis of Gibbs & MclIntyre (1970) that
strongly linked the snake and primate sequences. Cronquist
(1976) discussed the theoretical problems involved in the taxo-
nomic use of amino acid sequence data, and paid particular
attention to the rattlesnake anomaly, and Wilson et al. (1977)
suggested the anomaly might be explained by paralogy.

Many published amino acid sequences have been shown to be
incorrect [e.g. the tentative sequence of papain (Light ef al., 1964)
was shown to be incorrect by Drenth ez al. (1968), and corrected
by Husain & Lowe (1970) and Mitchel et al. (1970); Paracoccus
cytochrome ¢-550 (Timkovich et al., 1976), corrected by Ambler
et al. (1981)], and sequencing at the DNA level is now finding
many more mistakes [e.g. the lac repressor (Farabaugh, 1978)].
We therefore decided to re-examine the sequence of rattlesnake
cytochrome ¢ and to see if it really was anomalous. We have
isolated cytochrome ¢ from the hearts of two species of rattle-
snake, and produce evidence that the sequence differs from that
published by Bahl & Smith (1965) in five places. Bahl & Smith
(1965) only determined an amino acid composition for the
chymotryptic peptide covering the haem-attachment site, but
arranged the residues in this region by comparison with the
sequences of other known cytochromes c. We find that there are
four positions in this region where the sequence that has been
used for evolutionary comparisons for the last 20 years differ
from that which we believe to be correct. A preliminary account
of our results has been published (Ambler, 1985).
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EXPERIMENTAL

Materials

Hearts of Crotalus viridis (western rattlesnake) were obtained
from the Montana Rattlesnake Co., Harlowtown, MT, U.S.A.,
and of Crotalus atrox (western diamond-backed rattlesnake)
from Dr. Michael Herron, Texas A&M College of Veterinary
Medicine, College Station, TX, U.S.A. The hearts were shipped
frozen to Scotland.

Preparation of rattlesnake cytochrome c

The procedure of Margoliash & Walasek (1967) was used. The
hearts were chopped and blended for 1 min with 3 vol. of 0.3 %,
(w/v) Al,(80,),,17H,0, and the pH was adjusted to 4.0 with 1 M-
NaOH. The suspension was stirred for 2 h at room temperature
(23 °C), cooled to 4 °C and filtered through muslin to remove the
coarse material. The extract was then adjusted to pH 8.4 with
2 M-NH, solution, 6 g of Celite was added, and the mixture was
then filtered through paper. The coloured solution was then
passed through a column (10 cm x 2.5 cm diam.) of Amberlite
CG-50 equilibrated with 0.02 M-sodium phosphate buffer,
pH 8.0, and haem proteins were adsorbed as a salmon-pink band
at the top of the column. The column was allowed to run dry, the
resin was extruded and the coloured portion was removed by
dissection. It was suspended in more of the phosphate buffer and
poured into a 1 cm-diam. column, and the coloured material was
carefully eluted with as small a volume as possible of phosphate
buffer containing 0.5 M-NaCl. The sample was made 509,
saturated with (NH,),SO,, a pale precipitate was removed by
centrifugation, and the bulk of the colour was precipitated by
75 % saturation with (NH,),SO,. The pellet was dissolved in 1 ml
of 0.05 M-sodium acetate buffer, pH 5.1, and subjected to gel
filtration through a column (90 cm x 1.5 cm diam.) of Sephadex
G-50 (superfine grade), and the single protein component eluted
was cytochrome c.

Amino acid sequence determination

The amino acid sequence was redetermined largely by methods
that have been described before (Ambler & Wynn, 1973 ; Ambler
et al., 1979a, 1984), although the quantity of material available
was at the lower limit necessary for such methods. Most of the
structure has also been determined by automatic high-sensitivity
sequence analysis of CNBr-cleavage fragments with an Applied
Biosystems model 477A instrument.

The criteria for satisfactory results and the nature and the
format of Supplementary Publication SUP 50162 are given in
previous papers (Ambler & Wynn, 1973; Ambler et al., 1979a).
The results of the automatic-sequencer degradations are given in
Supplementary Publication SUP 50162 in Tables of amounts of
phenylthiohydantoin derivative of each amino acid recovered at
each cycle.

RESULTS

Purification and properties of the protein preparations

The yield of cytochrome ¢ from 350 C. viridis hearts (330 g)
was 1.3 gumol, and that from 440 g of C. atrox hearts was
1.1 umol. A batch of hearts that had thawed in transit yielded
only about 159 as much cytochrome as this, and no cyto-
chrome ¢ was obtained from a batch of freeze-dried snake hearts
extracted by the same method. The yield (#mol/g) was com-
parable with that which we have obtained from other vertebrate
hearts (e.g. lion and cat).

The amino acid compositions (Table 1) and the u.v.—visible-

R. P. Ambler and M. Daniel

absorption spectra of the preparations were consistent with them
being pure cytochrome c. The A,q,/A,09x., PUrity index for the
preparations was 0.26, a value consistent with a cytochrome ¢
containing only a singly tryptophan residue (cf. 0.22 for the horse
heart protein; Margoliash & Frohwirt, 1959), and no unexpected
peptides were encountered during the sequence-determination
experiments. The amino acid composition was not distinguishable
from that reported by Bahl & Smith (1965) for the protein from
Crotalus adamanteus (Table 1).

Amino acid sequence

The evidence for the proposed amino acid sequence is
summarized in Fig. 1. Details of the purification, analysis and
sequence-determination experiments on the peptides are given in
Supplementary Publication SUP 50162.

Peptides were characterized from two digests of cytochrome c,
from which the haem had been removed before enzymic treat-
ment. These were a tryptic digest of 0.8 xmol of C. viridis protein
and a thermolysin digest of 1.05 umol of C. atrox protein.

The large peptides from a CNBr digest of 0.12 gmol of haem-
free C. viridis protein were separated by gel filtration through a

Table 1. Amino acid composition of Crotalus cytochrome ¢

The results for C. adamanteus (1) are taken from Bahl & Smith
(1965), calculated on the basis that Arg =2, and derived from
several separate hydrolyses. Those for C. viridis and C. atrox
are from the present investigation, calculated on the basis that
Z(Ala+ Leu + Asx + Glx + Phe + Met + Arg) = 37. Analysis (2) was
derived from four separate hydrolyses under different conditions
chosen to optimize recovery of different amino acids, and analysis
(3) was from two hydrolyses. The samples for analysis (2) were: (a)
native protein, 24 h 6 M-HCI hydrolysis; (b) performic acid-oxidized
haem-free protein, 24 h 6 M-HCI hydrolysis (but cysteic acid peak
was lost); (c) haem-free protein, 96 h 6 M-HCI hydrolysis; (d) native
protein, 96 h 3 M-mercaptoethanesulphonic acid hydrolysis. The
samples for analysis (3) were: (a) native protein, 6 M-HCI hydrolysis ;
(b) performic acid-oxidized haem-free protein, 24 h 6 M-HCI
hydrolysis. All hydrolyses were performed at 105 °C. Abbreviation:
N.D., not determined.

Amino acid composition
(mol of residue/mol of protein)

Analyses
Amino C. adamanteus C. viridis C. atrox Sequence
acid 1) ?2) A3) (Fig. 1)
Gly 13.4 13.7 14.5 14
Ala 5.8 6.3 6.3 6
Val 39 4.5 (3.9 4
Leu 6.6 6.6 6.9 7
Ile 4.5 4.8 4.0) S
Ser 29 3.8 3.6 3
Thr 9.7 9.0 9.2 10
Asp 7.8 7.7 79 4
Asn 4
Glu 7.7 8.4 8.6 7
Gln 1
Phe 2.8 3.1 2.8 3
Tyr 4.0 4.7 4.7 5
Trp 1) 0.6 1
Cys 1.3 N.D. 2.0 2
Met 2.5 2.7 3.0 3
Pro 2.8 2.5 2.6 3
Lys 17.7 16.9 17.3 17
His 3.0 3.1 3.0 3
Arg =20 2.0 1.8 2
104
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Amino acid sequence of rattlesnake cytochrome ¢

-z-D apndad 1deoxs umoys souanbas poe ourwre 3y 1y [[& suonisodwod 1Y (S961) YNws % [yeqg Aq wisrord ayy jo 1sa31p ondAnowAyo e woy pajsodas sapndad ay) umoys
218 20uanbas oY) MO[3q OS[Y "PAUILLISIGP A[LIOIOBJSHIES SEM 1B} 90Uanbas ay) JO JUSIXD Y} 10§ PI[OS UMOYS SI Ul YOIy} SY [, "190uanbas onewoine y. .y [opow swaysksorg parddy ue ut paurwrexs
pue ujoid ay jo aSeAra)o IGND Aq paawop soprdad ajedtpur saur Yoy ay) 2duanbas sy moag sutok[S1£190e syussaidal D@ ‘uonsadip N ssepndadourue £q paurwexa aom | vou_.—mmu sopndag
-apndad ay) jJo pud ayj je sauy d|qnop ay) Sururof dulf [edNIdA B AQ Pajedipul are uonepeldap sjeuekoolylost [Ausyd £q 19purewsal 3y} Jo [EAOUIS] Y} 151J SPIOR OUIWE 331} SB PIYIJUSP! moz.EmE
[BUILLIS ] -) "PIEPULISQNS SBA UOHIBOYIUSPI 9} SI15YM SINPISAI & USYOIq JUI[ JoMO] Y} Y ‘poylawr syeuekooryost [Kusyd/[Asuep o3 £q pourLIalop Uadq sey 3ouanbas a3 a19ym pajqnop a1e saulf
spndad 9y ‘pa19adxs 1Y) WOL) JUSISYIP SNPISAI € J[BY UBY} SIOW SIN[EA WOS YIIM SISA[EBUE ., PONIEW ISOY) PUE ‘SISA[EUE PBQ ., PIYIBW 350U} ‘sasA[eUe pIepueisqns Ae3 , payIew ssoy) inq
‘uonisodwod pioe ourwre 10§ APAneInUENb pask[eue a1om (Sul| USY0IQ B Yiim umoys) egg ] 1dooxa sopndad [y (&) sisk[o1pAy pioe [ented Aq papes3ap Jayiing sem spndad ondAn [eutuwd)-N YL
‘() wisAjounsayy 1o (1) uisdAx) yym uisjord sy) Jo uonsagip 193Je (1X3) 9Y) 335) SPOYISW PIEPUE]S INO Aq PIZLISIOBIBYD PUEB PIJB[OSI d1om 30UaNbas 3Y) dA0qe UMOYS sapndad 2y ‘sIeak ¢z 1% oy
Suunp sasA[eue £1BUOIIN[OAS 10] Pash pue (S961) ynws 2 [yeq Aq parrodar 2ousnbas oY) Ul 350y} WOIJ JUIIYIP 3q 0) A3I[3q M 1By} souanbas ay) ut suonisod suru Y} YIew Speaymolte ayL

2 SAWOIYI0)Kd snpp1o4)) Jo duanbas poe ourmry | ‘S

| S
35
| S — f I SR 3
T8 P53 )
: SO S0 T T T R & o %) T e %) S I S R V) ' }) '

J«&&, -ﬂ " fﬁ.x u |u

voL 001 06 08 0L 09 0§ ) og 02 0l
wf.&mv_._><H._o._.mm_v_v_mv_._w._..._>2v_ 19dIANANANITAIWTLAAOMITONNA z<<._.>w>w><cwhv_~_w.._._w_._._zaw._,v_=v_wwwu>hzu»wuv—zm“_C_V_wv_u>ow®

A A

i P § - - ) s | —_— s | | e R e | — | e——1 == —==-J —————— —
BEHA/EH BIEH xBLSH RELH J/LEH eHyEH 4+¥2H LLGH €LGH eIZH qQ/9H ®/EH «xqlEH *EEH +xG1H »xxBE2H 9lH
—— — a— —
*ACIH +qL2H *B/9H PLEH +xbLH
L2 2
|— —_— s —— = = JR— =Y N
761 26l werlU0D  CIVL POGEL weaQVEL 0120 P T ULvL L POV oxxBUEL BOEL  +ZIEL
—ce———mx —— Py —_
»xx01P1 »xxCL *xClE1 Mmmﬂ (K28
||J.N.._.||I_ sitsAoapAy pLoef
HHF, N:.n

Vol. 274



828

column of Sephadex G-50 (superfine grade) equilibrated with
50 % (v/v) formic acid and sequenced in an Applied Biosystems
model 477A instrument. The findings were in complete agreement
with the results that had earlier been obtained from experiments
with small peptides.

The fraction that was expected to contain the small N-terminal
CNBr-cleavage peptide X-V was treated with pseudomonad
proteinase (Drapeau, 1980), which it was hoped would remove
the N-acetylglycine residue. The digestion mixture was analysed
in the sequencer. The results were interpreted as showing some
of the expected sequence Asp-Val-Glu-Lys-Gly-Lys-Lys-Ile-
Phe-Ser-(Hsr), together with smaller amounts of peptide X-IV
and Lys-Ile-Phe-Ser-Hsr, formed by a minor cleavage by the
proteinase.

DISCUSSION

Accuracy of proposed sequence

The amino acid sequence was first re-investigated by means
of the classical method of enzymic digestions followed by
characterization of small peptides. These experiments suggested
the nine differences from the Bahl & Smith (1965) sequence
discussed below, but the amount of material available meant that
the quality of the experimental results was considered to be too
poor for use in a controversy. Accordingly we used the residual
material for a CNBr-cleavage experiment, sequencing these
CNBr-cleavage peptides in a modern automatic sequencer, and
obtaining further evidence by this means for all except six of the
104 residues of the protein. The amino acid compositions of

Table 2. Analyses of peptides covering the haem-binding region of Crotalus
cytochromes

The analysis for peptide C-2 is from Bahl & Smith (1965) and
analyses for peptides T210/14 and H23a are from the present
investigation. The values in parentheses are those deduced from the
sequence. For peptide C-2, values (a) are the interpretation by Bahl
& Smith (1965) and (b) are a re-interpretation from the sequence
proposed in the present investigation.

Amino acid composition (mol of residue/mol of peptide)

Peptide C-2
Amino
acid (a) ) T210/14 H23a
Gly 3.30(2) 2.67(3) 32 3 1.4 (1)
Ala
Val 1.09 (1) 0.88 (1) 1.0 (1)
Leu 0.40 (0) 0.32
Ile 0.12 (0) 0.10
Ser 1.00 (1) 0.81 (1) 0.24 (0) 0.44 (0)
Thr 2.50 (2) 2.02(2) 19 (2 20 (2
Asp 0.13 (0)
Glu 2.50 (2) 2.02(2) 2.1 (2)
Phe
Tyr
Trp
Cys 1.50 (2) 1.21(2) 1.8* (2) 2.1*(2)
Met 0.80 (1) 0.65 (1) 0.7 (1)
Pro
Lys 3.00(3) 242(2) 1.0 (1) 1.1 (1)
His 1.70 (2) 1.37 (2) 0.8 (1) 0.8 (1)
Arg
Total (16) (12) 8)
Position 11-26 14-25 12-19

* As cysteic acid.
+ As methionine sulphone.

R. P. Ambler and M. Daniel

these large CNBr-cleavage peptides did not meet our normal
standards of agreement with the proposed sequence. They were
purified from about one-tenth of the amount of starting
cytochrome (0.12 umol) that we have hitherto used for such
experiments, and the analyses showed, in particular, excessive
amounts of glycine and serine, amino acids that we frequently
encounter as ‘fall-out’ contamination in our laboratory. Never-
theless the sequences determined for these peptides were un-
equivocal, and completely in agreement with our expectations.
We believe that most of the contamination will have been from
free glycine and serine, and will have been washed out from the
glass-fibre disc after loading into the Applied Biosystems model
477A sequencer.

The evidence for the N-terminal sequence is less satisfactory,
attempts to release and identify N-acetylglycine by pseudo-
monad-proteinase digestion of small peptides derived from the
N-terminal region having been inconclusive, so we do not have
any evidence that the block at the N-terminus of the protein is an
acetyl group. The evidence that the order of residues 1 and 2 is
Gly-Asp is indirect, based on the susceptibility of peptide bond
2-3 to acid hydrolysis, and to less than definitive results of the
sequencer degradation of peptide X-VD described above. Were
it crucial to prove the sequence of this region, it could easily be
done by mass spectrometry, but this was not considered necessary
for the present purposes.

Differences between the sequences reported in 1965 and 1990

The amino acid sequence shown in Fig. 1 differs from that
proposed by Bahl & Smith (1965) and used in subsequent
evolutionary discussions in nine places. Four of these sites are in
the haem-attachment region, characterized by Bahl & Smith
(1965) in a chymotryptic peptide C-2 for which they only had
sufficient material to analyse for composition. It appeared to
differ from the human protein only by a threonine substituting
for an isoleucine residue. Our observations were that this region
contained one more glycine residue and one less lysine residue
that postulated by Bahl & Smith (1965), and that the sequence
differed in four places. In particular, the two amino acid residues
between the haem-binding cysteine residues were different, and
the two other changes (Ser-11 and Glu-22) are also unique to
rattlesnake among vertebrate cytochromes c.

We also found five further differences between our sequence
and that reported by Bahl & Smith (1965), at positions 86, 87, 93,
101 and 104, all near the C-terminus of the molecule. These
differences are compatible with the reported amino acid
compositions of the chymotryptic peptides isolated by Bahl &
Smith (1965).

We have found no evidence to suggest that there are any
sequence differences between the proteins from C. atrox and
C. viridis. We have considered the discrepancies between our
sequence and that reported by Bahl & Smith (1965) for the protein
from C. adamanteus, and conclude that they are due to errors in
interpretation of the earlier experiments, and are not due to
differences between rattlesnakes. They can all be explained as the
result of reasonable errors made in the interpretation of
sequencing experiments in 1965, when it was not easy to determine
the N-termini of small peptides (Ambler, 1963).

Before the introduction of the method of removing thioether-
linked haem with HgCl, (Ambler, 1963), it was difficult to obtain
the haem-binding-site peptides from cytochromes ¢ pure and in
good yield. Bahl & Smith (1965) endeavoured to purify ‘ peptide
C-2’ from a chymotryptic digest of denatured haem protein by
ion-exchange chromatography on a sulphonylated polystyrene
resin(Dowex 50-X2), followed by paper partition chromatography
and high-voltage paper electrophoresis at pH2, but only
recovered it, still impure, in 3 %, yield, insufficient for any further
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Amino acid sequence of rattlesnake cytochrome ¢

11 ] 1) 444 5 5 6
15 12 3 U6 246 0 8 12
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111
888888 99 9 0000
13579 23 6 0134

(1)  GDVERGKKIPtakcsqchtvekggkhKTGPRLEGLFGRRKTGQAVGYSYTAANKNKGIINGDDTLNBYLENPKKYIPGTKNVFTGLSKKKERTNLIAYLKEKTAA (1) Rattlesnake [1965]
(2) @GDVBRGKKIFSNKCGTCHTVEEGGKEKTGPNLHGLFGRKTGQAVGYSYTAARKNRGIIWGDDTLNBYLENPRRYIPGTRNVFTGLRSKKER?DLIAYLKEATAR (2) Rattlesnake [1990]
(3)  @GDVEKGKKIFVQKCSQCETVERGGKHKTGPNLEQLFGRRKTGEABGFSYTAANKNKGITWGEDTLFEYLENPRRYIPGTKNIFAGIKKKTERDDLIAYLKEATAK (3) Monitor lizard

(4)  QGDVERGKKIFVQKCAQCETVERGGKHKTGPNLNGLIGRKTGQARGFSYTEANKNRGITNGEBETLNBYLERPKKYIPGTRNIFAGIKKKABRADLIAYLKDATSK (4) Snapping turtle

(5)  @GDVEKGKKIFVQRCAQCHTVEKGGKHRTGPNLEGLFGRRKTGQAAGFSTTDANKNKGITHGEDTLNEYLENPKKYIPGTKNIFAGIKKKGERADLIAYLKKATHE (5) Mouse [somatic]

(6)  @GDABAGKRIFVQRCAQCHTVEKGGKHKTGPNLUGLFGRKTGQAPGFSYTDANKNRGIVHSEETLNEYLENPKKYIPGTRNIPAGIKKRSEREDLIKYLKQATSS (6) Mouse [germ-line]
(7) @GDVBKGKKIPINKCSQCHTVEKHGKHKTGPNLEGLFGRKTGQAPGFSYTDANKNKGITWGEDTLXEYLEKPKKYIPGTKNIPVGIKKKEERADLIAYLKKATNE (7) Anthropoid ancestor
(8) @GDVBRGRKIFINKCSQCHTVEKGGRHKTGPNLHGLPGRKTGQAPGYSYTAARKNKGIINGEDTLNEYLENPKKYIPGTKNIFVGIKKKEERADLIAYLKRATNE (8) Human

(9) @GDVERGKKIFVQRCAQCHTVEKNGREKTGPNLNGLFGRKTGQAAGFSYTDANKKKGITWGEDTLNEYLENPRRYIPGTRNIFAGIKKRGBRADLIAYLKRATSE (9) Vertebrate ancestor
(10) @GDVERGKKIPVQRCAQCHTVERGGKHRTGPNLEGLPGRKTGQAAGFSYTDANKNRGITHGEDTLNEYLENPKKYIPGTKNIFAGIKRKAERRADLIAYLKKATNE (10) Human pseudogenes

Fig. 2. Amino acid sequences of selected vertebrate cytochromes ¢

Key: (1) rattlesnake (C. adamanteus) (Bahl & Smith, 1965), the residues shown in lower case being aligned by comparison with other known
sequences; (2) rattlesnake (C. atrox and C. viridis) (the present investigation); (3) monitor lizard (V. varanus) (M. Goodman, personal
communication); (4) snapping turtle (C. serpentina) (Chan et al., 1966); (5) mouse somatic cells (Hennig, 1975; Carlson et al., 1977); (6) mouse
germ-line (Hennig, 1975); (7) deduced anthropoid ancestor (Baba et al., 1981); (8) human (Matsubara & Smith, 1963); (9) deduced vertebrate
ancestor (Baba et al., 1981); (10) human pseudogene consensus sequence (Evans & Scarpulla, 1988). #G represents acetylglycine. Residues that

vary as between the sequences compared are numbered.

Table 3. Difference matrix for selected vertebrate cytochromes ¢

Values are numbers of differences (out of 104) when sequences are aligned as in Fig. 2. Key: (1) rattlesnake (C. adamanteus) (Bahl & Smith, 1965);
(2) rattlesnake (C. atrox and C. viridis) (the present investigation); (3) monitor lizard (V. varanus) (M. Goodman, personal communication); (4)
snapping turtle (C. serpentina) (Chan et al., 1966); (5) mouse somatic cells (Hennig, 1975; Carlson et al., 1977); (6) mouse germ-line (Hennig, 1975);
(7) deduced anthropoid ancester (Baba et al., 1981); (8) human (Matsubara & Smith, 1963); (9) deduced vertebrate ancestor (Baba et al., 1981);

(10) human pseudogene consensus sequence (Evans & Scarpulla, 1988).

O] (©)] 3 @ ) ©) Q)] ® &) (10)
(1) Rattlesnake [1965] - 8 17 22 19 24 18 14 21 19
(2) Rattlesnake [1990] 8 - 16 20 18 23 18 14 20 18
(3) Monitor Lizard 17 16 - 12 10 16 13 13 12 10
(4) Snapping Turtle 22 20 12 - 9 12 14 15 8 8
(5) Mouse [somatic] 19 18 10 9 - 12 7 9 3 1
(6) Mouse [germ-line] 24 23 16 12 12 - 16 17 12 12
(7) Anthropoid ancestor 18 18 13 14 7 16 - 4 8 7
(8) Human 14 14 13 15 9 17 4 - 12 9
(9) Vertebrate ancestor 21 20 12 8 3 12 8 12 - 4
(10) Human pseudogenes 19 18 10 8 1 12 7 9 4 -

sequence work. The amino acid composition evidence for
peptides covering the haem-binding region is shown in Table 2.
Bahl & Smith (1965) explained their excess glycine as being due
to contamination. It seems possible that what we now see as
excess lysine, leucine, threonine and glutamine in their peptide
C-2 arose through contamination with peptide C-14b (Lys-Lys-
Glu-Arg-Thr-Asp-Leu), which was in the same ion-exchange
fraction, although neither alanine nor arginine was noted in the
analysis. Bahl & Smith (1965) interpreted the analysis to show
that the peptide differed from the corresponding human one
(Matsubara & Smith, 1963) only by having N-terminal threonine
rather than isoleucine. Our results indicate four differences
between the sequence deduced by composition and homology in
1965 and that which we believe to exist (Fig. 1).

Five further differences occur in the C-terminal part of the
sequence. Bahl & Smith (1965) do not seem to have had any
evidence that their peptide C-14aT-2 was Ser-Lys-Lys rather
than Lys-Ser-Lys, and hence have residues 86 and 87 transposed
compared with our sequence. In the human sequence, both
residues are reported to be lysine (Matsubara & Smith, 1963).
Bahl & Smith (1965) deduced that residue 93 was asparagine
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rather than aspartic acid because of the neutral electrophoretic
mobility of peptide C-14aT-6 (Thr-Asx-Leu) at pH 4.7. It is now
realized that pK, values for peptide carboxy groups are around
pH 4.5, and so electrophoresis at pH 4.7 is not useful for deducing
amide locations.

The evidence of Bahl & Smith (1965) for the C-terminus of
the molecule (residues 101-104) was derived from their peptide
C-16T-2. They deduced the sequence Glu-Lys-Thr-Ala-Ala
from the rate of release of amino acids from the peptide by
carboxypeptidase A, although the method by which the amounts
of amino acid were measured was not given. At this period it was
generally believed that carboxypeptidase A did not normally
remove lysine residues (Fraenkel-Conrat et al., 1956), and so any
released lysine may have been overlooked. Subsequent experience
(Ambler, 1967) showed that lysine (though not arginine) is
normally released from peptides and proteins by commercial
carboxypeptidase preparations.

The difficulties that Bahl & Smith (1965) encountered with
sequencing small pure peptides that they had obtained in good
yield emphasize the problems that confronted protein chemists at
this time. The 1-fluoro-2,4-dinitrobenzene method was not easy



830

to use to determine N-termini of small peptides, as the
dinitrophenol formed as a by-product of the reaction interfered
with the identification of 2,4-dinitrophenyl-amino acids. The
direct identification of phenylthiohydantoins was difficult by
paper chromatography, and it was not until the introduction of
the dansyl method (Gray & Hartley, 1963) that these difficulties
were eased.

Evolutionary implications

The N.B.R.C. Protein Data Base at present records 36
vertebrate mitochondrial cytochrome ¢ sequences, and 53 from
other eukaryotes. In 1990, the corrected rattlesnake sequence still
resembles human cytochrome ¢ protein more than it does any
other protein in the N.B.R.C. Protein Data base (Fig. 2 and
Table 3). This similarity had been noted by Bahl & Smith (1965),
using what we now believe to be an incorrect rattlesnake sequence,
and, as discussed above, a variety of explanations have been put
forward to account for this unexpected finding.

Hennig (1975) showed that there were tissue-specific
isocytochromes c in vertebrates when he isolated a protein from
mouse testis that differed in 13 positions from the somatic cell
protein, and isocytochromes ¢ have also been characterized from
larval invertebrates and yeast. Scarpulla et al. (1982) and Evans
& Scarpulla (1988) have investigated the cytochrome ¢ genes and
pseudogenes in man and rat, without apparently finding evidence
for further tissue-specific isocytochromes. However, they have
made the unexpected discovery that the majority of the many
human pseudogenes would encode proteins that resemble the
sequence of the functional mouse somatic protein much more
closely than they resemble the human one, and are close in
sequence to the deduced vertebrate ancestral .sequence (Baba
et al., 1981; Fig. 2 and Table 3).

It is possible that the rattlesnake and the human cytochromes
¢ are the products of homologous genes that are both only
paralogous to the functional somatic proteins of other
vertebrates, but there is no evidence (e.g. from studies on rat
genes) for the existence of such a gene in other vertebrates.

In the set of vertebrate cytochromes ¢ shown in Fig. 2, the only
positions in which the rattlesnake protein has unique residues are
16, 81, 83, 85 (with one exception) and 87. Position 16 (at the
haem-binding site) is glutamine in almost all eukaryotes, with
some of the earlier reports for other residues in this position [e.g.
baker’s yeast (Narita & Titani, 1969) and Neurospora crassa
(Heller & Smith, 1966)] being incorrect (Lederer & Simon, 1974),
but threonine is present in this position in several bacterial
cytochromes ¢, (Ambler et al., 1979b). Position 81 is isoleucine in
all other vertebrates, but is valine in rattlesnake, moths and the
higher plants. Residue 83 is threonine in rattlesnake, but alanine
in other vertebrates, except for the primates, where it is valine.
Residue 85 is leucine in rattlesnake, dogfish, fungi and higher
plants, but isoleucine in other vertebrates. Residue 87 would
seem to be uniquely serine in rattlesnake, as compared with
lysine in other eukaryotes, with the exception of Euglena, where
it is alanine, and in the aberrant Tetrahymena pyriformis.

We believe that the sequence anomaly is best explained by
there having been rapid evolution in the line leading to the
Colubridae, and that some convergence of the primate and this
snake line has occurred. We can think of no rationale to explain
such convergence for these cytochromes ¢, as has been adduced
for the stomach lysozymes of ruminants and leaf-eating primates
(Stewart et al., 1987), where the convergent evolution of a
fermentative foregut in two groups of mammals appears to be
complemented by convergence in their bacteriolytic lysozymes.

In the Superfamily Colubroidea to which the rattlesnakes
(Family Viperidae) belong, the loss of features common to other
reptiles such as limb girdles is more complete than in the other

R. P. Ambler and M. Daniel

snake Superfamilies (Typhlopoidea and Booidea) (Underwood,
1967; Smith et al., 1971). It will be interesting to determine the
sequence of the cytochrome ¢ from a ‘primitive’ (Romer, 1966)
booid snake and see if this does resemble the putative common
reptile line more closely than does the rattlesnake sequence.
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