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ABSTRACT The plastid genome of Cryptomonas 4), a
cryptomonad alga, contains three genes that have not previ-
ously been found in any organellar genome. Each of these genes
encodes a functional class of organellar gene product not
previously reported. The first gene, dnaK, encodes a polypep-
tide of the hsp7O heat shock protein family. The predicted
amino acid sequence of the DnaK protein is- 54% identical to
that of the Escherichia coli hsp70 protein (DnaK), 50-53%
identical to that of two nucleus-encoded mitochondrial hsp70
proteins, and 43-46% identical to that of several eukaryotic
cytoplasmic members of the hsp7O protein family. The second
gene, hipA, encodes a polypeptide resembling bacterial histone-
like proteins. The predicted amino acid sequence of the HlpA
protein is 25-53% identical to that of several bacterial histone-
like proteins, and the identity increases to 39-76% over a
conserved region corresponding to the Iong arm that binds
DNA. The third gene, acpA, encodes an acyl carrier protein,
which is a key cofactor in the synthesis and metabolism of fatty
acids. Its predicted amino acid sequence is 36-59% identical to
that ofeubacterial and plant chloroplast (nucleus-encoded) acyl
carrier proteins.

The endosymbiont hypothesis suggests that contemporary
plastids and mitochondria evolved from free-living eubacte-
ria that entered early eukaryote cells as endosymbionts (1, 2).
A central theme ofthis hypothesis is the loss or transfer to the
nuclear genome of a majority of the endosymbiont genes and
the retention of some genes in the organellar genomes.
Nucleotide sequences of three plant chloroplast genomes
have been completely determined, revealing their gene con-
tents (3-5). In addition to tRNA and rRNA genes, each
chloroplast genome contains over 60 identified protein-
encoding genes and about 30 unidentified open reading
frames (6). The identified genes encode proteins involved in
transcription (RNA polymerase subunits), translation (ribo-
somal proteins, translation factors), photosynthesis, and
probably chlororespiration (ndh genes). Various chloroplast
genomes studied so far show similar gene contents, while
several exceptions have been found in which a gene is present
in the chloroplast genome of one organism but absent from
that of another (e.g., see refs. 7-9). Such exceptions have
proven useful in studying the process of gene transfer from
chloroplasts to the nucleus (10).
Cryptomonas 4) is a chlorophyll c- and phycobiliprotein-

containing alga, belonging to the Kingdom Chromista. Other
members of this kindom include chromophytes, dinoflagel-
lates, and diatoms (11). Plastids ofthis group oforganisms are
suggested to have originated from a secondary endosymbi-
osis, in which the endosymbiont was a photosynthetic eu-
karyote rather than a eubacterium (11-13). In contrast to
chloroplasts of metaphytes (land plants) and chlorophytes
(green algae), which have two membranes surrounding the
thylakoids, plastids of Chromista possess two additional
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FIG. 1. Gene map of the 2.8-kbp EcoRI-Xba I DNA fragment of
Cryptomonas 4) plastid DNA. The solid bars represent coding
sequences of the genes. The dnaK gene is transcribed from left to
right, while hipA and acpA genes are transcribed from right to left.
The arrows illustrate the length and direction of the sequenced
fragments.

membranes (termed chloroplast endoplasmic reticulum, or
CER), the outermost of which is continuous with the nuclear
membrane. In addition, a nucleomorph (likely a degenerate
nucleus) is still present inside the CER ofcryptomonads. The
plastid genome of Cryptomonas 4) has been shown to be a
circular DNA of 118 kilobase pairs (kbp), containing an
inverted repeat of less than 6 kbp within which the plastid
rRNA genes are located (14). Several genes of this genome
have been described previously, including the rbcS gene,
whose counterpart in plants is encoded in the nuclear genome
(7). In this paper, we present the structures of three genes
found in the plastid genome of Cryptomonas 4) that encode
an hsp70-like heat shock protein, a histone-like protein, and
an acyl carrier protein.t To date, so far as we know, these
genes have not been reported for any other organellar ge-
nome, and each of them represents a functional class of
organellar gene product not described previously.

MATERIALS AND METHODS
A plasmid clone (BS-7) containing a 12-kbp BamHI-Sal I
plastid DNA fragment was provided by Susan E. Douglas
(Institute of Marine Biosciences, Halifax, NS, Canada). The
Cryptomonas 4) strain, from which the plastid DNA fragment
was originally isolated (14), was from the Culture Collection
of Marine Phytoplankton (Bigelow Laboratory for Ocean
Sciences, West Boothbay Harbor, ME). A 2.8-kbp Xba
I-EcoRI DNA fragment was isolated from the BS-7 DNA,
cloned in plasmid vector pUC118, and subjected to DNA
sequencing.
DNA sequencing was performed with the dideoxy chain-

termination method (15), .using the Sequenase enzyme sys-
tem (United States Biochemical) and deoxyadenosine 5'-[a-
[35Slthio]triphosphate (DuPont/NEN) according to the in-
structions of the suppliers. Sequencing clones were
generated by performing systematic deletions using exonu-
clease III and S1 nuclease (16). In some cases, oligonucleo-
tides were synthesized and used as primers to sequence small
gaps or the second strand. The deduced amino acid se-

Abbreviation: CER, chloroplast endoplasmic reticulum.
*To whom reprint requests should be addressed.
tThe sequence reported in this paper has been deposited in the
GenBank data base (accession no. M76547).
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quences were aligned by using the sequence alignment pro- strand in a direction from Xba I to EcoRI, while hipA and
gram of Corpet (17), with a gap penalty of 8. acpA are encoded on the 3'-to-5' DNA strand. There is a

105-bp noncoding sequence between hipA and acpA, and a

RESULTS 13-bp sequence between the stop codon of dnaK and that of
hlpA.t

Gene Structure and Sequences. Complete sequence deter- DuaK Protein. The deduced protein sequence of the plastid
mination of the 2.8-kbp Xba 1-EcoRlDNA fragment revealed DnaK is 627 amino acid residues long, containing 98 acidic,
three open reading frames, designated dnaK, hipA, and acpA 78 basic, and 184 hydrophobic amino acid residues. The
(Fig. 1). The dnaK gene is encoded on the 5'-to-3' DNA calculated molecular mass is 68.5 kDa, with a calculated pl
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P. DnaK MGKVGIDLGTTNSVVAVMEGGKPAVIQNAEGFRTTPSVVAYTKTGDRIVGQIA1RAVINPDNTFYSVRIGPRR-SEEV
E. DnaK ... 1......C. .I.D.TT.R.LE.....D...II.. .QD.ET... P.....T. .Q. .LFAI. .L .....FQD...
Sscl MLAAKNILNRSSLSSSFRIATRLQSTKVQ.S.I......A.I.1...KV.KI.E.....S....F. .E.E....I.1....V..E. .LFAT.L..... FEDA..
Mtp7O MFARRLRGAGSLAAASLARWQSSKVT.D.I.....Y.C....D..R.LE.T....A.A....F-.GQEK... IA....T. .QS...FA....L... .FEDSNI
Tryp. MTYE.-AI.....Y.C.G.WQNERVEI.A.DQ.N....Y. .F.-DSE. .I.DA. .N.VAM. .T. .VFDA.. .L...KFSDSV.
Yeast .S.A.....Y.C. .HFANDRVDI.A.DQ.N....F. .F.-DTE. .I.DA. .N. .AM. .S. .VFDA. .L.. .NFN...
Maize MAKSE.PAI.....Y.C.GLWQHDRVEI.A.DQ.N...Y.GF.-DTE. .I.DA. .N.VAM. .T. .VFDA. .L... .FS.PA.
Human MAKAAA.....Y.C.G.FQH. .VEI.A.DQ.N...Y. .F.-DTE. .I.DA. .N.VAL. .Q. .VFDA. .L.. .KFGDPV.
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P. DnaK SEKVYVTSGIL-CSKEAEIAVRLDAKLEVQVTPYNSRAKARALVRIETALYLK--
E. DnaK QRDVSIMPFKIIAAD. .DAWV--EVKG--QKM.PPQ....K.MKKT.ED.....P.TE.......A.........K......A.....GTG--
Sscl QRDI....P.KIVKH....DAWV--EARG--QTYSPAQ.GGF. NMTE..K.N-...........K.........Q.V.N.....VV....A....E.S-D--
Mtp7O QHDI.N.P.KIGRS... .DAWVQ-.ANG--.QYSPSQVG.F. .E.MKET.ENF. .RK.SN. .V.C....GP......T.... N.IVG....A........A.
Tryp. QSDM.HWPFK.V.KGDDKPVIQVQFRGET.T.NP.... .SM. LME.S.K.A.V..............T...Q..A.......V...T. Al ADEGK
Yeast QADM.HFPFKLI-.VD.KPQIQVEFKGET.N.TP.Q. .SM..G E.S..AKN.V..............T.AK..D....V... ...NAI....--KGK
Maize QSSM.LWPSRHL-GLGDKPMIVFNYKGEE.Q.. .A... .SM. .I.MKEI.EA. .. .STI.N.V.V...V........V...N.M......AI.....ATSS
Human QSDM.HWPFQ.IN-DGDKP.VQVSYKGET.A.YP... .SM..T E.A..Y.N..............YP..T...N..... .....NAI....RTG--K
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P. DnaK -EIVDGGFVVE --GGFVSSDHGDFDIQLKFTH-NKDQLRTAEAILNSTILFTTTP
E. DnaK -.R. .A.Y.....I.II.IDEVD.EKT, ....A.N.....E....SRLINY.VE. .KKDQG-.D.RN.PL.M. ..K.K.A.....SAQ. .DV....YI. .DA....
Sscl -SKVVA......I.I.DI----DN.K..K.N.....E... IYLLREIVSR.K. .TG-.D.EN. .M.I. .IR. .A.....STVS.....I..DAS,...
Mtp7O -DSM.A.Y.....I.....I----AG....KA.N.....E... .LCLSDYI.T. .KKSTG-.D.SNE.M .....IR.A.... C...T¶IT4E.V.V. .. .1..NQD.AQ
Tryp. -ERNV.I......TL.TI----DG.I....KA.N.....E... .NRL.AHFTE. .KRKNKGKD.S.NLR. .R. .RT.C.R. .RT..SAA.AT.EIDA.FENI----
Yeast -E.HV.I.......L.FI----E.I....KA.A... ...E..NR~L.NHFIQ. .KJRKK-KD.STNQR. .R. .RT.C.R. .RT..SSA. .SVEIDS.FEGI----
Maize GEKNV.I.......L.TI----EE.I. .. K.A.A....E... .NRM.NHFVQ. .KRKNK-KDISGNPR. .R. .RT.C.R. .RT..STA. .T.EIDS.FEGI-----
Human GERNV.I.......I.TI----D.I.1...KA.A.....E....NRL.NHFVE. .KRK.K-KDISQNKR.VR..RT.C.RFEGIDFYT.I.RARFEE.AKRT----

290 300 310 320 330 340 350 360 370 380 390
P. DnaK HLERSITRAKFEELCSDLINRVKIPVENAUKDAKLDSSKIDEVVLVGGSTRIPAIQELVKRIL-NKTPNQTVNPDEVVAIGAAVQAGVLAGEVg----DILLLDVTPLS
E. DnaK NMNIKV.....L.S.VE. .V. .SIE.LKV. .Q..G.SV.D. .D.I.... .Q. .M.MV.KK.AEFF-G.E.RKD....A.G....G...T.D.-------.V.....
Sscl .INMKFS. .Q. .T.TAP.VK.TEVD..KK....G.ST.D.S.L.L....MS.M.KVV.T. .SLF-G.D.SKA....A.....GA.S.... T-----V.....
Mtp7O VQN .S..S.AEK.VQ.SLG.CKQCI... .AV.LKE.S.....M. .M.KVI.A. .QFF-GRD.FRG.A..A..L.G.T...1W-RD------GLV.....
Tryp. DFA.... R.....R.G. .FRGTLQ.. .RV.Q. .. .M.KRAVHD......KVMQ..SDFFGG.EL.KSI.....A.XY....FI.T.GKSKQT-EGL.A..A.T
Yeast DFYT ...R.A..A..FRT.....KV.R....K.QV.I.......KV.K. .TDYFNG.E. .RSI . ..A.A.Y....AI.T.DESSKT-Q.L....A...
Maize DFTPRSS. .R...NM. .FRKCME. . .K.R....M.K.SVHD.......KV.Q.-QDFFNG.ELCKSI . ..A.A.Y....AI.S. .GNERS--.L.....
Human LSSSTQASLEIDS...FRSTLE.. .K. .R....KAQ.HDL......KV.K.LQDFFNGRDL.KSI.....A.GY....AI.M.DKSENV-Q.L...A...
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P. DnaK LGVETLGGVTTRIIPNTPKS-FTVNPVIVQEEADKLTRDIPPGPIVFIAGLVADGGESTTAT
E. DnaK . .I.M.M...M.TL.AK.....H.Q-....E.. .SA.T.....KR.A....Q.N.....N...M.......D... H.S.....NS .... K....KAS.G-
Sscl .. .1.F..F.L......... I ...AAG.TS....R.F....LVR. .. .LI.N.T.A.P.2.. K.K........D. .IN.S.R. .A.N.DS... .VA.S.G-
Mtp7O ......F. .M. .K .....,QF.....AF. .TQ.G.K.F....M.A. .QMM.Q.D.V.P.2.........EP. .. .CH....A...T.N... .ASGG-
Ttyp . .1...A.. .M.AL.K........(I..YS.....G.H.Q.FE.. .¶4T. .CHL... .D.S.P.2.........L.....S.EE....RNQ.V. .NDKGR
Yeast . .I..A.. .M.KL'...S.5. .5...F.-I. ..YA.....G.L.Q.FE. . ..AkT .. .NL. .K.E.S.P.2.........V.S ....N.S.E....SNK. .. .NDKGR
Maize . .L. .A.. .M.VL.......EQ-. .. .YS.....G.L.Q.YE... .ART. ..N'L..K.E.S.P..2....T....V.N. .N.S.E. .T. .0KK.....NDKGR
Human . .L.A.A.. .M.AL.K. .S....QTQ-I.T.YS.....G.L.Q.YE... .ANT . .N.n.R.E.S.P.2...-...N........N .T.T.S...AN... .NDKGR
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P. DnaK LSEEMNANAEKKDILNSSCQEQK-LGIDNNISIERANEY--DMDNKQAMLKVETKQ
E. DnaK .NE. .IQK-.R.D. EAN.EA.RKFEELVQTR. .G.H. LHSTR. .VE. --AGDKLPADD. TA.E .ALTA. ET. LKG.DKA---AIEAKMQELAQVSQK.MEIAQQQHAQ...
Sscl SE.I.Q.....D.EKFKSQ.EARKQA.ETA.KA.Q.ANDT.NS.. .--F. .KV.KAEAQ.VRDQ.TS.KELVARVQGG--E.VNA--EELK.KTEE.QT.SMKLFEQLYK
Mtp7O SKEQI.... IRDSESH.ES.RL. .ELVEVR.NAETQANTA.R. .T.--WK-YVS.AE.ENVRTLLRAC.KSME.P.V.TK. .LSAATD.L.K.V.EC.RTE.QQAAAGNS
Tryp.SKD..SD .AYA... ..VX.. A. .GIF.NAFSMKNTWINDPNVA.KL. .AD. .AVTTAVE .ALRWL. DNQEASLE .YNHRQKELEGVCAPILSKM. QGMGG--G
Yeast .SKEDI .K. .A. .EFK...EKESQR.AS... LE. IA. SLKNTIS. --AGDKLEQAD .DTVTKKAE .TISWIDSNTTASK<E .FD .KLKEL. DIANPIMSKL .QA---G
Maize .SKE. I .K..Q...EKYKA..E.VK.V.A...ALENYA .NMRNTI .DDKI-ASKLPAED .K.. EDAVDGAISWLDSNQLAEVE .FE. KMKELEGICNPIIAKM.X----
Human .SKE.I .... Q. .EKYKA. .EVQ. ERVSA. .ALE. YAFNMIKSAVEDEG .K. K.SEAD. K. VLDKCQ .VISWLDANTLAEK. .FEHKRKELEQVCNPIISGL .QGA----G

610 620
2. DnaK STS------SPTNSNDSVIDADFSETK
E. DnaK AGAD-----ASANNAKD.D.V. .E.E.V.DKK
Sscl ND.-------NN.N.NNGNN.ESG .. Q
Mtp7O S.------SGN.D. SQGEQQQQGDQQ. Q
Tryp. DGPGGMPEG4PGG4. GGMPGCrGMGGGGGAAASSGPKVEEVD
Yeast GAPGGAAGGAPGGF .GGAPPAPEAEGPTVEEVD
Maize GEGAG--MGAAAGMDEDAPSGGSG .GPKIEEVD
Human GPGPG----GFGAQGPKGG. GSGPTIE .VD

FIG. 2. Comparison of plastid DnaK protein with hsp70 family proteins. The amino acid sequence of Cryptomonas plastid DnaK protein
(P. DnaK), deduced from the DNA sequence, is aligned with those of seven biologically distinct members of the hsp70 family: a eubacterial
member [E. DnaK for Escherichia coli DnaK (18)], two mitochondrial members [Sscl of yeast (19) and Mtp7O of Trypanosoma cruzi (20), both
nucleus encoded], and four members that function in the cytoplasm of eukaryotic cells [Trypanosoma brucei hsp70 (21), yeast'Ssal (22), maize
hsp70 (23), and human hsp70 (24)]. ., Residues in the other sequences that are identical to those in P. DnaK; -, computer-generated gaps that
improve the alignment.
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Table 1. Sequence similarity between plastid DnaK and other
hsp70 proteins

P. DnaK E. DnaK Sscl Mtp7O Tryp. Yeast Maize

E. DnaK 54
Sscl 53 56
Mtp70 50 53 57
Tryp. 43 43 44 42
Yeast 46 46 46 44 69
Maize 44 45 45 41 68 70
Human 44 45 44 42 65 67 67

Numbers shown are percentages of amino acid residues identical
between individual pairs of sequences. Calculations are based on the
sequence alignment in Fig. 2, and the abbreviations are the same.

at pH 4.85. Computer-assisted sequence alignment was per-
formed to compare the amino acid sequence of the plastid
DnaK with that of selected hsp70 family proteins (Fig. 2).
Extensive similarity among these proteins is seen over about
80%o of the total sequence (N-terminal part), while the C-ter-
minal 20%o of the entire sequence shows little conservation.
The extra amino acid residues at theN termini ofthe Sscl and
Mtp7O sequences are putative leader sequences for targeting
these proteins into mitochondria and may not be present on
the mature proteins (19, 20). Table 1 summarizes sequence
similarities among the proteins compared. Presented in the
form of percent identical amino acid residues, the plastid
DnaK protein is more similar to E. coli DnaK (54%), Sscl
(53%), and Mtp7O (50%6) than to the other members (43-46%).
HipA Protein. The deduced protein sequence ofHlpA is 93

amino acid residues long, containing 9 acidic, 17 basic, and
31 hydrophobic amino acid residues. The calculated molec-
ular mass is 10.6 kDa, with a calculated pI at pH 10.48. The
plastid HlpA protein sequence was aligned with 10 bacterial
histone-like protein sequences (Fig. 3). Significant sequence
similarity exists between HlpA protein and the other pro-
teins, especially in the region of residues 38-79, which
corresponds to the DNA-binding long arm of histone-like
proteins (26, 27). At the level ofthe complete sequence, HlpA
protein shares 25-53% identical amino acid residues with the
other histone-like proteins (Table 2). If the comparison is
limited to the region between residues 38 and 79, the protein
sequence of HlpA is 76% identical to that of cyanobacterial

HlpA
HAn
HCp
HBs
HUb
HUa
IHFb
IHFa
Tfl
HRm
HTa

histone-like protein HAn and 39-68% identical to those of
other bacterial histone-like proteins (Table 2).
AcpA Protein. The deduced protein sequence ofAcpA is 81

amino acid residues long, containing 17 acidic, 4 basic, and
26 hydrophobic amino acid residues. The calculated molec-
ular mass is 8.9 kDa, with a calculated pI at pH 3.58. The
amino acid sequence of AcpA is aligned with that of eubac-
terial and plant acyl carrier proteins in Fig. 4. Amino acid
sequence identities between AcpA and the others are 56% for
E. coli (36), 59o for Anabaena variabilis (37), 44% for
spinach ACP-I (38), 36% for spinach ACP-II (39), 43% for
Arabidopsis thaliana (40), and 43% for Brassica campestris
(41). The serine residue at position 38, which is the attach-
ment site for the prosthetic group phosphopantetheine (42),
is conserved among all the acyl carrier proteins compared.

DISCUSSION
The three genes (dnaK, hipA, acpA) described in this paper
are, to our knowledge, the first such genes to be reported for
any organellar genome, and each of them represents a

functional class of gene product not previously found in
organelles. They most likely originated from an ancient
proto-organellar prokaryote, in accordance with the endo-
symbiont hypothesis of plastid origins (1, 2). The absence of
these genes in the chloroplasts of plants and green algae
suggests substantial differences between these plastids and
that ofCryptomonas in the number and/or identity ofgenes
they possess. This suggestion is supported also by the finding
of the rbcS gene and several ribosomal protein genes (all
absent from plant chloroplasts) in plastids of Cryptomonas
(ref. 7; S.W., S. E. Douglas, and X.-Q.L., unpublished
data). Such differences between the plastid of chlorophytes
(plants, green algae) and that of Cryptomonas may have
interesting implications in term of plastid evolution. For
example, Cryptomonas plastids may have originated from
a primary endosymbiosis (between a eubacterium and a

eukaryote) separate from that leading to chlorophytic chlo-
roplasts. Another possibility is that plastid CER (i.e., the two
extra membranes surrounding the plastid) in Cryptomonas (I

may have slowed the transfer of plastid genes to the nucleus.
The Cryptomonas plastid DnaK protein is clearly a mem-

ber of the hsp70 protein family (Fig. 2), which is a group of
highly conserved proteins found in eukaryotic as well as

10 20 30 40 50 60 70 80 90
MNKSQLISKIA-YYTKYSKTDIEKIITSMLEIIVDTVATGEKVTLVGFGSFEARERKAREGRNPRTGEKLFLPASRIPTFSVGNFFRNKVNKTF

... GE.VDAV ..EKASVT.KQADAVL.AA ..T.IEA.SR.D .........S K.N ..MEI ..T.V.A ..A.KL .E. .APPKA

... AE. .TSM EKS.LT.K.A.LALKALI.SVEEALEK.... ..... .....A......... K.VINI ..TTV.V.KA.KE.KD....

... TE. .NAV..ETSGL..K.AT.AVDAVFDS.TEALRK.D..Q.I N..V A..KQ.. Q EMEI KV.A.KP.KALKDA.K

....... D.... AGI-AAAGRALDAIIASVTESLKE.DD.A ..... T.AVK ........ ....KEITIA.AKV.S.RA.KALKDA..

DV... EAL... LQAKAALE.T.AA.TESLKE.DA.Q ..... T.KVNH.AE.T... Q. .KEIKIA.ANV.A.VS.KALKDA.K

.T. .E. .ERL.TQQSHIPAKTV.DAVKE.. HMAS.L.Q ..RIEIR........T SK.A.D.VE.EGKYV.H.KP.KEL.DRNIYG
MALT.AEMSEYLF.DKLGL..R.AKELVELFF.E.RRALEN..Q.K.S...N.DL.DKNQ.P....K...DIPIT.R.VWV..RP.QKLKSR.ENASPKDE

.TE.K.....QD.ELTQVSVS.MFA.FEK.TTEK.. K.D..Q.T..LNIKPVA.Q..K.F..Q.Q.A.EIAP.VGVSVKP.ESLKKAAEGLKYEDFAK

... NE.VAAV ..DKAGL ..A.ASSAVDAVF.T.QGELKN.GDIR..... N.SVSREASKGR ... AEVDI. .RNV.K.TA.KGLKDA..

MVGI.E.SKEV..KKANTTQKVARTV.K.F.DE..SEANG.Q.IN.A...I..R.TQFP.KA...Q.KKVIEV.SKKKFV.RASSKIKYQQ

FIG. 3. Comparison of plastid HlpA protein with bacterial histone-like proteins. The amino acid sequence of HlpA, deduced from the DNA
sequence, is aligned with sequences of bacterial histone-like proteins: HAn ofAnabaena 7120 (25), HCp of Clostridium pasteurianum (26), HBs
ofBacillus stearothermophilus (26), E. coli HU-f3 (28, 29), E. coli HU-a (28, 29), E. coli IHF-f (30), E. coli IHF-a (31, 32), Tfl ofBacillus subtilis
bacteriophage SP01 (33), HRm of Rhizobium meliloti (34), and HTa of Thermoplasma acidophilum (35). Symbols are as in Fig. 2.

Table 2. Sequence similarity between HlpA and other histone-like proteins
HAn HCp HBs HU-36 HU-a IHF-13 IHF-a Tfl HRm HTa

HlpA 53 47 41 37 37 35 29 31 30 25
HlpA-(38-79) (76) (68) (63) (51) (46) (46) (51) (39) (39) (39)
Numbers shown are percentages of amino acid residues identical between individual pairs of sequences. Calculations are based on the

sequence alignment in Fig. 3. Numbers in parentheses are calculated the same way, except that the comparison is limited to sequences between
residue 38 and residue 79.
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AcpA
E. coli
A. v.
SP Acp-I
SP Acp-II
A. t.
B. c.

10 20 30 40 50 60 70 80
NEQEIFEKVQTIISEQLGVDKSQ-VTKDANFANDLGADSLDTVELVMAIEEAFNIEIPDDAAEQISNLQQAVDFISQKVAA

ST.E.R.KK..G..... KQEE- ..DN.S.VE....... .L.E.DT ... EE. .K.TTV.A.I.Y.NGHQ.
SQS.T .... KK.VI ...S.ENPDT ..PE.S.. Q. L. .E.D .E... K.TTV.A ... ?.N
AKK.TID ..CD.VK.K.ALGADVW..A.SE.S-K.......... I.NL. .E.G.NVDE.K.QD ..TI . A.V.ESLLEKK

AAKP.MVT ..SD.VKS..ALAEDAK..GETK.S-EI ......... KL..E.GVTVEEEN.QT.TTI.E.A.M.EALQQNK
AAK ..TI.. SA.VKK ..SLTPDKK.VAETK .............I.GL. .E . QMAEEK.QK.ATVE ..AEL.EELINEKK
AAKP.TV... SK.VKK ..SLKDD.K.VAETK .-. I. .GL ..E.D. .MAEEK.QK.ATVEE.AEL.EEL.QLKK

FIG. 4. Comparison of plastid AcpA protein with other acyl carrier proteins. The amino acid sequence of AcpA, deduced from the DNA
sequence, is aligned with sequences of acyl carrier proteins from E. coli (36), Anabaena variabilis (A. v.) (37), spinach ACP-I (SP Acp-I) (38),
spinach ACP-II (SP Acp-II) (39), Arabidopsis thaliana (A. t.) (40), and Brassica campestris (B. c.) (41). Symbols are as in Fig. 2.

bacterial cells (43). Proteins immunologically related to the E.
coli DnaK protein have also been detected previously in
chloroplasts of plants and Euglena, although their sequences
and genes (most likely nucleus-encoded) were not studied
(44, 45). The Cryptomonas plastid DnaK is more similar to E.
coli DnaK and the mitochondrial hsp70 proteins (yeast Sscl,
T. cruzi Mtp7O), relative to the eukaryotic cytoplasmic hsp70
proteins, which form a natural group of their own (Table 1).
This is consistent with the notion that genes for both the
plastid (DnaK) and the mitochondrial (Sscl and Mtp7O) hsp70
proteins originated from ancient eubacteria through endo-
symbiosis, although the mitochondrial sscl and mtp7O genes
are now in the nucleus (19, 20). Nothing is known at present
about the role of the plastid DnaK protein. Its structural
resemblance to other hsp70 proteins, however, suggests
similar cellular functions. Both the E. coli DnaK protein and
the yeast Sscl protein are involved in protein translocation
across cellular membranes (46-49), most likely by modulat-
ing the folding and unfolding of other proteins through
protein-protein interactions (50-52). E. coli DnaK and T.
cruzi Mtp7O have been implicated also in DNA replication
processes (20, 53-55). The plastid DnaK protein is likely,
therefore, to function in plastid protein import as well as
other plastid activities such as DNA replication.
The sequence and other structural features (small size,

basic charge) of the plastid HlpA protein clearly resemble
those of bacterial histone-like proteins (Fig. 3). The HlpA
protein is most similar to the histone-like protein of Ana-
baena 7120 (Table 2), consistent with a cyanobacterial origin
for the plastid of this organism (2). Most of the sequence
similarity is concentrated in a stretch of sequence (residues
38-79) that forms a long arm that binds DNA (26, 27),
suggesting a common DNA-binding function of these pro-
teins. Histone-like proteins have previously been extracted
from chloroplasts (e.g., see ref. 56) and mitochondria (e.g.,
see ref. 57), although their sequences and genes (most likely
nucleus-encoded) were not studied. Structural resemblance
of the plastid HlpA protein to bacterial histone-like proteins
suggests similar cellular functions. The E. coli histone-like
proteins (HU, IHF) have been shown in vitro to bind both
double- and single-stranded DNAs (58), to mediate very tight
DNA curvatures (59), and to introduce negative supercoils
into a relaxed closed-circular DNA, resulting in condensed
structures resembling nucleosomes (60). In vivo, E. coli
histone-like proteins have been implicated in the coiling of
specific DNA sequences as well as in stimulation of tran-
scription, site-specific recombination, and initiation ofDNA
replication (61-63). In E. coli mutant cells lacking the his-
tone-like protein HU, multiple defects are seen, including
poor growth, irregular cell cycle, and formation of anucleate
cells (64). It is therefore likely that the plastid HlpA protein
is involved in organizing the plastid genome as well as in other
processes such as DNA replication, DNA recombination,
and transcription. It is interesting that chloroplast genomes
have previously been observed as nucleoid-like structures
attached to the thylakoid membrane (65) and that DNA
supercoiling affects in vitro transcription of two maize chlo-
roplast genes (66).

Sequence alignment (Fig. 4) clearly identifies the acpA
gene product as an acyl carrier protein, a key cofactor in the
synthesis and metabolism of fatty acids (39). Our finding of
the acpA gene in the plastid genome of Cryptomonas '1 thus
identifies lipid biosynthesis as a metabolic pathway involving
plastid-encoded enzymes/proteins.

Note Added in Proof. After the submission of this paper, it has come
to our attention that an acyl carrier protein gene was found recently
in the plastid genome of a marine diatom (67).
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