Plant Molecular Biology 23: 981-994, 1993.
© 1993 Kluwer Academic Publishers. Printed in Belgium. 981

The GAPDH gene system of the red alga Chondrus crispus: promotor
structures, intron/exon organization, genomic complexity and differential
expression of genes

Marie-Frangoise Liaud ', Christiane Valentin ', Ulrike Brandt', Frangois-Yves Bouget”, Bernard
Kloareg? and Riidiger Cerff!*

"Institut fiir Genetik, Universitit Braunschweig, Spielmannstr. 7, D-38106 Braunschweig, Germany

(* author for correspondence); > Centre d’Etudes Océanologiques et de Biologie Marine, CNRS-UPR 4601,
BP 74, F-29682 Roscoff Cedex, France

Received 4 May 1993; accepted in revised form 17 August 1993

Key words: cis-acting elements, intron conservation, intron secondary structure, pre-mRNA splicing,
CpG suppression, protoplasts, transcript levels

Abstract

Our previous phylogenetic analysis based on ¢DNA sequences of chloroplast and cytosolic
glyceraldehyde-3-phosphate dehydrogenases (GAPDH; genes GapA4 and GapC, respectively) of the red
alga Chondrus crispus suggested that rhodophytes and green plants are sister groups with respect to
plastids and mitochondria and diverged at about the same time or somewhat later than animals and fungi.
Here we characterize the genomic sequences of genes GapC and GapA of C. crispus with respect to
promotor structures, intron/exon organization, genomic complexity, G + C content, CpG suppression
and their transcript levels in gametophytes and protoplasts, respectively. To our knowledge this is the
first report on nuclear protein genes of red algae. The GapC gene is G + C-rich, contains no introns and
displays a number of classic sequence motifs within its promotor region, such as TATA, CAAT, GC
boxes and several elements resembling the plant-specific G-box palindrome. The GapA4 gene has a
moderate G + C content, a single CAAT box motif in its promotor region and a single intron of 115 bp
near its 5" end. This intron occupies a conserved position corresponding to that of intron 1 in the transit
peptide region of chloroplast GAPDH genes (GapA and GapB) of higher plants. It has consensus se-
quences similar to those of yeast introns and folds into a conspicuous secondary structure of —61.3 kJ.
CpG profiles of genes GapC and GapA and their flanking sequences show no significant CpG depletion
suggesting that these genomic sequences are not methylated. Genomic Southern blots hybridized with
generic and gene specific probes indicate that both genes are encoded by single loci composed of mul-
tiple polymorphic alleles. Northern hybridizations demonstrate that both genes are expressed in game-
tophytes but not in protoplasts where appreciable amounts of transcripts can only be detected for GapC.

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under
the accession numbers X73036 (GapC; 2746 bp) and X73033 (GapA; 3091 bp).
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Introduction

The nuclear genes encoding cytosolic glyceralde-
hyde-3-phosphate dehydrogenase of glycolysis
(GAPDH, gene GapC) has been widely used as
phylogenetic marker to trace the evolutionary his-
tory of plants, animals and fungi [12, 37, 38, 40,
56]. Higher plants have a second, photosynthetic
GAPDH [10] which is encoded in the nucleus by
two related genes GapA and GapB [11] which
were previously suggested to be of endosymbiotic
origin [8, 9, 32, 36, 47, 53]. A phylogenetic analy-
sis of GAPDH gene sequences from eubacteria
[35] firmly established the close relationship of
nuclear genes GapA and GapB to their homologue
gap2 in cyanobacteria, the free-living relatives of
chloroplasts. Surprisingly, however, additional
types of GAPDH genes were found in eubacteria,
one of which (gene gapl in Escherichia coli and
cyanobacteria) is very similar to nuclear GapC
genes in plants, animals and fungi. In striking
analogy to the cyanobacterial origin of photosyn-
thetic GapA/GapB this strongly suggests that
eukaryotic GapC is also of endosymbiotic origin
and probably derives from purple bacteria, the
presumptive ancestors of present-day mitochon-
dria (for details see [35]).

In a recent study [33, 59] we characterized
full-length ¢DNAs encoding chloroplast and
cytosolic GAPDH of the red alga Chondrus crispus
(genes GapA and GapC, respectively). A phylo-
genetic analysis of these genes in the context of
their eukaryotic and eubacterial homologues sug-
gests that rhodophytes and chlorophytes together
form a monophyletic group with respect to plas-
tids and mitochondria and that the two lineages
separated at about the same time or somewhat
later than animals and fungi. Here we charac-
terize the genomic sequences of genes GapA4 and
GapC from C. crispus with respect to primary
structure, intron/exon organization, genomic
complexity and their transcript levels in gameto-
phytes and protoplasts, respectively. This is the
first report on nuclear protein genes from red
algae showing interesting novelties suggesting
that rhodophyte genes may be different in some
respects.

Materials and methods
Plant material

Gametophytes of C. crispus (Stackh.) were pro-
vided by Sanofi-Bio-Industrie (Carentan,
France). The algae were kept in running sea water
under controlled culture conditions (light inten-
sity 60 uE m~? s~ !; 12 h light/dark photoperiod,;
temperature ranging from 10 °C in winter to
17 °C in summer).

Isolation of DNA and RNA

Genomic DNA for cloning and Southern hybrid-
izations was extracted from protoplasts of C.
crispus apical tips. Protoplasts, prepared as pre-
viously described [31], were precipitated by cen-
trifugation and the pellet was gently resuspended
in a washing buffer containing 0.55 M Na(l,
5 mM KCl, 5 mM CacCl,, 0.35 M sorbitol, 40 mM
EDTA in 50 mM Tris-HCI pH 7.0. The cells were
lysed with the lysis buffer composed of 50 mM
EDTA and 49% Sarcosyl in 50 mM Tris-Cl
pH 8.0. Genomic DNA was purified by a phenol
extraction, a precipitation with isopropanol and a
centrifugation in a CsCl gradient. Total RN A was
extracted from intact cells and from protoplasts
according to the method of Apt and Grossman
[3]. The poly(A)* -containing mRNA fraction
was purified from total RNA by adsorption to
oligo(dT) cellulose.

Construction of the genomic library and isolation of
clones.

Chondrus crispus DNA (150 ug) was partially di-
gested with Mbo I and size-fractionated on a 10
to 409, sucrose gradient. The 15-25 kb fractions
were purified by dialysis against TE buffer [34].
Mbo 1 partials (1 pg) were ligated for 16 hat 12 °C
to 0.7 ug of AEMBL3 vector digested with Sall
(Stratagene). The ligation mixture was heated at
55 °C for 5 min and packaged in vitro according
to Hohn [25]. Escherichia coli strain K803 was
employed as a host.



The genomic library was screened with homolo-
gous cDNA clones identified as described [33]
and labelled by random priming [15]. The hy-
bridization was performed at 60 °C overnight in
6 x SSPE, 0.29, PVP, 0.2% Ficoll, 0.1% SDS,
0.5 pg/ml denatured salmon sperm DNA and the
labelled probe. Filters were washed twice for
20 min at 60 °C, once in 2x SSPE, 0.19, SDS
and once in 0.2 x SSPE, 0.19% SDS. Positive
plaques were rescreened and purified to single
plaques by standard procedures. Genomic frag-
ments digested with Sa/1 or Hind 111 were sub-
cloned into BlueScript.

DNA sequence analysis

An ordered set of deletion clones was prepared
for each subcloned Sa/l and Hind 11l fragment
by using exonuclease 111 following the Stratagene
protocol. The deletion clones were sequenced by
the dideoxy chain termination method as double-
stranded DNA by using the T7 polymerase
(Pharmacia protocol). When required, oligonucle-
otides (17-mers) were synthesized according to
sequence information and used directly as prim-
ers for further sequencing.

PCR amplification of the intron sequence of Chon-
drus crispus GapA

PCR amplification was performed in the DNA
Thermal Cycler (Perkin-Elmer Cetus). The reac-
tion mixture contained 10 pg of template DNA
(the GapA gene inserted into the BlueScript vec-
tor), 300 ng of each primer (GTACGTTTCCGC-
CTT and CTGCGAGATTAGATC), 200 mM of
each ANTP, 0.5 units of Tag DNA polymerase
(Boehringer) and Taqg DNA polymerase reaction
buffer (67 mM Tris pH 8.8, 2 mM MgCl,). De-
naturation of DNA was performed at 93 °C for
1 min. Primer annealing and primer extension re-
actions were carried out at 56 °C for 1 min and
at 72 °C for 1 min, respectively. After 30 cycles
of amplification, the PCR products were blunt-
ended with mung bean nuclease and cloned into
the BlueScript vector.
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Southern hybridizations

C. crispus DNA (10 ug) was digested to com-
pletion with 15 U of the respective restriction
enzyme, electrophoresed on a 0.7% agarose
gel, capillary-transferred and UV-coupled to a
Hybond N (Amersham) nylon membrane. Filters
were hybridized for 24 h at 65 °C (probe GapA)
or 75 °C (probe GapC) in 30 ml of 6 x SSPE,
0.1% SDS, 0.29% PVP and 0.29%, Ficoll con-
taining 100 ng of random-prime-labelled DNA
probes. Filters were washed twice for 10 min at
65 °C (probe GapA)or 75 °C (probe GapC), once
in2x SSPE,0.1%, SDS and oncein 0.2 x SSPE,
0.19%, SDS. Autoradiograms were exposed for
20h at -80 °C.

Northern hybridizations

For RNA gel blot analysis, 3 ug of poly(A)*
from C. crispus gametophytes and C. crispus
protoplasts was denatured in formamide/for-
maldehyde, fractionated on formaldehyde-agar-
ose gel [51], transferred and UV-coupled to a
Hybond N nylon membrane. The hybridization
with ¢cDNA probes encoding GapC and GapA
was performed for 20h at 62 °C in the same
buffer as specified above for Southern hybridiza-
tions. Filters were washed twice for 15 min at
62 °Cin 2 x SSPE, 0.1% SDS. Autoradiograms
were exposed for 12 h at —80 °C.

Results

Isolation and characterization of genomic clones en-
coding GapC and GapA from Chondrus crispus

The genomic library was screened with the ho-
mologous cDNAs encoding GAPC and GAPA
from C. crispus identified as described previously
[33]. From the positive genomic clones one for
each gene was purified and submitted to sequence
analysis. The structural features of the two genes
GapC and GapA from C. crispus (PGCDB codes
GapC*Cc.1 and Gap4*Cc.1) are summarized in
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Fig. 1. The GapC gene contains no intron and
differs in seven nucleotide positions from the cor-
responding cDNA characterized: two differences
were found within the 5’ leader (one A—C trans-
version and one insertion of a single C), four in
the coding region (three synonymous substitu-
tions and one non-synonymous mutation leading
to a conservative exchange in position 259,
Ala—Thr; see alignment in Fig. 3B) and one
change in the 5’ trailor region (insertion of a sin-
gle G).

The GapA gene is interrupted by a single intron
of 115 bp at the 5’ end of its transit peptide re-
gion (see Fig. 3). As shown in Fig. 2A, the 5’ and
3’ splice junctions and the branch point of
the GapA intron are compatible with the corre-

5' REGION

Box 1 -BOX A

GapC GGGGGRGGATGTT (-1050 bp)

sponding consensus sequences of higher plants
and vertebrates but resemble also the more con-
served sequences of Schizosaccharomyces pombe
and yeast. The intron contains a number of in-
verted repeats which can stabilize a secondary
structure of —61.3 kJ (Fig. 2B). If compared to its
cDNA [33, 59] the GapA gene differs in two
nucleotide positions within the transit peptide re-
gion: one synonymous substitution and one re-
placement mutation leading to a conservative ex-
change at position —52, Thr— Ser (see Fig. 3A).

As depicted in Fig. 1, the promotor region of
the GapC gene contains a number of classic se-
quence motifs: two copies each of potential TATA
and CAAT boxes and multiple GC box motifs
[14]. In addition, upstream the CAAT box

CODING REGION

ATG TAA

2746 bp

3091 bp

Trans . H

[ cant Box
Gapl AGGGCACGCGGAGAGGGCGA (-940 bp)  GapC GCCCARTCG/GTTCARTCG (-256/-216 bp)

GapR oo C.... (~703 bp) GapA .. .RG........ CA...C. (-783 bp)  Gapf GGCCARTTA (-460 bp)

N Box 2 Box B [1ratA Box
GapC GGAGCCGCGE  (-643 bp) GapC TGGCACCAGGCGGGCEG6CE (-462 bp)  GapC ARARARART/TTACTRAA (-198/-167 bp)
GapA v Go.ies {-524 bp) GapA ..... A..TC.R......A. (-540 bp) Gaef _ _

Nbox 3 G Box "AT6" Box
Gapl CGLTCCTGETCC (-438 bp) GC Box GCCRCOTGGC GapC CGCACARTGACA
GapR «+Beeoeooet (-519 bp) b seoeos ) U (C; . E—iﬁ :P; GapfA TTAGCARTGGCT

-------- - p
deescee ) gL, A (-402 bp) TRRRCARTGGCT (Plant consensus )

CCACCATGS  (Animal consensus)

Fig. 1. Structural features of genes GapC and GapA from Chondrus crispus. Large boxes symbolize exons; small boxes and open
and closed triangles designate potential cis-acting elements in the promotor and 5’-upstream regions. Shaded, hatched and open
large boxes symbolize exon regions encoding the mature subunit, the transit peptide and the 5'/3" non-coding regions (present in
the cDNASs) respectively. The position of the intron in the transit peptide region of the Gap4 gene is indicated (IVS1). Elements
called Box 1, Box 2, Box 3, Box A and Box B are ‘Chondrus-specific’ motifs conserved between genes GapC and GapA. All other
elements are motifs related to known eukaryotic cis-acting elements (TATA, CAAT, GC Box and G Box). Nucleotide sequences
of elements are specified below the genes and positions of elements are given as number of bases upstream of the AUG initia-

tion codon.
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Fig. 2. The single intron of Chondrus crispus GapA contains splicing junctions similar to those of yeast and folds into a conspicuous
secondary structure of about —61.3 kJ. Sources of consensus sequences: yeast [29, 48]; plants and vertebrates [29, 55]; Schizo-
saccharomyces pombe [45]. The essential branchpoint adenosine is indicated in bold. The yeast consensus sequences are 1007,

conserved except for the positions indicated by asterisks.

sequences there are three imperfect direct re-
peats resembling the palindromic G-box motif
GCCAGCTGGC of angiosperms [27, 30,41]. In
the GapA promotor a single CAAT box can be
found but no TATA box nor any other classic
motifs of eukaryotic genes. The ‘ATG boxes’ of
the two genes seem related somewhat more
closely to the consensus of higher plants than to
that of animals [26]. It should be noted that the
potential TATA and CCAAT boxes of the GapC
gene are surrounded by G + C-rich sequences (see
Fig. 4B and below) which makes it seem unlikely
that these motifs originated by chance and do not
have regulatory functions.

While the two promotors differ considerably
with respect to classic motifs, they share a num-

ber of ‘Chondrus-specific’ elements: two 20-mers
with 5 mismatches each (called Box A and Box B)
and three elements of 10 to 13 bp with one mis-
match each (called Box 1, Box2 and Box 3 in
Fig. 1). Each set of boxes is arranged in the same
order (A—B; 152-3) but spaced differently in
the two genes. Box B, Box 2 and Box 3 in the
GapC gene overlap by 1 and 3 bp respectively
(compare sequence elements in Fig. 1).

In Fig. 3A the derived transit peptide of C.
crispus GapA (line 6) has been aligned with Gap4
and GapB transit peptides of higher plants and
positions of introns 1 and 2 are indicated by arrow
heads. The Chondrus transit peptide shows up to
159, amino acid sequence similarity with GapA4/
GapB transit peptides [33] and the corres-
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a) Intron positions in GapA/GapB transit peptide regions.

1 ] 20 30 Ju,g 40 50 60 70 80 90
1 MATHAALASTRIPTNTRFPSKTS-HSFPSQCAS 'VGEFSGLK-STS--CISYVH-~SARDSSFYDVVAAQLTS! G~-STAV-~KG~-VIVA GapB Paa -51/-13
2 M....... S...VIQ.LQ..SAI....A..S..L... A..... R--M.--8 ————e-= GGEA..F.A....IIP.'.VTT..P.—-R.—E..A GapB A thaliana -46/-14
3 M.SATFSVAK-- AIK--———r—memem——e ANGKGFS..... RN. SRHLP~-—----- FS.K. .DDFHSLVTFQTN.‘I.—.SGGHK.SL.VEA GapA Pea -54/-15
4 M.SSM-.SA . TV.LQQ-———r==—m—mmmom e GGLS. .... RS.A.-LPMRRNATSDD---~.MSA . SFR-.H- W.-TSGGPRRAP-.EA GapA Maize -51/-14
5 M.SVIFSVPK - =—~GFT..... RS.SASLP———-~-=- FGKKL. .DEF.SIVSFQTS .M.~ .SGGYR. .-. .EA GapR A thaliana -50/-14
6 M.FV.PV.TV.AT . KSSVCQVQ-——~—m-wo——m .SSFAQ.. .M.KVNQSSRLQP~----AQSG.A.GGYSD .NDAFYT--RVSGIVAATFGPTM Gapl3 C crispus -55/-—~
Ivs 1 IVs 2
-46 to -55 -13 to -15

B) Amino acid alignement of mature subunits GAPC and GAPA.

1 10 20 30 40 50 60 70 80 90 100 110 120 130
1 MTAPKVGINGFGRIGRLVLRMIBKGT—-CQVVAINDPFIDLD‘{MAYMLKYDSTHGR‘U\—GDVSIKDG KLQVDG-NSITVFAERDPAE IPWATAAADY IVEATGVFTLKDKAAABFKGGAKKVVISAPS
2 MGAKI.I............A. V.LKRDD--VEL..V..... .V..QWKNDELTV..S-NTLLF.QKPV...... N.E..... STG..I...S..... D....... Loioun.. I.....
3 Mv...v .......... T... VLS. K--V............ N,.VA.F ....... HFK-.T.KAEN.-. VIN.-HA..I.QE...SN.K,.D.G.E.V.. 5. .TME..G..L.....R.I.....
4 MVR.A .M.I.LSRPN--VE...L..... . L....-.E..HD.K-HII...-KK.ATYQE....NL..GSSNV.IAIDS....KEL.T.QK.IDA.
5  MTI.. I.F... QKRSD~~IEI..... LL-. L FD-.T.EV...-E.I.N.-KK.R.T.E... NLK.DEVGV.VVA....L.LTDET.RK.ITA...
6 MAKL................. G.NNPN-~IEF.G...LV-PP.NL..L........ KLR-SQ.EA..D-GIVI. —Hr PCVSV N L. GKLG .V..S..L..DSEG.SK.LQA.
7 +4++ bt + ++ +H+  + ++ + + + +++ + +
a >KVRVAINGFGRIGRNFIRCHAGRSDSNHEWCINDTS—GVKTASBLLKYDSILG’IFD -ADVSAGED- TISVNG KTIKIVSNRN'PLQLPWREMNIDIWEATGVWDAPGAGKHIEAGAKKVLITAPG
9 SKQLK............. L...H..K..PLD.IA. [ - TP R S ~...KPVGTDG...D.-.V..V. AN L. L. LG..L.I.G......RE...R..T............
10 > LK......coennn. L...H..K..PL..IVV..SG-.. .N......... M....K-E KILNNE. TD.- P..V. s D..K..IALG....I. G...... G....... Q... I....A
1 MVI...........-.. A...L..EN..I.L.AV....-DPR.NA. .8..VKK~V.IT_.DDN-S.T. .C..D...EN..... WE..LII.S... .TSKE..L..VN............

14 50 160 170 180 130 200 210 220 230 240 250 260
1 KD-—-APMFVCGVNEAKYTPDLD i 4 ISNASCTTNCLAPLVKVIHEKYGIEEGLMTMATTATQKTVDGPSNKDHRSGRGRGRNI IPS STGAAKAVGKV'MPELNGKLTMFRV‘PTPDVSWDLTVRLTS
2 ———— s V....RE.K.EBF.-.......c0crn0.n A...NDRF..V........8T...........8.......ARSF. . . ............ L.A........8S..... Veeeooanannn
3 Ve A....DNF..V......... I ........... G.L..DD AAQ....A ........... S Neovunnn c..Ex
4 ST---.. ... M....V... 8. . K-.V....iiiiiainn A. . .NDAF........... SL........... Hoooonnn TASG. . vrveeeneannnn Lo.-Q..oinnin.., Veowonaaan K.DK
5 . LA.FD..AGQD--.V............. A...NDNF..I....coiimmnmnnennnnnn ) : R ASQO. ... viviinnnnnn Bveeneminennn Neveirunnnn EK
6 PDRV'RTLLV EDLFD SK.V.V..ivrunennnn. IA...NDNF.LT......... M....P...... Koovonnnn ARQ....ovuirnnnn AL.L...K........... I.o.oonnn. FKT.K
7 + et 4+ ++ + + +4++ + + O+ + + + ++ +  F4+d+ + + + 4 o+ +++ ++ +
8 KGD- GIGTFWGV'NERDYSHDK‘IDIVSNASCTTNCMAPFMKVLDDEFGVVRGMMTTTHS‘ITGDQRLLDA-GKRDLRRARSAALNIVPTTTGAAKAVALVVPSLKGKLNGIALRVPTPNVSVCDVV‘MQVNK
9 .ADA.T.AD-.. . QK. . .
10 LE.
11 A.. N.K..
270 280 2990 300 310 320 330 340

1 E- TTYEDIKATMJUU\AD——DSMKGIMK!TEDAWSTDFIHDDASCIFDASAGIMLNSKFCKLVAWYDNEWGYSNRVV‘DLIABISKVQ* 1 Chopndzus crispus GAPC
2 A-A..DE...AI.EESE--GKL...LG....D....... G.TR.S. V.. A-K.L* 2 Pea GAPC 68
3 P-A.'K.D...RVV - +e.==GPL. LG....Q...C..NG.SE.ST. 3 Chicken 69
4 .-...DE..KVV.. -—GKL..VLG ........ 8..1LG.SR.S.. 4 Yeast 67
5 A-A...Q...AV . .NGEVCTSV. 5 E.coldi GAP1 67
6 A-.S.KE.C.A. Q SE—-G LA .LG. DEB ...... QG.TH.S.. NPV MLSMIQKEQLAAV* 6 Anabeana variabilis GAP1 60
7 + kb e+ 4 7 Consensus GAPC/GAPA 28
8 K-TFKEBVNGALLKASE-—GMGIIKYSDEPLVSCDHRGTDESTIIDSSLTMV'MGDDHIKVVAWYDNEWGYSQRVVDLGEVMJ\RQWK* 8 Chondrus grisous GAPA 43 100
9 .-..A .E.FRESAA--KELT..L8VC......V.F.C, . V.8TV...........LV..T........ ..oy ADIV.NNWK* 9 Pea GAPA 46 71
10 GISJ\ D .A.FR..A.--.PL...LDVC. V .......................... AHLV.NK.P< 10 Pea GAPB 46 n
11 R-.IT....Q..KD...--.PL...LD. ELQ -W. LV. Mo L..A.LV.EK.V* 11 Anabaana variabilis GAP2 45 &7

Fig. 3. A. Alignment of GapA and GapB transit peptides from higher plants and Chondrus crispus and positions of introns 1 and 2
(IVS 1 and IVS 2). All transit sequences are compared to that of pea GapB. The intron positions ( -46 to —54 for IVS 1 and -13
to —15 for IVS 2) are given relative to the higher-plant cleavage site Ala/Lys, with alanine counted as residue —1. Identical amino
acids are marked by dots and indels by dashes. The proteolytic cleavage site of the C. crispus transit peptide is probably Met/Lys
rather than Ala/Lys as in higher plants [33]. Sources of sequences: pea, sequences 1 and 3 [8]; maize, sequence 4 [47]; Arabidopsis
thaliana, sequences 2 and 5 [54]; Chondrus crispus, this paper. B. Amino acid sequence alignment of 11 GAPDH sequences
comprising 4 eukaryotic GAPC, 3 eukaryotic GAPA/GAPB and 3 eubacterial GAPDH polypeptides from 6 different species as
specified at the bottom of the figure. The sequences are presented in two blocks, a GAPC block (lines 1 to 6) and a GAPA block
(lines 8 to 11). The sequences in each block are compared to C. crispus GAPC and GAPA, respectively, the only sequences written
in full. Only amino acids not identical to these reference sequences are shown in either group. The first and the last residues of
each sequence are shown irrespective of similarity. Amino-terminal (transit peptides of GAPA and GAPB) and carboxy-terminal
(GAPB) extensions are not shown and, where present, are indicated by arrowheads. Line 7: + signs indicate residues conserved
across all GAPC and GAPA sequences. Sources of sequences: C. crispus, sequences 1 and 8, this paper; pea, sequences 2, 9, 10
[8, 38]; chicken and yeast, sequences 3 and 4 [40]; E. coli, sequence 5 [7]; Anabaena variabilis, sequences 6 and 11 [35].

ponding gene region is interrupted by a single
intron at a position very similar to that of intron 1
in genes GapA and GapB of higher plants. In
Fig. 3B the derived amino acid sequences of
the mature GAPC and GAPA polypeptides of
C. crispus are aligned in two separate blocks with
the GAPC sequences of pea, chicken, yeast,

E. coli(gene gapl), Anabaena variabilis (gene gap! )
and the GAPA/GAPB sequences of pea and 4.
variabilis (gene gap2), respectively. The table at
the bottom of Fig. 3B shows that GAPC and
GAPA of C. crispus are almost as similar to their
homologues in E. coli (gene gapl, 67%,) and A.
variabilis (gene gap2, 67%,), respectively, than to
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A) G+C Content
Total sequencei S' Region Leader Coding region 3’ Region Intron
bp 2746 bp -1244 to 101! -100 to -f 1 to 1008 1009 to 1503
R G+C 62% 66 % 7218 (60%C) | 63% [50/89] 50%
[ O g O R
S d ¢c6 1.12 .06 1.21
ol § o 0.96 0.97 0.96
v CNG 0.84 0.90 0.79
Sone 1,02 0.75 1.32
bp 3091bp ~1443 10-308] -307 to ~1 [1-566% 182~ 1360 1361 to 1649 i67to 181
% G+C 53% 49% | 57% 57% [49/73] 48% 49 %
= o [ O AU UUTUPS OO O EPTE SO PUS A S,
gll a CG 1.00 0.91 1.04
S § GC 1.02 1.16 0.88
v CNG 0.90 0.92 0.88
S oNe 1.07 0.99 1.16
B) GapC GC/CG profiles
ATG TRA
| L |
c
e 1 i %
< 846C
54
L
: e
3 4 ' ’
~
& gdce
¢ . L 5 L L P L kb
0.5 1 1 2 2.5 0.5
C) GapA GC/CG profiles
ATG TAA
4 l
Gapfl I - -
5 846C
oy
— 4
o~
L
o
(A%
g 4
Q
3 G
& 8|C ) ) . ) ( L kb

0.5 1

1.5 2 2.5 3

Fig. 4. Genes GapC and GapA and their genomic surroundings differ in G + C content and show no CpG depletion. A. G+ C
distribution (bold numbers) and calculated observed/expected values for CpG, GpC, CpNpG and GpNpC. Bold numbers in
brackets (50/89 and 49/73) show the G + C content within codons as two separate values for first and second positions,/third
position, respectively. B and C. GpC and CpG profiles for genes GapC and GapA, respectively. Each vertical hine represents the

number of doublets per 21 bases.

their homologues in eukaryotes (677, to 69%, for
GAPC, 71%, for GAPA/GAPB) [33].

Figure 4A demonstrates that the two genes dif-
fer significantly in their G + C content. The GapC
gene is richer in G + C than the Gap4 gene (629
versus 539%,), in particular in the promoter (66,

versus 49%) and leader (719, versus 57%) re-
gions. The 100 bp leader present in the GapC
cDNA contains 609, C and three tandem repeats
of the sequence ACCCCGAT/CCG starting
66 bp upstream of the ATG codon. The trailor
regions and the GapA intron are relatively G + C-
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poor (48%, and 499 respectively). The CpG and
GpC profiles of GapC and GapA (Fig. 4B and C)
and the observed/expected values for CpG, GpC,
CpNpG and GpNpC (Fig. 4A) show no signifi-
cant deviations except for the coding and
3’ -flanking region of gene GapC. In this region of
about 1.5 kb CpNpGs are somewhat suppressed
(observed/expected = 0.79) while GpNpCs (ob-
served/expected = 1.32) and CpGs (observed/
expected = 1.21) are overrepresented.

Eco Rl (1.2 kb) Eco RI
-
Sphl Sacl
(250 bp)
A) GapC

GapC and GapA from Chondrus crispus are en-
coded by multiple genes (alleles) of very similar
structure

To enumerate the genes encoding GAPC and
GAPA in C. crispus we hybridized Southern blots
of genomic DNA digested with Eco RI, Hind II1,
Bam HI and Kpn I (lanes E, H, B and K in Fig. SA
and B) with gene specific (3’ trailor- and intron-
specific) and generic (coding) DNA probes. All

48.5
18.5
15.0

9.0
7.4

GapA probes
5 st A )
B I = O 5 T
—
Aval Aval
3 (686 bp)
— 2
s 1 —
(115 bp) AvalEco RI

(65 bp)

B) GapA

Fig. 5. Counting of genes GapC and GapA by genomic Southern blotting. Each lane contains 10 ug of genomic DNA digested with
Eco R, Hind 111, Bam HI and Kpn I (lanes E, H, B and K in panels A and B). The digests were electrophoresed on a 0.7%, agarose
gel and the separated fragments were blotted onto a nylon membrane. For each gene the same hybridization patterns were ob-
tained if filters were hybridized with cDNA-coding fragments or with specific probes encoding 3’ trailor and intronic sequences.
Schematic drawings of the probes used in each case are shown at the bottom of panels A and B. Note that the Eco RI sites at
the borders of probes GapC and GapA are derived from the linkers used for cDNA cloning [33].



four restriction enzymes do not have recognition
sites within the sequenced gene regions. For GapC
(Fig. 5, panel A), one (Hind 1II), two (Bam HI,
Kpn 1) and three (Eco RI) bands, respectively, are
discovered with either the generic or gene-specific
probe suggesting that there are three very similar
GapC genes or alleles in C. crispus. The three
GapC bands of the Eco RI pattern show equal
intensities as one would expect for three separate
equimolar GapC genes. The single strongly hy-
bridizing Hind III band probably represents three
different but equally sized genomic fragments,
while the intensity differences between the sepa-
rate bands of the Bam HI and Kpn1 doublets
(panel A, lanes B and K) can be interpreted in
terms of three genomic fragments, two of which
are identical in size. Two faint bands of about
5 and 3 kb can be seen in lanes E and K, respec-
tively, hybridizing weakly with the GapC probe.
Whether or not these bands represent an addi-
tional divergent GapC (pseudo)gene cannot be
decided yet. For GapA, doublets with equal band
intensities are found for all four restriction en-
zymes with generic and gene-specific probes in-
dicating the presence of two separate but very
similar GapA genes or alleles.

GapC and GapA are differentially expressed in
Chondrus crispus protoplasts

The C. crispus cDNA library used to isolate GapC
and GapA clones [33, 59] was constructed from
poly(A)" mRNA prepared from protoplasts of
light-grown gametophytes. Protoplasts were used
to reduce the contamination of nucleic acid prepa-
rations with cell wall polysaccharides. When this
c¢DNA library was screened with homologous
probes the frequencies obtained for clones GapC
and GapA differed at least by one order of mag-
nitude (GapC>> GapA). Since higher plants
grown in the light contain transcript levels of
GapA at least as high or higher than those of
GapC we suspected that the low representation of
GapA transcripts in C. crispus protoplasts may be
a specific stress phenomenon. Therefore, we iso-
lated poly(A)" mRNA from intact gametophyte
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A)GapC B)GapA C)GapC
control

1 2 1 2 2

1.7 kb= .
o, i -

—0.8 kb—

Fig. 6. RNA blot analysis of GapC (A) and GapA (B) tran-
scripts from intact gametophytes (lane 1) and protoplasts
(lane 2) of Chondrus crispus. In gametophytes both genes are
expressed to the same extent giving rise to transcripts of 1.7 kb
{(GapC) and 1.5 kb (GapA), respectively. In protoplasts only
Gap( transcripts can be detected. C. Control hybridization
with probe GapC of filter (B) previously hybridized with GapA4.

tissue and protoplasts by using anew RNA/DNA
purification method (see Materials and methods
and [3]) which efficiently eliminates cell wall
polysaccharides from rhodophyte extracts.

In Fig. 6 hybridization patterns of RNA gel
blots are shown using poly(A)* mRNA from
gametophytes and protoplasts, respectively. For
gametophytes a strong hybridization signal is ob-
served for either gene probe at ca. 1.5 kb (GapC)
and 1.7 kb (GapA) respectively (compare lanes 1
in Fig. 6A and B), suggesting that both genes are
expressed to a similar extent. In protoplasts ap-
preciable transcript levels can only be detected
for GapC but not for GapA (compare lanes 2 in
Fig. 6A and B, respectively). A control hybridiza-
tion with the GapC probe of filter B previously
hybridized with GapA clearly demonstrates that
the absence of the GapA signal in lane 2 (B) is
specific and not due to a blotting artifact (see
Fig. 6C, lane 2).

Discussion

We have cloned and sequenced the first nuclear
protein genes of red algae, those encoding cyto-
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solic and chloroplast GAPDH of C. crispus
(genes GapC and GapA, respectively). As shown
by our previous phylogenetic analyses [33, 35]
both genes are probably of eubacterial origin and
became fixed in eukaryotic cells via independent
intracellular symbioses leading to mitochondria
(GapC) and chloroplasts (GapA), respectively.
The data suggest that these endosymbiotic events
happened before the separation of green plants,
red algae, animals and fungi, so that trees based
on GapC and GapA sequences, respectively, re-
flect the ‘true’ topologies of these major eukary-
otic lineages. The branching patterns [33, 59]
show that red algae separated from green plants
at about the same time or somewhat later than
fungi and animals. Although basically similar,
nuclear genes and genomes of higher plants, fungi
and animals show specific differences with respect
to transcriptional control, pre-mRNA splicing
and DNA methylation. As discussed below
nuclear genes from red algae may have to offer
some novelties in this respect.

Potential cis-acting elements in the promoters of
nuclear rhodophyte genes (GapC and GapA of
Chondrus crispus)

The basic features of transcriptional mechanisms
are remarkably conserved in all eukaryotes [23].
Therefore, one would expect to find sequence mo-
tifs of universal cis-acting elements in nuclear
genes of red algae. However, there are some in-
teresting differences in this respect between the
two genes GapC and GapA (see Fig. 1). The GapC
gene is G + C-rich (see below), carries two poten-
tial TATA and CCAAT boxes each and multiple
copies of GC boxes (GGGCGQG, see [14]) in the
5’ upstream region. In addition, there are at least
three upstream sequence elements related to
plant-specific G-box motifs (GCCACGTGGC).
In higher plants this palindromic sequence and
related variations are found in several classes of
promoters (e.g. rbcS, chalcone synthase, histone
genes) where they interact with a family of DNA-
binding proteins such as TAF-1, GBF and CG-1
{27, 30, 41]. As opposed to this, the only classic

motif found in the Gap4 promoter is a single
CCAAT box element, while a TATA box, known
to specify the transcription start point in eukary-
otes [14, 23], is absent in this gene. These differ-
ences with respect to classic motifs contrast with
five ‘Chondrus-specific’ sequence motifs shared
by the two promoters. They are arranged in a
similar way in both genes (Box A—Box B;
Box 1->Box 2—Box 3, see Fig. 1) but their po-
tential role in transcriptional regulation cannot
yet be defined.

Conservation of a rhodophyte pre-mRNA intron
with yeast-like splice junctions and a conspicuous
secondary structure

There is now clear evidence [33, 35] that the
nuclear genes GapC and GapA are descendants of
two eubacterial genes which arose by a gene du-
plication in ancient eubacteria before the separa-
tion of the lineages leading to present day purple
bacteria/mitochondria and cyanobacteria/chloro-
plasts, respectively. It is interesting in this con-
text, that nuclear genes GapC and GapA contain
introns in conserved positions [28, 32, 39, 47],
suggesting that these introns may be archetypical
relics which were present in the parental eubac-
terial gene before the GapC/GapA separation. It
appears from this that genes in ancient eubacteria
not only occurred in multiple copies [33, 35] but
also contained intervening sequences prior to the
evolutionary ‘streamlining’ of their genomes, in
agreement with the ‘intron early hypothesis’
[13, 21].

Since at least five of the introns found in nuclear
GAPDH genes may be as old as the GAPDH-
coding sequences [28, 32], our finding of a single
intron in the GapA gene of C. crispus (and none
in the GapC gene, see Fig. 1) is somewhat sur-
prising. It probably indicates that differential loss
of introns has occurred in red algae as it has in
other eukaryotic lineages (e.g. yeast [16]). The
remaining intron in the GapAd gene occupies a
conserved position (see Fig. 3A) suggesting that
it fulfills an essential function. We are presently
testing the possibility of its implication in GapA



transcriptional regulation in green plants and red
algae.

Another interesting question concerns the
mechanism of pre-mRNA splicing in red algae.
The 5’ and 3’ splice junctions and the branch site
of the C. crispus GapA intron are compatible with
those of pre-mRNA introns of higher plants and
animals but resemble also the highly conserved
consensus sequences of yeast introns. In addi-
tion, the C. crispus GapA intron folds into a con-
spicuous secondary structure (see Fig. 2). Spe-
cific secondary structures are characteristic
features of group I and group II introns [29, 43]
but are usually absent in pre-mRNA introns. In
a first approach to clarify whether secondary
structure may be a necessary prerequisite of in-
tron splicing in red algae we are trying to estab-
lish whether or not the folding pattern found for
the GapA intron is characteristic of pre-mRNA
introns of C. crispus in general.

Genes GapC and GapA of Chondrus crispus
show differential G + C enrichment and no CpG sup-
pression

Short- and long-range fluctuations in G + C con-
tent are characteristic features of vertebrate ge-
nomes [2, 5] and have recently also been reported
for genomes of monocot angiosperms [ 1, 39, 46,
50]. In monocot genes the G + C content in the
degenerate third base position of codons varies
between 40%, for genes of storage proteins and
almost 1009, for highly expressed genes regulated
by light or hormones [9]. In contrast, dicot genes
have comparatively low and homogeneous G + C
contents [9, 50] irrespective of whether they are
strongly or weakly expressed. This raises the
question of whether genomic G + C variation is
an ancient feature of eukaryotic genomes or
whether it evolved in more recent times in verte-
brates and independently a second time in mono-
cot angiosperms. Qur finding that genes GapC
and GapA and their flanking sequences of the red
alga C. crispus differ greatly in G + C content (see
Fig. 4) would argue in favour of the former alter-
native. This implies that the homogeneous G + C
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distribution found in dicot genomes is a compara-
tively recent acquisition which evolved in dicot
angiosperms after their separation from mono-
cots.

In maize the light-regulated GapA gene is al-
most saturated with G + C (979, in the third base
position of codons) while the constitutively ex-
pressed GapC gene is moderately G + C-enriched
(679, in the degenerate codon position) [9]. In
C. crispus, the situation is reversed with GapC
being more strongly biased than GapA (89, ver-
sus 73% G+ C in the third base position of
codons, see Fig. 4A). G + C enrichment in syn-
onymous sites of codons may be a ‘neutral’ con-
sequence of strong gene expression rather than a
prerequisite as previously suggested [9]. How-
ever, G + C enrichment does not occur in the first
and second base position of codons (see Fig. 4A,
values in brackets) and, hence, does not influence
the non-synonomous mutation rate in GAPDH
genes on which phylogenetic inferences are based
[33, 35, 38, 59].

Genomic DNA of vertebrates and higher plants
is highly methylated at the 5 position of cytosines
of CpG dinucleotides [22, 52]. A direct conse-
quence of CpG methylation is CpG depletion
[6, 18, 46] caused by spontaneous deamination of
S-methylcytosine to thymine and the failure of
DNA repair mechanisms to recognize these mu-
tations. According to the model of Bird [6] only
so-called CpG islands of housekeeping genes,
comprising about 1.5 kb of DNA surrounding the
transcription start site, are protected against me-
thylation and, hence, CpG depletion [1, 18, 19,
39, 46]. In vascular plants cytosine methylation
also occurs at CpNpG trinucleotides [4, 22],
however, CpNpG suppression can usually not be
observed [4, 20] possibly because of a CpNpG
specific repair mechanism. Methylation studies
with the green alga Chlamydomonas reinhardtii [4)
revealed little or no CpG methylation and only a
limited amount of CpNpG methylation in this
organism.

We have sequenced over 6 kb of relatively
G + C-rich genomic DNA from the red alga C.
crispus with more than 500 potential CpG methy-
lation sites (Fig. 4). If these sequences were me-
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thylated one would expect to see CpG suppres-
sion at least in the 3’ parts of genes and the
adjacent flanking sequences. Our analyses show
that the frequencies of CpG doublets (and
CpNpG triplets; see Fig. 4) in genes GapC and
GapA and the surrounding genomic regions do
not deviate significantly from their expected
values suggesting that they are not methylated.
This could mean that CpG methylation is absent
in red algae as it seems to be in green algae [4].
Direct methylation studies will be required to
confirm this conclusion.

GapC and GapA of Chondrus crispus are prob-
ably encoded by single loci composed of multiple
alleles giving rise to RFLPs

In higher eukaryotes genes GapC and GapA occur
as gene families of variable sizes. The number of
genes and pseudogenes encoding glycolytic
GAPDH in vertebrates varies between a single
copy in chicken [57], ten to 30 copies in man,
hare, guinea pig and hamster, and over 200 copies
in mouse and rat [24, 44]. For maize, multiple
genes for both GapC and GapA have been de-
scribed. The maize GapC gene family is com-
posed of four functional members which differ
significantly in sequence and which are expressed
differentially under aerobic and anaerobic condi-
tions [39,49]. For maize GapA more than 10
separate genes can be distinguished by Southern
blotting most of which are probably non-
functional pseudogenes {46].

In C. crispus, GapC and GapA are encoded by
three and two separate genes (alleles), respec-
tively, of very similar primary structure. This is
clearly indicated by our finding that patterns of
genomic Southern blots are identical whether ge-
neric or gene specific probes are used under strin-
gent hybridization conditions (Fig. 5A and B). In
addition, in the case of GapC (Fig. 5A), the num-
ber and intensity of restriction fragments varies
for different restriction enzymes suggesting that
also the flanking sequences of GapC aré relatively
conserved and polymorphic only for certain re-
cognition sites. The most plausible explanation

for these results is that GapC and GapA of C.
crispus are encoded by single loci composed of
multiple polymorphic alleles. The alternative ex-
planation that both genes are encoded by multiple
but highly conserved loci seems relatively unlikely.
Since the genomic DNA was extracted from a
mixture of different haploid C. crispus gameto-
phytes (see Materials and methods), the different
alleles detected by genomic Southern blotting
would correspond to separate haploid indivi-
duals.

Differential gene expression in Chondrus crispus
protoplasts

Our northern hybridizations clearly suggest that
both genes, GapC and GapA, are vigorously ex-
pressed in light grown C. crispus gametophytes.
In protoplasts GapC transcript levels seem to de-
crease only slightly, while GapdA mRNAs fall
below the limits of detection. This agrees with our
previous finding [33] that GapA4 specific clones
are very rare and at least 10 times less frequent
than GapC clones in cDNA libraries of C. crispus
protoplasts. Hence, the half-life of GapA tran-
scripts seems rather short since they disappear
almost completely during a 12 to 15 h period of
protoplast preparation. These differential effects
on nuclear gene expression suggest that the reac-
tion of the cell to protoplast formation is specific
and may predominantly affect those nuclear genes
encoding plastid proteins. It has been shown for
green plants that chloroplasts are strongly dam-
aged upon protoplast isolation leading to loss of
photosynthetic activity and to a block in the syn-
thesis of nuclear encoded plastid proteins (see
review by Galun [17]). Numerous gene expres-
sion studies with chloroplast deficient higher
plants (mutants, herbicide treated seedlings) sug-
gest that the transcriptional activity of plastid
specific genes in the nucleus is dependent on in-
tact chloroplasts and it has been speculated that
a non-proteinaceaous chloroplast signal may be
involved in this intercompartimental communica-
tion (for reviews see [42, 58]).
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