
Phvtochtmt\try 1974 Vol 13 p&? 2111 to 2782 Pergamon Prey Prmtcd m England 

THE AMINO ACID SEQUENCE OF CYTOCHROME c 
FROM ENTEROMORPHA INTESTINALIS 

BARRY T. MEATYARD and DONALD EWJLTER* 

Department of Botany, Umverslty of Durham, Durham DHI 3LE, England 

(Received 14 June 1974) 

Key Word Index-Enteromorpha zntestlnalrs, Chlorophyta, ulvales, green alga, basic cytochrome c, ammo acid 
sequence, C-N-trlmethyllysme 

Abstract-Proposed ammo acid sequence of cytochrome c from Enteromorpha rntestrnalls IS presented. The 
cytochrome 1s a basic protem, homologous with lngher plant and ammal cytochromes c of nntochondrlal orlgm 
Peptldes from chymotryptlc and tryptic digests were analysed by the dansyl-phenyhsothlocyanate method and 
aligned by comparison with other homologous cytochromes c The proposed sequence consists of a smgle poly- 
peptIde cham of I 11 residues which 1s acetylated at Its N-termmus The sequence contams one residue of the 
unusual ammo acid e-N-trlmethyllysme m posItIon 80 

INTRODUCTION 

THE AMINO acid sequences of numerous higher plant cytochromes c have been determined 
and used to construct an affinity tree relating these sequences.lP2 The aim of this investiga- 
tion was to extend this work by studying the sequence of a cytochrome c from a lower 
plant. 

RESULTS AND DISCUSSION 

Species of Enteromorpha are difficult to identify except from details of their life cycles.3,4 
Due to the problem of collecting sufficient quantity of Enteromorpha, it was not possible, 
therefore, to unequivocally identify the source material as a single species and it may have 
consisted of a mixture of the closely related E. hza, E. flexuosa and E. wtestinalis. How- 
ever, there was no extensive heterogeneity found during the sequence analysis. 

The yield of cytochrome c obtained, 0.13 mg/kg, was lower than the yields obtained with 
the majority of higher plants. 5,6 However, m this case it has been demonstrated that 
cytochrome c can be purified m reasonable amounts from green vegetative material and 
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TABLL 1 Trrr AMIW AC ID COMPOSI IOU OF E~~tc~~oworph ( YTOCHROUI c 
-_-_ 

4m1no ad .4nalyuls xllue* 5cquence value 
-~ --_______ 

ASP 1.7 0 I 5~- 16 
Thr 8 t3 s 
Ser 5 ot 4 
Glu 6 -l 33 

62 7 
II 6 I I 
170 19 

3 0: 7 
2 I 1 

0 9 T 
3 Y: 3 
7 6: 7 

l-y 44t -1 
Phc 56 6 
TML 
Lys i 

Ii 0 I 
12 

HIS IY 2 

4rf 2 0 , 

TI P n d T 
-__ _. 

* The ‘rverage of several squats 24 and 72 hr hydl olyutes, cxccpt that cnlues of V,rl Ile. Lcu were corrected 
for 510~ release and Thr, Ser. Tqr for ammo acid hreakdofin 

+ Extrapolated to zero time assuming first order rates 101 destructton “’ 
1 Mdklrnal values were taken 
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the yields obtamed were about twice those obtamed from spmach leaves. 0437 m&/kg ’ The 
behavlour of the cytochrome durmg preparation and Its moblhty on gel electrophoresls 
showed that It was a basic protein very similar to other cytochromes c from plant, animal 
and fungal sources and 1s probably of mltochondrlal orlgm. An acldtc cytochrome cii4 
was also present m E~~ornorpha, whtch may function m photosynthesls Previously, the 
algal cytochromes which have been examined, have all been acldlc proterns which resem- 
ble cytochrome / and probably functton 111 photosynthesis ’ ‘) 

\ The spectral ratms of the pure cytochromc suggest that one rrslduc of tryptophan IS present II d -Values were \ 
not detrrmmed 

The ammo acid composltlons of Etltrtwnorpha cytochrome c determined by analysis 
and calculated from the sequence, are given m Table 1. The analysis values were obtarned 
from Independent sets of analyses on two different instruments usmg several different prep- 
aratlons of cytochrome c, extracted from dlffercnt collectlox of algal material The results 
show slight vartatlons between the values obtamed, this was due etther to varlatlons 
between the instruments and condltlons used, or to the presence of dlffcrences m the sam- 
ples Ho&ever. when both sets ot analyses are considered the values obtalned are generally 
m reasonable agreement with those calculated from the complete sequence (Fig I), except 
that the aspartlc and alamne values were low and the serine. glutamlc acid. vallne and {so- 
leucme values were high 

Figure I gives the sequence of Eutrrotnorpha cytochrome c and shows the chymotryptlc 
and tryptlc peptides which were purified and analysed Both enzymes cleaved the protem 
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in the posItIons expected from their known speclficitles The peptldes obtained from the 
three chymotryptic digests account for almost the entlre sequence. The peptldes obtained 
from each digest were essentially similar However, certain peptides, e.g. C6, C9, were 
obtained m low yield or were difficult to purity and so were not analysed from each digest. 
Also, peptldes C2, and C8 were not located m all three digests probably as a result of low 
yields The low yield of peptlde C2 may have been due to poor cleavage at Phe-3 

-7 7_-_--I 
._ ._ 

FIG I AMINO ACID SEQUENCE OF CYTOCHROML L FROM Eurrromorpha Intrbtrnalrs 

The peptldes obtained from the two tryptlc digests were sufficient to identify the remam- 
mg umdentified residues m the complete sequence. Thus, every residue m the proposed 
sequence was identified m at least one digest. Many of the tryptlc peptldes were only re 
covered m low yield and were difficult to purify due to their poor electrophoretlc proper- 
ties. Slmllar peptldes presented equivalent problems during the analysis of several higher 
plant cytochromes. No differences were found between equivalent peptldes from the two 
tryptlc digests The tryptic peptldes enable the majority of the chymotryptic peptldes to 
be aligned The remaining unaligned peptldes, e.g C5, C6, C7 and C8 are either the same 
as or very similar to peptides from higher plant cytochromes L’ and so can be placed m 
the sequence by homology with this group of protein sequences. The composltlons of 
tryptic peptldes which were not completely sequenced because of insufficient material, sup- 
port these placements based on homology; then composltlons were determined seml- 
quantitatively 

The purified peptldes were normally analysed by using the dansyl-phenyhsothlocyanate 
method,” m certain cases, however, carboxypeptidase analysis was needed. The acetylated 
N-terminal peptides, Cl and TlCl were digested with carboxypeptldase A. After 2 hr only 
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Peptlde 

Moblhty 
at 

pH65” Assignments and comments 

T4 

0 

0 

c4 +\e 

CX 0 

T6 
c9 

Cl0 

0 
0 

-I I 

Clla -168 
Cllb - I 30 
CIIC I 65 

Cl5 0 6X 

Tll 0 
Cl7 0 
C17a 0 

Asp-5. Asp-IO. since the length of the peptide \cab not 
defimtely eqabhshed during ,~nalys~s. these rew~ucs 

are left as Asx ,n F tg I 
Glx-24, AS-29. the moblllty suggests that one .imlde 
residue IS present when peptlde mobdlty IS compared 
with other cytochromc haem peptides of know11 Charge 

Girr-36. her-i9, Am-4 i , Moi-nhi-y not ~xCuJ-.lici> 

dztcrmmed Since It hdd a net po\ltirr charge at 

pH 6 5. however. reslducs 16 W ‘1x1 JI murl lx 
present as amide re~ldues 
Asx-60, As\-67, 1 amide residue present The neutral 
mohlllt) of peptldc CX suggctts that clther rest&x 60 
or 62 IS present as aspartx acid No peptlde due to tryptlc cleavage 
bctwccn ly~ne re\iduea 61 and 6.3 LL~S lound to resolve this problem 
in oihxzl~ Iridni LJ toL;n-omcs tht’x ivjo Ipo~lliuns have aiwdyy been 
amldc residues Malgohash ” has shown ho\revcr that m horse heart 
cytochrome c ihe i&o drmdc ~csiducs 11‘1 cqti!TdieJTt- poslllons m the 

sequence are the most hkzl? to be deamldated. and It IS povslble that 
deamldatlon could hn\e occurred thcrefote m thl\ preparation 

Asp-60 
Asp-66 
Asx-68. (Glq’Asx)-69 Ass-70. the expected mobilitj of this 
peptide if two dmldes were present was -0 9. if one 

amide were present the expected molxhty was - I 7 
Thu\ although the moblhty IS slightly high It 
~gpestcd that i-* o anndch WVCR ~rr-eaent whose po\~hon 
remdIns undecided 
Asp-74 
Asp-74 
AS-‘X 
Glx-97. Asx-9h. Asp-IOI (see TII), I dmlde present 
Asp-101 
Ayp-IOX 
Asp-10X 

* Mob&y at pH 6 5 was measured from the posItIon of the neutral ammo acids rctatIvc to DansqlLArg- 
Arg Amide content waq determined using the method of Offord ‘I 

phenylalanme had been released but after 24 hr dlgestlon threonme had also been released. 
Since the composition of the peptide, determmed semi-quantitatively. Indicated the pres- 

ence of a serine residue m addltlon to these two residues, this was placed at posltlon 1 by 
difference, giving the sequence Acetyl-Ser-Thr-Phe The acetyl group was determined 
usmg peptlde TICl. The haem peptldes C3 and T4b were aluays recovered m 10~ yield 
after removal of the haem moiety Carboxypeptldase A dIgestIon of peptlde C3 released 
only histldme after 15 mm and both hlstldme and glycme after 1 hr After 1 hr dlgestlon 
of peptlde T4b by carboxypeptldase A both lysme and hlstidme had been released. Pep- 
tides C9 and T7 both gave posttiLe reactlons to the Ehrhch test. Indicattng the presence 
of tryptophan This ammo acid was confirmed to be present m the pepttde on the first 
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step of the dansyl-phenylisothlocyanate analysis when characteristic pink colours were 
obseived m the trifluoroacetlc acid.’ ’ Digestion of peptlde C9 with carboxypeptldase A 
for 1 hr demonstrated that tryptophan was the C-terminal residue of this peptlde The 
spectral ratios of the native protein suggested that one tryptophan was present in the pro- 
tein. 

Semi-quantitative analysis of the composltlon of peptlde T7 showed that it contained 
E-N-trimethyllysine. That it occurred at position 80 m the sequence was confirmed by 
analysis of peptldes Cl1 and Cllb In higher plants a second residue of E-N-trlmethyllysme 
occurs at posltlon 94, whereas m E~teromorpha this position 1s occupied by a lysme resi- 
due, and this allows tryptic cleavage of the polypeptide cham at this point, cleavage does 
not occur at this position when E-N-tnmethyllysine is present. 

The C-terminal residue of the protein was shown to be alanine from peptldes C 17, C 17a 
and T 12. In each peptide, after the appropriate numbers of steps of degradation, alamne 
was shown to be present as the free ammo acid. 

In peptlde ClO, which was obtained m good yield from all three chymotryptlc digests, 
both glutamyl and aspartyl residues were found in the second posltlon (residue 69) on each 
occasion. This was not caused by carry-over of the N-terminal aspartyl residue as a result 
of incomplete degradation, since further degradations gave clean results It 1s presumed 
that this result 1s due to heterogeneity m the protein preparation. This may have been 
caused by more than one Er~teromorpha species being present or by polymorphism of the 
protein m a single species Any other heterogeneity m the sequence, if present, was at a 
low level as it was not detected during any of the dansyl-phenyhsothlocyanate analyses. 

In view of the relative lack of “redundant” mformatlon and the fact that differences exist 
between the analytical and sequence amino acid composltlons, the proposed sequence is 
tentative. The presence of amide groups cannot be directly established using the dansyl- 
phenyhsothlocyanate analysis Their presence was determined therefore, when possible, 
from the moblhtles of the peptldes at pH 6.5 (Table 2). This sets out those posltyns to 
which amides have been assigned together with the reasoning involved. 

The sequence determination clearly indicates homology of this sequence with the higher 
plant cytochromes c.‘,’ for example, the tall of the protein 1s acetylated and is 8 residues 
longer than the animal cytochromes c Certain residues, for example, Ala-32, Gly-33, Gln- 
36, Thr-50, Tyr-73 and Leu-77, only occur in these posltlons elsewhere in cytochromes c 
of higher plants. The sequence, however, contams only one residue of the unusual ammo 
acid c-N-trimethyllysine, m posltlon 80, whereas all the higher plant cytochromes c contain 
two residues of this ammo a&, In positions 80 and 94. 

EXPERIMENTAL 

Materrals Approx 300 kg of Entrromorpha (fr wt) were collected from Eyemouth Harbour. Berwlckshlre, on 
various occastons Other materials were as described by Thompson et al ‘*,13 

Methods Enteromorpha cytochrome c was purified usmg the methods described by Rlchardson et al ’ 6 for 
higher plant cytochrome c, except that the homogenate was adJusted to pH 8 with 1 M-trls prior to filtration 
Cytochrome c [ETi, (red)/E,,, (ox) = 1 241 was obtamed with a yield of approx 0 I mg/kg and was shown to 
be a smgle component when exammed by gel electrophoresls at pH 4 5 and at pH 8 3 lPmLh The cytochrome 
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