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ABSTRACT
The mitochondrial (mt) encoded ndhl, ndh3, ndh4,
ndh5, rpIl4, cyt b and atp9 gene products were
identified by sequence comparisons with known
proteins. Amino acid sequence comparisons between
predicted Paramecium mt gene products and proteins
in current databases were quantitated approximately
by the means of similarity scores for pairs of aligned
sequences. The comparisons show that the
Paramecium gene products are very divergent from all
others with the exception of those from a closely
related ciliate, Tetrahymena. The similarity scores of
comparisons between a Paramecium mt DNA encoded
protein, cytochrome b for example, and the
homologous protein from a group of organisms as
diverse as other protozoans, vertebrates, fungi, plants,
and prokaryotes were all about the same. The
Paramecium gene products appear to be equally
divergent from proteins representing a number of
different kingdoms and organelles.

INTRODUCTION
The identities of a few Paramecium mt DNA encoded proteins
have already been established by means of comparisons with
sequences of known polypeptides (1, 2, 3). These include
cytochrome c oxidase subunits one (COT) and two (COIl), a part
of NADH dehydrogenase subunit 1 (protein ND1 encoded by
the gene locus ndhl), ribosomal proteins L2, S12, S14, and
photosystem II protein G. Two other NADH dehygrogenase
subunits found encoded in Paramecium mt DNA are somewhat
unusual (2). ORF400 was identified by its similarity to
homologous ORFs in chloroplasts (cp), in the protozoan
kinetoplastid DNA of Leishmania tarentolae, and now in the
bovine nuclear genome (4). These ORFs were shown to be an
additional NADH dehydrogenase subunit (4) not encoded in
animal or fungal mt genomes. The Paramecium gene
corresponding to ndh2 has also been identified but appears to
be lacking the 5' end found in most other mt and cp genomes
(2). The amino acid sequence of the region that is encoded is

very divergent compared to known ND2 sequences, even for a
Paramecium gene product, but this region, of all the Paramecium
mt genome, is the most similar to known ND2 genes.

In general, proteins encoded in the Paramecium mt genome
have been found to be quite divergent compared to analogous
gene products from other sources. Only about 26% ofthe amino
acids in the Paramecium COI protein are identical to the aligned
residues from other known sequences (1), about 23% for
ribosomal protein L2 (2), and less than 20% for ND2 (2). On
the other hand the Paramecium ORF400 shows 34% identity in
alignments with the corresponding gene encoded in cp genomes
and the Paramecium ribosomal protein S14 shows about 32%
identity with the cp DNA encoded proteins (2).

In this communication we identify, by amino acid sequence
comparisons, additional genes encoded in the Paramecium mt
genome that have previously been found encoded in mt, cp, or
nuclear genomes of different organisms. As with previously
published Paramecium mt gene products, the sequences are
divergent compared to those from a wide range of taxonomic
groups. These results are consistent with the idea that
Paramecium mt DNA branched from other groups early in
evolution and evolved very rapidly.

MATERIALS AND METHODS
DNA nucleotide sequences of species 4 stock 51 Paramecium
aurelia mt DNA, presented in the accompanying communication
(5), were analyzed using the similarity search programs FASTP
and FASTN (6, 7) utilized either on computers provided by
BIONET National Computer Resource for Molecular Biology,
or on an IBM-compatible computer with commercially available
versions of the programs (IBI/Pustell Sequence Analysis, IBI,
Inc., New Haven, Conn.). The programs and the amino acid
replaceability matrix (the PAM-250 scoring matrix) used in
FASTP are described in more detail elsewhere (2, 6).
The similarity scores tabulated in Figs. 2 and 9 were obtained

from the version of FASTP (7) supported on the BIONET
computer resource while the sequence alignments shown in the
other figures were obtained from the IBI/Pustell version of the
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Cytochro.e b
10 20 31 40 50 60 70 + 80 + 90 100

Parameci umn: ILNIFNYFKNLRVSFHEVFSLFGFFTFNTIIVQLVSGTNLAFSSVPEPNLIPTVROEEDIEDLYTDOFFVLHERGVDL IFIFSYFHLLRKLYLNVFDLET
Yeast RH
[2841 38 LCLVItItTtIFNtY"tNItLAFSSVEHINR'VHNGtI--LRY"tANtASFFtNVNFNtNAKG"tYGSYRSPR>

A AAAAAA A AAAAA A A A AA A A A AA A A AI tA A AA A AA A

R. sphaeroi des V
[2641 51 LAt-tLVLtI*TtIVt*IDYT*HVDt-AFASVtHINRtYNGGANRYItANtAS*FtLAVtItIFtGttYGSYKAPR>

A AAAAAAAA AAAA A A A A AA AA A A AA A AAAA AA A

Human NH
[2551 33 ttSLLGACL*L*ITTkLFt*Y*PDASTAFSSIAHITR*V-N-tGVIIRY**ANtASNFt*CLFLtIGtG*tYGSt-tYS>

AA A AAAAA A AAAA A A AA AA AA A A AA AAAA AAA A A

T.brucei Fl l
[2361 21 tI-YGVG"'t-tt*IALQ**CG-tCLAVtFttCCSNVYFVLFLV*-FtL-G-FV--IRSV'ICFTS'LYLLL'ItIFKSITtIIt"THI>

AA A AAA AAA A AA A A AA AA AAA AA A AA AAAAA AAAAA A AAAA

Naize it y
[2151 38 ttCLAGICLVItItT*YFt*NHYTtHVD-AFNSVN*HINR*VEGGVLLRN*AN*ASNFLtVVHLtIF*G*tHASYSSPR>

AA A A AAAAAA A AA A A A A AA AAAAA A A AA AAAAA AA A

110 120 130 140 150 160 170 + 180 +190 200
Paraseci u: EASVKSGVF SfLVFQVVVF FGLVLCCTNlSEITLTIAANIF HTF FNFKGAYFLFTffOQLNTDTL IRLAYAHYVSAF YLSf LGlLLGIDIHYOVKNEPF
Yeast VY P
[2841 111 VTLtNV*II2-ILTIATAt-tGYttGQNtHVGAtVIT*LtSAI*VGNOIVS*-tVGGFSVSNPtIQtFFALtLVPtIIAANVINtlNAl*IHGSSNtL

A AA A AA A A A AA AAA AA AAA AA A A A AA AA AAA A A A AAA A AA AA

R.sphaeroldes G
[2641 126 *ITtIVtNVIYtlNNGTAtNtYttPVGQNtFVGA*VITGLtGAIPGIPSIQAt-tLGGPAVONAttktFFSLttlP*VIAAVtIVAF*TTGNtNt->

A A AA AAA A A AA AAA AA AA AAA AA AA AA AAA A A A AA A AA

Human P F
[2551 11lt-T*NItIILLtATNATAt1tY1*PVGQN1FVGAtVITt1LSAIYIGTOLVQt-IVGGYSVDSP**TtF-FTtFILP*IIAAtATttLLfLtETGStN*L>

A A AA AA A AAA AAA AA AAA AA AA AA AA AAA AAA A A A AA A AA AAA

T.brucei A V
[2361 114 -lVtFlt-tILFttIIIItItYt*PttNN*t*VFSttIAtVPILGILCtt-IVGSEF1IOFttLKtNVltVLLPtItLIILI**LFCLttFNSSDA>

A A AAAAA AAAA AAA AA AA AAA AA A AA AA A AA AAAAA A A A A A AAA AAA A A

Naize it I Q
[2051 117 tFVCLt*VI2'lNItTAtltPPVGQN*FVGA*VITSLASAIPVVGDTVTt-*VGGFSVDNA**NtFfSl HllPlI*AGAS**lAAl tG-StN*L>

A A AA AAA A A AA AAA AA A A A A AA AA AA A A A A AAA AAA A AA

210 220 230 246 250 260 270 280 290 309
Paraieci ur: YGLSSENLVVDEALSKELTNFfVLLVFITLAFfllfEEPEALSYEIfNVGOIGlSTOVRFYGAPHlYFRPFNAVLIACPFHKTGIfGllfffVTLYYQ
Yeast F P
[2841 211 GITGNlDRIPNHSYFIKO'YTVt-tFNLt-*tVFY-StNTtGQDNYIPtV*PA---SID*EttLttYtItRSIt-Ot--LLVITNtAAILVL>

A A A AA A AAAAA AAAAAAA A A A AA AA A A A AAAA AA AA A A AAAAA A A

R sphaeroides FV KDLFA Y P GIV
[2641 225-TtYEVRRTSKAD*EKDTtPPYttItALVL*G*tAVVAN*NYtGHDNYIQAN-PttPAHI--t-tEtttLttY*-ILR-At-AAOYW-VVILVDGtTFD>

AA AA A A AAAAA AA AAA A A A A AA A AAA A A AAAA AA AAA A A AA A A AA

Human P F
[2551 216 GITSHtDKITFHPYYTIK-DALGLttFLlS*NTLTtt-StOLtGDDNYTLAN-PtNtPPH- -IKtEtttLAYTI-tRSVtNKLGtVLAt*LSIlItANI>

AA A A AAA AA A A AA AA A A A A A A A A A AAA A A A AAA AAA A A

T.brucei
[2361 213 C'RFAFYCERLSFCNVFYtRONtLAFSILLCNNYVI'INW-YFVFHEEStVIVD-TLKTS-OKILtEtFtLYLFGFtKtI*DKFN'tLLNVILLFStF>

A A A A A AAA A A AAAA A A A A A AAAA A A AA AAA AA AA AA

Naize et KD I SI P
[2051 217 --tVN*t--- K-IAS-YPYtYttVGRVAStttVItFAtNVtGNDNYI-PANPNP*PPHI--t-tEtttLtIHtItRSItOKAGtVAAIAPVtISt>

AA AAA A A AAAAA A AAA AA A A A AA A A A A AAAA A A A A AA A AA A

316 320 330 340 350 360 370 380 390
Parameci u: PNLHGVSDQNSYGKKTLTISSTVLAKKNTATPFSISIDSNLYHQITYFFFINCCLYTPSFLPYGRFFNQIGGNVGFLFSYFYVFCYLAFTD
Yeast
[2841 363 LVtP-Ft*RSVVRGNtlFVLtFF-fIFVFNtVLLGQIGACt-VEVPYVL*GQIAtFIYFAt--*LIIVPVISTIENVLt*I>

A A AA AA A A A A A A A AA A A AA A AA A AAA

R.sphaeroides V
[2641 328 AKFFt*IANFG-AIAVNALAPVLOTS*YRSGAYRPKFRNVFFLVLDFVVLTVVGANPTEY-*tOVISLIASTYt-tAY-FLVILPL*GAtE>

A AA A A A A A AA A A A A AA A A A A AA AA A AA

Human
[2551 315 *Itt-N*K*QtNNFRPtSQtLYV*LAADllILTVWGGQPVSt-PFtIIGQVASVt*FTTIt>

A AA AA A A A A A A A A A A A A AA A

Figure 1. Amino acid sequence alignments of cytochrome b encoded in Paramecium mt (top line, complete sequence), yeast mt (8), Rhodopseudomonas sphaeroides
(9), human mt (10), Trypanosoma brucei mt (11), and maize mt (12) DNAs. Below each organism name is the FASTP similarity score in brackets; the next number,
outside of the brackets, is the number of the first amino acid aligned on that line. Letter(s) above a sequence line represents amino acid 'inserts' at that point in
the sequence which are necessary for alignment purposes; a dash represents the absence of an amino acid, and an asterisk represents identity with the top Paramecium
reference sequence. The carets below a sequence represent scores > + 1 in the FASTP scoring for conservative amino acid replacements (6). The 4 invariant histidines
(+) are at positions 72, 86, 173, and 187 in the Paramecium sequence.
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program (6). The slight differences in scoring were insignificant
for short proteins but for longer ones the BIONET scores were
slightly different from the IBI/Pustell scores. The small
differences probably reflects the uncertainty inherent in the
algorithm and either score was considered valid. For more

Cytochrome b

ORGANISM SIZE

Parameci um
Yeast
A.nidulans
N. crassa
Human
Mouse
D.yakuba
T.bru
Maize mt
R.sph
LI vCpb6

% IDENTITY RELATIVE TO:
Para T.bru R.sph Yst

SCORES RELATIVE TO:
Para T.bru R.sph Yst

391 100 22 25 21 2255 210
385 21 24 49 100 245 474
387 21 28 55 62 232 471
385 20 25 48 42 186 401
380 24 26 47 50 215 457
381 22 26 47 50 207 452
378 21 27 48 54 192 453
363 22 100 25 24 210 2352
388 21 26 55 51 176 421
437 25 27 100 49 219 412
215 -- 25 35 32 --- 240

219
862
855
786
853
855
863
415
916

2441
448

245
2089
1411
1300
1155
1170
1190
474
1155
862
381

Figure 2. Cytochrome b similarity comparisons. The% of the amino acids that
are identical at corresponding positions for each paired alignment, and the FASTP
program similarity score obtained for each alignment are given. The proteins
that are not shown in the alignments in Fig. 1 are encoded in Aspergillus nidulans
mt (13), Neurospora crassa mt (14), mouse mt (15), Drosophila yakuba (16),
and tobacco cp (cytochrome b6, ref. 17) DNAs. Abbreviations are T.bru for
Trypanosoma brucei and R.sph for Rhodopseudomonas sphaeroides. No valid
alignment was obtained between the Paramecium and liverwort protein sequences.

accurate comparisons, however, all scores considered should be
from the same program.

Since the Paramecium mt gene products are quite divergent,
identities were based on a number of considerations including:
(1) similarity scores, (2) an appropriate size for the gene between
possible initiation codons ATG, ATA, ATT, ATC, GTG and
stop codons TAG and TAA (ref. 5), (3) regions in the sequence
alignments that were conserved in almost all of the possible
pairwise comparisons, and (4) specific amino acids, such as
histidines, that had previously been observed to be invariant.

RESULTS AND DISCUSSION
Cytochrome b
The Paramecium cyt b gene product is identified by the aligned
sequence comparisons shown in Fig. 1 and is further
characterized by the relative comparisons summarized in Fig.
2. This gene product is typical of most of the Paramecium genes
in terms of its extreme divergence from most of the other known
cytochrome b proteins. This particular gene product is analyzed
in more detail because many cytochrome b sequences from a wide
variety of organisms and organelles are available. Since the
Paramecium gene product is so divergent, it was difficult to
identify. We rely on FASTP analysis which scores conserved
amino acid replacements (shown as carets below the sequence
line in Fig. 1) as well as identities at corresponding positions

ND++++++++++++++++++I++++++++++++I
16 20 36 46 50 66 76 86 96 166

Parameci u: IlIYSIVlNlVVTLIIASITLlERKLLSLVQRRVGPNFVGYKGRLQYLADAL[lfLKGVAIPSGANSFffVANPSLAGAVCYTFVNIVGPSLSNFOVE
Bovine P
[4681 2 fN*NIlNtIIPILtAV*tV*t*Y*GYNtl*KttV *-*ltPltttltt*ItEPLRtATSSASN*ILAtINtLGLAl*N*I-PL-PNPYPLINNN

AA AAAAA A A AA AAAAAAAAA AA A AAA AAA A AA AAAAAAAAAA A AA A AA A A AA A A AA

Liverwort Cp I
(4481 29 VI*FLltttGtlGVLVVttttISAAI*Q*I**EYA*PL*IItA*ttGItt*EDIVtAQGDVltNIGtItVlIPVFLSYLVIPFEYNVILANFS>

AAAAAAAAA AAA A A AAAAA AA AAAA A A A AA AAA AAAAAA AA A AA A A A A A A A

A.nidulans
(4471 6 SItEGLLVIVPALtSV*FVtVAtttTNASNtttLtttAttLttAFtttttttEYIAtTQttILLtFLG*IITlIFSLLGYLVIPFtSGtOlStYN>

AA AAAAA A AA AAA AAA A AAAAAAAA AAA A AA AAAAAAAAAA A AA AAA A A A A A A A

16 120 136 140 156 160 171 186 190 200
Paramecium: YIVYASLLSILFGLCVNlTGYFSKNKYSVNAGLRAAILNLNLEIFLGIVFLNVCFLVESFSFAAFAVYQEIFVLIFlFFFLSNILLVFLEVNRTPFD
Bovine
1 468 1 l00 LGVLFNLANtStAVYSIlilStVA*NS*tALIGAt*tVAQTISYtVTtAtILtStL LKSGttTlSTL ITTt*QtQ"*LPAVPtANNIF IST'AtTttAttt>

AAA AA A AA A A AA AA AAA A AA A AAAA A AA AA A A AA AAAA A AA A A AA AAA

Liverwort Cp YGFL
[4481 130 IGVFFVIAVtSVVPtGLLNAttG*Nt***FLG***ttAQSISYt*PtALSVtSIALtSNtL*TYDIYEAtSKSt*LVRQPIGFIVFFIAStAtCEtLttt>

A A AA A A AAA AA A AAAA A AAAAA A AA A A A A AA AAA A A A A AA A A A AAA

A.nidulans
[4471 106LG6tLLAVtStATYGILtAtVSANSttAFLGS*tSTAQLISYtLItSStItLtILtTGtLNIITIIEStRVVNtLtPltPtFLVFFIGSIAtTttAttt>

AAA AA A AAA A AA A AA AA AA A A A A AA AA A A AAA AA AA AA A A AA AAA

210 226 230 246 250 266
Paramecium: LAEAESELVTGYTTEYGGFYFALFYLGEYFHLFFFSCLISVVFFGSWELLKPFLFLHNYTV
Bovine T
[4681 266 tTtGtttttStFNVttAAGPttttFNAttANIINNNIFTAILtLttHNPHNtEtYTItFtIl

A A AAAAA AA AA AAAAAA AA AA A AAAAAA A AA AAAA

Liverwort Cp
14481 234 tPtttEtttAttQtttStNK**Ftt*AS*LNtLVStLFVTILYL*GtHFSIttFS>

A AAA AAA AA AAA A AAAAAA AAAAA A AA AAAAA A A AAA

A.nidulans
[4471 206 tttttttttStFNttHSASItVF*ftAt*ASIVLICItNtIL*LtGYLSIItLD*t

AAAAAAAAA AA AA A AAAA AA A A A AAAAAA A AA A

Figure 3. Amino acid sequence alignments with ND1 encoded in bovine mt (22), Marchantia polymorpha cp (Liverwort Cp, ref. 23), and Aspergillus nidulans
mt (24) DNAs. The + marks above two regions of the Paramecium sequence identifies the homologous segments noted in ref. 21. Other symbols are given in
the Fig. 1 legend.
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ND1
ORGANISM Para
SIZE 261
%ID vs Para 100
%ID vs Bovine 32
SCORE vs Para 1452
SCORE vs Bovine 457

ND3
ORGANISM Para
SIZE 120
%ID vs Para 100
%ID vs LivCp 25
%ID vs Mouse 22
SCORE vs Para 707
SCORE vs Mouse 133
SCORE vs LivCp 198

ND4
ORGANISM Para
SIZE 474
%ID vs Para 100
%ID vs Human 23
SCORE vs Para 2645
SCORE vs Human 359

Bovine
318
32
100
457
1677

LivCp
120
25
100
28
198
215
707

T. bru
439
25
21

475
258

NDS
ORGANISM Para Pri rMt
SIZE 570 591
%ID vs Para 100 29
%ID vs LivCp 27 41
%ID vs PrlrMt 29 100
SCORE vs Para 3127 734
SCORE vs LlvCp 693 827
SCORE vs PrlrMt 734 3110

LivCp
369
33
38

454
533

TobCp
120
22
72
32

170
233
526

LivCp
499
23
27
418
521

Humai
318
32
78

428
1403

Podo
130
24
35
28
169
189
227

Droso
446
27
41

466
1049

In Mous
315
31
79

442
1449

Human
115
21
31
64
125
464
255

, A.nid
488
22
28

424
577

e Droso
324
34
48

428
861

N.cras
371
35
42

428
685

Mouse Starfish
114 116
22 28
28 28

100 49
133 175
623 290
215 248

IHuman Starfish
459 460
23 22
100 43
359 321

2378 1201

LivCp TobCp N.cras Bovine
693 710 715 606
27 26 28 26
100 56 30 31.
41 41 49 36

698 653 707 682
3854 2226 953 722
827 807 1203 796

T.bru
590
25
26
28
635
532
437

Figure 4. NADH dehydrogenase similarity comparisons. Selected sequence
alignments for proteins ND1, ND3, ND4, and ND5 from a variety of organisms
are sumnrized by the% of the amino acids that are identical at corresponding
positions for each paired alignment (%ID vs ), and by the FASTP program
similarity score obtained for each alignment (SCORE vs ). The proteins
that are not shown in the alignments in Figs. 3, 5, 6, 7 are ND1 encoded in
human mt (10), mouse mt (15), Drosophila yakuba mt (Droso, ref. 16), and
Neurospora crassa mt (N.cras ref. 21) DNAs; ND3 encoded in starfish mt DNA
(25); ND4 encoded in Trypanosoma brucei mt (T.bru, hypothetical protein 8,
ref. 26), Drosophila yakuba mt (16), Aspergillus mt (A.nid, ref. 27), human mt
(10), and starfish mt (25) DNAs; ND5 encoded in primrose mt (PrirMt, ref.
28), tobacco cp (TobCp, ref. 17), bovine mt (22), and T. brucei mt (hypothetical
protein C-590, ref. 26) DNAs. Para is for Parameciun, and LivCp is for liverwort
cp.

in aligned sequences. In addition, there are, in cytochrome b,
four invariant histidine residues that have been identified and are
believed to bind two heme groups (18). These histidines are
present in the Paramecium gene product as shown in Fig. 1.

In a comparison of sequences scored relative to that of the
Paramecium gene product, Fig. 2 shows uniformly low scores
and 20-25% identity. There is no significant difference between
similarity scores of the Paramecium gene product compared to
the analogous protein encoded in the mt DNAs of the protozoan,
T. brucei (210), the vertebrate, mouse (207), and the plant (176).
If the gene product from any other organism is used as the
reference sequence, the comparative similarity scores are higher
than those compared to the Paramecium gene product sequence.
Shown in Fig. 2, for example, are scores relative to the yeast
gene product. All scores are above 1000 (50-62% identity) in
comparisons with the protein encoded in vertebrate, insect,
fungal, and plant mt DNAs. The highest scores in this comparison
are with the other fungal genes, as expected. The gene product
from another protozoan, T. brucei, has low similarity scores in
most comparisons including the comparison with the Paramecium
gene product which shows only 22% identity.
The similarities relative to the purple bacterium, R.

sphaeroides, are interesting because previous studies based on
rRNA sequence comparisons suggest a close evolutionary link
between mt and purple bacterium DNA (19) while cp DNA is
more closely related to cyanobacteria (20). However, when
cytochrome b from R. sphaeroides is compared with the
cytochrome b encoded in Paramecium mt DNA and cytochrome
b6 encoded in liverwort cp DNA, the liverwort protein has a
higher measure of similarity. These results probably reflect a
rapid rate of divergence of Paramecium and T. brucei mt genes.

NADH Dehydrogenase Proteins
The ND1 protein alignments shown in Fig. 3, are in agreement
with features of a comparison in a previous study (21). Burger
and Werner noted regions of high similarity which are also
relatively conserved in the Paramecium gene as shown in Fig.
3. These conserved regions are the most polar in an otherwise
hydrophobic protein and may be the functional domains. The
sequence comparisons, summarized in Fig. 4, show that a variety

MH3 * 1+
13 20 33 a 53 60 73 N in 113 120

Paranecium: N6SNLFFVEHVFIFCNIFVllVAEYFFKSKUKQKHQFYECGIRALSELNIQINLNFSIVCVFLILYOVEFIFNYPFFFNFFLVMAFLVFFVFLFVFYSLVYDSYONSLALQL
Livervort Cp
[2341 11 FV*LIIS*FSIl**S*SK*I*P--IN-t -GPEttSttEPNG*ACt*FQIRYYNFALVFVIFttTV*L*tANS*YNFGISStIEALI*ILILIIG*tAVRKGAt

AAAAA A AAA A AAA A AA AA AA A AA A A A A AAAAAAA AAAAA AA AA AAAAA A AAA A

Tobacco Cp
[1731 9

P. Anserina
[1691 1

Mouse
[1391
Hunan
[1331

3

**VAFLItSILVPI*AFLISGVLAPISKGPE.*LSTt*S**EPNGDAVL*FRIRYYNFALVFVVFt*tTV*Ltt^NStDVLGVSVtIEA*tIVLILIIGt*tAVRKGA*
AA A A AA A A A AA AA AA A A AA A AA A AAAAAAA AAAAA A AA AA AAAAA A AAA A

F
tSttt-**Il-F*StIALLt-tF--INLItAPHNPYQEtYSIFt**FHStGQNRrTFGVKtF tFALVYLtl*ltILLTF**AVSEYVNtIYGLIILLGtITIITIGFttElGKSA*KIO
A AAA AA A A A AAA AA A A AA AAAA A A A A A A A A AA AAA AA AAA AA A AAAAA AA A AAAA A AA

A
AA A AAA AA A AA AA A AAAA A A A AAA AAAAAAAA AA AA A AA AAAA A A AA A A

L
1 NNFAAILAIATLLAALLLAIITFtLP--QlA--GYNEtSTPttt*FDPN*PARVPFSNK*FLATAFLtFALtIALLLALPAALQTAtLPlAVASSLLAIIIALttAEAlAKGAAA A AA AA A AA A AA AAAA AA A A A AA A AAAAAAA AA AA A A AA AAA A AA AA AA

Figure 5. Amino acid sequence alignments with ND3 encoded in liverwort cp (23), tobacco cp (17), Podospora anserina mt (29), mouse mt (15), and human mt
(10) DNAs. The + marks above the Paramecium sequence denote conserved regions.
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of organisms have a uniform and moderately low (31-35% vertebrates show smaller similarity scores but even the liverwort
identity) degree of similarity with the Paramcium gene product. cp gene has a slightly higher similarity score than Paramecium.
When comparisons are made, for example, relative to the bovine The ndh3 gene sequence was previously published as
ND1 protein, high degrees of similarity (79% identity) are seen Paramecium ORF2 (1), but has since been identified as encoding
with other vertebrate genes, as expected. Genes from non- the ND3 protein after the liverwort and tobacco cp ndh3 gene

N04
10 20 30 40 50 60 70 80 90 100

Paramecium: NFAVYLVFSfKKPEASKAOFfNLTF YIl GSFfLALVLALFCALFTFOLNFSAKNLLYPNEYIlISGOFffYKNGALKFSLNLYGLILVFLCLlTGf
l. tarentol ae
[5651 1 Nt*Ft*VICN*IL*F-LIVTLI-FINYS*C-lAtQ-F-Ntt-YINIYLNtI--N*V-FIYFN**VF*tltLSR>

AAAAA AAAA A A A A A AA AA A A A AAAAA AA AA

Liverwort Cp
[4711 19 ttIPt-LtSTGNKIIRWYT'GV-CLt--E-tt-tITYltt--YHYQ--tNODLIQLKEDtNtItFIN'HVRL'IDG*tIG'I-*LTGtITTtATL>

AA A A A A A AA AA AA AAA A AA A A AA A A A A A AAA A AA AA A A

Bovine S
[4291 32 tLI*FTSt*LNtQFGDNtLNtLLFFSDStSTPtLILTNVtLPtNtNASQ>

AA A AA AAA AA ALAALA A A A A AA A AA

110 120 130 140 150 160 170 180 190 200
Parameci um: AISTVONlYSEDKlKFYlIfFQFFLAVLGFIKCSDLIAFfFFYEVLNLGSVLVVFFGSYSKKSIHAVIYFVAVTQLGSLFVLLACLYIYSLTNSTNFFV
L.tarentol ae CII
[5651 67 KtYSKYFt--ILtSYIFtttDVT*11--L--IOtFNCtNlLF S*FfPICftSL*FNFNNRFIFILtIFSS*StINCIIIIIFNFNIltlQStI>
Liverwort Cp AF F Q
[4711 103 At-VPtTR---NPRt-ttFLNLANYSGQItlFASQtIlltt*NltlEl*-PtYlLLANlGGtRRlYtATKtIlYtAA*tttIGGsINtNSNEftDttl>

A A AL AAAA A A AAA AAA AAA AA AA A AAA AA A A AA A AAAAAAAL A AA AAAAA

Bovine R
[4291 82 HHLtK-EttTRKKLFITN*tSLtt-INTtTA-NE tL*YILF ATLVPTLIIITVtNQTER-LN*GLttLFY*LAt**PltV*LIttQNTVGtlttlN>

AA AAA A LA LAAAA AA A AAA AA AAA AA AAAA A A AAA AAAA A AAA AAAA AAA A AAAA

210 220 230 240 250 260 270 280 290 300
Parameciu: IKTFVFSKTQANTIYSLLFVGFGIKF PIWPLHYILTKTHVEASTGFSIYLSGFLVKTALFGFYRLTNLIQVELOTTFFLAVLVAGVIOSSLNNWSQTDLK
l.tarentolae FL N
15651 164 tCl -OtLYLGLYVVIt*INtSt*tt*VttPEL ttVNtElttltASVVL IGF tLtKFlf SFNQtSIVGtIDSttltLTFLAITLLFLStYt>

A A A A A AAAA A AAAALAAAAA AA AAA A AAL A AAA LAAAAAAA A AA AA LA AA AA AA

Liverwort Cp V IVY
[4711 201 *NK-KYPLELEIIttLSFLIAYAV*L tI*FtT**PDt*G**HYSTCNL AtItL NGAYtLI*I-tNELLPNANS*tAPLVIVtAtQAAtTSl22RNtt>

A A A AA AAA A ALLAA AAA AA AA AA A A A ALA AAA AA AA A AL AAA A LA A AA AAA

Bovine V N C FNA
[4291 179 LQYVtQPVNNSSNVFVtANNAtNVtNtLYG**LttPtAt*tPIAG*NV*AAVtlGGYtNLtItLIlNPNTtYP*INLStVGNINTttICLR ttttt>

A A LA A A A AA AA AA LA A AAAA AA A AAA AA LAL AL A A A A AA LAA LA LAAAA

310 320 330 340 350 360 370 380 390 400
Parameci ur: KLVYCTIQENLIAIFfLKGDSSLIAYGFLFTINHALKSTLNFFLVECIYSRYKSRSTLVVNGVFFSFNNLALAIIFNVLFFSGILGTLKFVCEFFVFN
L.tarentolae SIl
[5651 266 tIItTVSVIHTGIGL LLVHNtIlFlGllIfCNLS*IIS*AF tNN*GYNtDN*GVtIFtNLI-S**GISS*FtGtFlfNID*-PF-NL*FYIDI lYG>

AAAA A A ALL A AL A A A A A AAA LA LA A A ALA LA A A A A A A A LA AAAL
Liverwort Cp G
[4711 303 RRIttSSVSHtGFV-LIGIGSITNtlNGAI*QNtStGtIGASLtttAGIStD*--Tt-tttlDQN-GGIG2-SNPKtt-TttTtCSNAStALP-GNSG*I

A ALA A A LA A A LA A A A AL AAAA A A A AAAAA A A A LA AL A A A A A

Bovine A
[4291 284 StIttSSVSHtA*VIVILIQTPV*YNGATA*N-*A*G*SNL*CtANSNtEfIHttTKILAR*LQTllPLNtTVVLlAStTNLALPP*INLIG*tV->

AAALL AAAA AAAAAAAAAAAAA AAALAALAAAAL ALA AAL AAALAAAAAAL AAAL

410 420 430 440 450 460 470
Parameci ur: LTLHVSVPIGVIFVYVVSAIGLIGFSKNVFNAIFCAPSKDVGPDALDLSKKELYIIFLCFAGLIFLTFLPFLNI
l. tarentol ae
[5651 366 -LISLtFIYICC*YII'L*VF'SSIYNYNCLSFYSFIVL*KYL-R"t*TINDI'LY'ITSIIV*LFFY'IYtL>

AA AA AAA AA A A A ALL AAA A AALA AAALA

Liverwort Cp
[4711 396 AEtNI-F-Lttt>

A A AALA
Bovine
[4291 383 NS-FttS-NIT-IILN-GVNNV-IT-ALY-SLYNLINTQR*KYTYHI--NNISPS'TRENAtNS'HIttL*LL>

A LA A AA A ALA AL LA A A A ALA A AAAAA

Figure 6. Amino acid sequence alignments with ND4 encoded in Leishmania tarentolae mt (30), liverwort cp (23), and bovine mt (22) DNAs. The + marks above
the Paramecium sequence denotes a region discussed in the text.
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N05
if 21 31 41 56 61 76 86 96 166

Paramecium:U FSfFFSfYALSVIf:SllfKFlSSIGVFlLNTTSIGLFVAYSLSNLNfnfIKNKLIAINlfRVFPlSAGYLVNfSF:YITVAYSFTLLTLTIGVFVNLY
N.crassa GF
[8371 1 tYLSIIILPLtGStVAGFtGRKVGVStA-Qt-12CLSVIITTGtAItAFtEVNtIPVTtNttttID-tEV*NILVGtQFtSLTVANLIPVtItSSL HIt

AA A A A AA A A A A A A A A A AA A A A AAAAAA A A A A A A A A A AAAAA

Liverwort Cp I F A v
[7691 9 VtPltPtl-AtILLGGt-FftPNtIKKRR*SSFISINtlNINtLSFHftVQQITGSPttRYLSVVtYKNFVlEIGYLltPLTSINLVtVTtVAtNtNlt>

A AA A AAAA A A A A AA A AAAA AA A A AAA A AA A AA AA A A AA

L.tarentolae S C C C
(7391 1 tttNtFFNFGFICGIt--tIGRNILtVtSVV-LCItLVNt-TIFSC*CLSICIYGYCFYOfLLINlDFfILttCNGF-tItItYlIO*VFtIVF >

AA AAA AA A AA AA AA A A AA A A A A A AA A A AAA A AA A A A A A A AA AA

119 121 136 141 156 161 176 186 196 266
Parameciu:TYSYFRYrPHISnLISLINAFIASNIILVNSGNLVVFFFGVELIGITSFFLINF:GERAPTFKSAFKAFSFNKFSOSAVLIALILIYANnHDlNFEAILN
N.crassa
[8371 166 SltNSHOttNOtFFtYLSLtTFNttttANtYLLNtVtt*GVtYL*VSttFTtIAANQtSNStttRVGtCFlTtGNFVVLVTLGNtOYATVFS>

AA AAA AA A A A AAAAA A AA A AAA AAA AAAAA AA A A AA AA A A A A AA A AAAA AA

Liverwort Cp I
[7691 IllSOttNFlDEGYIKFfCYLSLtT*tLGttPttQtYI-FtttVCtttG*tFTtPSAANACQtttVTtRIGtFGltLGIlGftVITGSFDt-Qt->

AA AA AA A A AAAA AA A AA AA AAAAAA AAAAA AA A AAA AA A AAA AA A AAAA A

l. tarentol ae Y
17391 lC

A
AfYtAAAFALLAtFfAAIFAAtVLCttYFltAACtttLtLFtAAttAStA-YtFAALFGAtttFAIStVGt--tt--tLtVF t--TF lNG-YC>

216 226 231 246 250 266 276 286 296 390
Parameci ur: VSLYSENKLGSTPQINSVNLISFCLLFAAFVKSAQFGFNVVlPOSNEAPVPASALIHSATlVSAGVFLINRFYPILElSLYFKLVTALVGALTALAGGL
N.crassa
(8371 260LAP-t--IN--6--Dt-A-TItGIttfIGtNA*tStV*lttttNAttGtTtVttttAttNtTtttLttSStLItYtSTVLtLCLVL*tI TVFSSt>

A A A A AA AA AAA A AA A AAAAAAA AA A A AAAAA AAAA AAAAAAAA AAAA A AA AAAAA A A

Liverwort Cp
17691 269 SKRFFELLSYNQINLVF-ATtCALFtFLGPVAtttttPLI"tttAttGt*ItttttAtt"tAttINttVAtNFLFQNLPF VNSI ISVTttItt*LtAT>

AAA A A A A AAA AAAAA AAAAAAA AA A A AAAAA AAAA AAAAAA A AAAAAA A A AAAAAA A

l . tarentol ae c
[7391 193 tITF*F-LTFLCVDYtFI-VFtVtLttTCGtTttTt*tLtIttttAttGtItVtttttAtttVCtII'tSFVVCFDFVFttYSLIGV-SStILVNNSt

A AA A A A AA A AA A AA AAAAAAAAAA AA AAA AAAAA AAAA AA AA A AAA AAA A A A A

316 326 330 341 356 366 376 386 396 406
Paramecium: SAVFQTDlKKLAYSTISNCGFlIfLCSFGNFKLVIVYLFYGFFAISFLCVGLIFSKSYQDlRRNGSFfKYLPAEFfLVFSLLNLSGLPFFfGfY
N.crassa
[8371 291 IGLttQtlttVIttt*NtQltNNVIAIGLSSYNVAlFNtIN*AtYttLLtGAtSVtHAVADNttFtKFtGLKNtttLTYSVNLIAStStVAFtYNTtt>

AAA AAAAAAAAAAAAA A AA A A A A A A AAAAA AA A AAA AAAAA A A AAA A AA A A AAA AAA

y
Liverwort Cp HSNEPIV
[7691 3688tLAtKttttGttttttQLtYNNLALGItSYtAGlFHtITtAYSttLLttGStSVtGHPNKStNNIFttGLRG*NtITAITFltGTtStCtItPtACtV>

AA A AAAA AAAAAAAA AAAAA A AA A A A A AAA AA A AA AAA AA A AAA AAA A A AAA A A

l .tarentol ae CY ARN
[7391 291 CVFYNFtVtRYVtFtttCQIStSNt-tCL-SLOtYVGC*tF N*Yt*TL*IVLtVVtHtFFGLttVtCY--ttTtFCGCILLtI*AI*tSCStVLCttt>

A AAAA AAAAAA A A AA A A A A A AA A AAAA AA AA AAA AAAA AA AA AAAAA AAA A AA AAA

416 426 436 446 450 460 476 486 496 566
Parasecis:SKTLLFuNISDrlYFnAIFCNILLSCITGLFYSFNILYYSFFDSKARKSIYAGVISEYLuSYYYSNTTNASNIAIFLnIVSSCLLCAYLINFYLLSLST
N.crassa S V
[8371 391ttOFILESAYGQFtSGtVYIIATI6AtFTTLttVKVttLTtLANPNGYIHFtRHFt-ltEtLtVtVSYt-GKE-E-tY*P-KH--NSKEINtL-PRtVtG>

AA AAA AA AAA A A A AAA AAA AA A A A A A A A A A A A AA AAA

Liverwort Cp PK
17691 416 ttOE-ILVNSVtH*-PILGSIAFFTAGLTAt*N*R-ItFLT*E-GDFtGHFfD-DVK-KtStISI-VGSLEFtKEQtKtDKKtTtYEtNNtNLFPtIlLt

AA AA A A A A AA AA A AAA AA A A A A A A A AA AA A A AAAAA

L.tarentolae CL L V
[7391 392 CtOttllTSFf ILEFL*VCtFfIItNYFLtFFC*KCFCLVDTLf--llfDfECCLVtCTFCLYNCF-VLtFFtLD-FtYVFIFSStCt-FV->

A AAAAA AAA AAA AA A A A AAAA AA AA AA AA A A AAAA A AA AA A A A

516 520 536 546 550 566 576
Paraseciur: ATDFTLVYVKTFSFTLAPLSEAALLNYSFFYWIIAIFFVILVLFSYYQKKTTAEVSLAGFFDFFLGGFFF
N.crassa IH
18371 485 EGGtFtS-LPLVILAtFSIF-FGFITKDItIGLGSN*tIONSttPIHEINIDTtFAVPTLtK-Lt-PtIt>

AAA A A A A AA A A AAA AA A A A AA AA A A

Liverwort Cp
[7691 511 IPTVFIGFIGI-L'OENKNNVD-S'StVLTLStNSFNYSNSEKtLEFLFNAIPSttI-AttGIL-IAtY>

AA AA A A A A A A A A A AAA AA A AA

L.tarentolae
[7391 496 -S-tstY'ASF'OIA'FTVFIIDIIKF-YILSGVIFY'FNIDCINFF-VRVFLFITN-"tLFtIFTTVYt>

AAA A A A A AA AA A AA A AA A A AAAA AA AA

Figu 7. Amino acid sequence alignments with ND5 encoded in N. crassa (31), liverwort cp (23), and Leishmania tarentokle mt (30) DNAs. The + marks above
the Paramecium sequence denote conserved regions noted in ref. 28.
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ATPase, subunit 9 .. . ..+.+..
lI 23 33 46 56 66 70

Paramecium: NLLYLAIKTLVLGLCILPISAAALGVGILFAGYNIAVSRNPDEAETIFNGTLNGFALVETFVFNSFFFGVIVYFI
Yeast It
[1351 1 tQttttAtYIGA'ISTIGLLGtGI'IAVttALING"tttt"SIKD0V'PNAILttttS'ATGLFCLNVSFLLLt>
N.crassa nuclear
[1191 9 N'EVS'N'GN'SAAIGLTG'GI'I'LY"ALLNG'A"'ALRGQL'SYAILt'FttAIGLFDLNVALNAK'>
lovine nuclear
11351 5 tAtFIGA'AATVCGAGSGA'ItTY*GSLI'GYA*t'SLKQQL'SYAILttt"S'ANGLFCLNYAFLILt>
Raize it
(971 1 NLEGAtSIGAtAATIALAGCtVIIlNVLSSSIHSIAItISLtKQStGYAILtt*WTCAIASFAPNNAFLIS8V>
E.coli
[841 7 D"YN-AAAVIN'-L-AA-IG"I'I"'GGKFLEGAA'Q"tLIPLLRTQFFIVNG"tOAIPNIAVGL'LY'N>

Figure 8. Amino acid sequence alignments with ATPase subunit 9 encoded in
yeast mt (YstMt, ref. 32, sometimes called olil gene product), N. crassa (nuclear
gene, ref. 33), bovine (nuclear gene, ref. 33), maize mt (34), and E. coli (lipid-
binding protein, c chain, ref. 35) DNAs.

sequences were published. As shown in the alignments in Fig.
5 and the comparisons in Fig. 4, the cp genes have the highest
degree of similarity compared to the Paramecium gene (score
198, Fig. 4) which aided in the identification. Further
confirmation is provided by the appropriate size of the
Paramecium gene product, the two regions of conserved identities
noted in Fig. 5, and the number of conserved amino acid
replacements noted in the figure. The first block of conserved
amino acids noted in Fig. 5 is within a region that is absolutely
conserved in a previously published comparison (25) of the ND3
protein from six animal species. The similarity scores of the genes
from fungal and animal sources, relative to the Paramecium
protein, are only slightly lower than those of the cp genes and
the difference is probably not significant. When the sequences
are scored relative to the mouse gene product, a close similarity
among the animal mt proteins is noted (> 50% identity, Fig. 4).
Relative to the cp sequence, another cp gene product has high
similarity (72% identity) and the animal mt genes show much
less similarity (28-30%), as expected. The Paramecium gene
product has the lowest similarity scores in any of the comparisons
(21 -28% identity).
The alignments of the ND4 protein, Fig. 6, show few long

stretches of amino acid identities with the Paramecium sequence,
but the overall similarities over the long polypeptide shown in
Fig. 4 are clear. One moderately conserved region, indicated in
Fig. 6, contains significant similarity with the ND4 protein from
a protozoan flagellate, L. tarentolae. The similarity scores shown
in Fig. 4 include comparisons with another closely related
flagellate, T. brucei, whose genes are highly similar to those of
L. tarentolae. The scores, relative to Paramecium, are higher
for the liverwort cp gene than for the human or starfish gene,
probably reflecting only a high degree of divergence of the
Paramecium gene. Similarities relative to the human ND4 show
>40% identity with that encoded in other animal mt DNAs. The
human mt ND4 has a greater similarity score compared to the
liverwort cp gene product than compared to that encoded in the
protozoan mt DNA.
There are three highly conserved domains shown in the

Paramecium ND5 alignments, Fig. 7, which have been noted
in a previous comparison (28) of the gene product from primrose
mt DNA (Oenothera), N. crassa, and mouse. These domains
contain long stretches of identities aligned with the Paramecium
sequence, but overall (Fig. 4), Paramecium ND5 has only
25-29% identity in any of the comparisons ranging from the
mt gene from the protozoan, T. brucei, to the cp gene from

ATP9
ORGANISM
SIZE
Organe 1.e
%ID vs Para
%ID vs LivCp
%ID vs N.cras
SCORE vs Para
SCORE vs LivCp
SCORE vs N.cras

Para
75
Mt
100

28
384

119

Ribosomal protein L14
ORGANISM Para
SIZE 119
%ID vs Para 100
%ID vs T.pyr 42
%ID vs E.coli 36
SCORE vs Para 622
SCORE vs T.pyr 264
SCORE vs E.coli 196

YstMt
76
Mt
32
30
56
135
112
210

T.pyr
119
42

100
34

264
600
202

N.cras Bovine
81 75
Nuclear Nuclear
28 25
28 32

100 58
119 105
113 102
375 215

E . col i
123
36
34

100
196
202
S81

B. stear
122
31
35
68

194
206
419

MzeMt
74
Mt
25
26
50
97
87
194

Myco
122
36
36
53

163
196
326

E . coil
79

26
31
30
73
128
93

Li vCp
122
28
32
58
137
177
380

Li vCp
81
Cp

100
28

357
113

TobCp
123
29
27
54

119
145
368

Figure 9. ATPase subunit 9 and ribosomal protein L14 similarity comparisons.
Selected paired sequence alignments are summarized as described in the Fig. 4
legend. The proteins that are not shown in the alignments in Figs. 8 and 10 are
ATPase9 encoded in liverwort cp DNA (LivCp, atpH gene product ref. 23), and
L14 encoded in Bacillus stearothernophilus (B.stear, ref. 36), Mycoplasma
capricolum (Myco, ref. 37), and tobacco cp (atpH ref. 17) DNAs. Other
abbreviations are: Para, Paramecium; YstMt, yeast mt DNA (32); N.cras, N.
crassa (33); MzeMt, maize mt DNA (34); T.pyr, Tetrahymena pyiformis (T.pyr,
ref. 38).

liverwort. Even the primrose mt protein sequence has ca. 40%
identity in an alignment with the cp ND5 polypeptide and 49%
identity with the mt ND5 from N crassa.

ATPase, Subunit 9
Identification of the ATPase subunit 9 gene (EC 3.6.1.34) in
Paramecium mt DNA is interesting because this gene is found
in different organelles in different organisms. The mt proton
translocating complex (ATPase) contains a hydrophobic
membrane component, denoted Fo, and an F1 component
consisting of relatively hydrophilic subunits. Most of the subunits
are encoded by nuclear genes and imported into the
mitochondrion from the cytoplasm. Subunit 9, of the Fo
component, is encoded in the nucleus ofN. crassa and cow (33),
but is mt DNA encoded in yeast (32), maize (34), and
Paramecium. Alignments with the Paramecium gene, Fig. 8,
exhibit two regions that are highly conserved regardless of the
organism or organelle in the comparison. The scores given in
Fig. 9 show that the Paramecium gene product has the greatest
similarity with the mt DNA encoded yeast polypeptide (32%
identity), but also has comparable similarity with the nuclear
encoded N. crassa protein (28% identity). Although the NADH
dehydrogenase subunits encoded in cp DNA are as similar to
the Paramecium mt DNA encoded proteins as the animal or
fungal NADH dehydogenase subunits are, the same is not true
for the ATPase 9 protein sequence. The FASTP simililarity
program does not yield a meaningful alignment or score in
comparisons between the Paramecium mt DNA and liverwort
cp DNA encoded gene products, although all other sequences
tested could be aligned with the cp protein (atpH gene product,
ATPase subunit III, refs. 17 and 23). Relative to the N. crassa
gene product, the similarity scores are about the same in
comparisons with the mt DNA encoded yeast gene product (56%
identity), the nuclear DNA encoded bovine gene (58% identity),
and even the mt DNA encoded gene in maize (50%). These
similarities suggest a common origin for these genes which are
now encoded in different organelles. There is a significantly lower
similarity score in the comparison with the Paramecium gene
product.
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ribosomal protein L14
10 20 30 40 50 60 70 80 90 100 110

Parameciu:uIQKETQLNnCDTSSVWVVNTFHIYRGFRHRIGRLGOYIKVSIRSTKPECTIKRGKKKKAIIVRHAFGRLKRnGSFSKFSSNVCVLLKKRTAPLGREIKGPIFYGVKKKKFVASFPGRV
r. pyri fori s S I
[2641 1 ttttt*N*KPI*KCG*StRA**l*GttNQ-STISNFLtVKK*RANNVVPKKTtLtttt*TLK-KE**KtttYI*tRTtNV*tt*tlTtK*KIl"tVSSNlRR*RtlT*C*SI>

AAAAAA A A AA A AAAA AAAA A AAAAAAAA AA A A A AAAAA AAAAAAA AA A AAAAAA A AA A AAA AAAAAAA AA A A

E.coli
[1861

E
AAA AA AAA A A A A A A AAA AAA AAA AA A AAAA AA AAA A A AAA AA A AAAA AAA A AAA AA AAA

Liverwort Cp N
(1381 1 tttPQ*Y***A*N*GARKLNCIRVIGTSNRKYANIttItIAVVKEAV*NNPttKSEIVRttt-TCKEF**N*tII**00*AA*VINQEGN*KtTRVFtt*ARELRESNt>

AAA AA AAA A A A A AA AA AAA A AA A AAA AAAAAA AAAAAA AA A AAA A A A AAA AA A

Figure 10. Amino acid sequence alignments with ribosomal protein L14 encoded in T pyriformis mt (38), E. c-oli (39), and liverwort cp (23) DNAs.

Ribosomal Protein L14
In the ribosomal L14 alignments shown in Fig. 10 and the
comparisons provided in Fig. 9, the high degree of similarity
(42 % identity) of gene products from two ciliates, Paramecium
and Tetrahymena, is seen. The fact that both genomes even have
the gene is significant since such ribosomal proteins,
corresponding to ones found in prokaryotes, have been previously
identified only in plant mt and cp DNA. The gene's location in
the linear mt DNA of Paramecium and Tetrahymena is also
approximately equivalent.
The prokaryote L14 proteins have 31 -36% identity with the

Paramecium protein, and the plant cp gene products have
28-29%. It can be seen that similarities scored relative to L14
from Tetrahymena are almost identical to those relative to
Paramecium's ribosomal protein. When comparisons are made
relative to E. coli's L14, we see a high degree of similarity with
the prokaryote and with the cp gene products, 53-68% identity,
and a lower degree of similarity with the two protozoan mt
proteins, 34 and 36% identity. Therefore, even though the ciliate
gene products have a relatively high % identity compared to the
plant cp and prokaryote proteins, the protozoan polypeptides are

still, not surprisingly, the most divergent of those known. A
similar situation exits with the 'chloroplast-like' genes that have
been found in the Paramecium mt genome (2). The Paramecium
psbg gene product has 44-48% identity compared to
corresponding prokaryote and cp gene products. Genes encoding
ribosomal proteins L2, S12, and S14 have also been previously
identified in the Paramecium genome (2). Comparisons of these
Paramecium gene products with corresponding proteins encoded
in prokaryote and cp DNA show approximately 30% identity for
L2, 30% for S14, and 40-45 % for S12.

CONCLUSIONS

In all paired comparisons of these proteins, the Paramecium gene
products are shown to be among the most divergent. Proteins
from the protozoan kinetoplastids Leishmania and Trypanosoma
are also very divergent from other known polypeptides including
those of Paramecium. There is probably no significant difference
between most scores of sequence alignments with any one

Paramecium gene product and the corresponding protein from
any of the organisms included in this study. The scores are low
and the degree of error is significant compared to score

differences between comparisons involving different organisms.
However, proteins encoded in the mt DNA of a ciliate,
Tetrahymena, show significantly greater similarities with the
homologous Paramecium proteins (Fig. 10). Also, some

comparisons seem to show unusual similarities between the

Paramecium mt and plant cp genomes (2), ribosomal proteins
for example (Fig. 9). But, other Paramecium mt gene products,
such as ATPase 9, show little or no similarity with the
corresponding cp DNA encoded proteins (Fig. 9). From these
results, it appears that the genes encoded in the Paramecium mt
genome are equally divergent from those encoded in the DNAs
from a number of different kingdoms.
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