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Abstract 

cDNA clones for the alad gene encoding the chlorophyll biosynthetic enzyme ALA dehydratase (ALAD) 
from Chlamydomonas reinhardtii were isolated by complementation of an Escherichia coli ALAD mutant 
(hemB). The C. reinhardtii alad gene encodes a protein that has 50 to 60 To sequence identity with higher 
plant ALADs, and includes a putative Mg 2+ -binding domain characteristic of plant ALADs. Multiple 
classes of ALAD cDNAs were identified which varied in the length of their 3'- untranslated region. 
Genomic Southern analysis, using an ALAD cDNA as a probe, indicates that it is a single-copy gene. 
This suggests that the differently sized ALAD cDNAS are not the products of separate genes, but that 
a primary ALAD transcript is polyadenylated at multiple sites. A time course determination of ALAD 
mRNA levels in 12-h light: 12-h dark synchronized cultures shows a 7-fold increase in ALAD mRNA 
at 2 h into the light phase. The ALAD mRNA level gradually declines but continues to be detectable 
up to the beginning of the dark phase. ALAD enzyme activity increases 3-fold by 6 h into the light phase 
and remains high through 10 h. Thus, there is an increase in both ALAD mRNA level and ALAD enzyme 
activity during the light phase, corresponding to the previously observed increase in the rate of chloro- 
phyll accumulation. 

Introduction 

Chlorophyll is the dominant tetrapyrrole pigment 
produced in the chloroplasts of plants and algae. 
The first committed chlorophyll precursor, 6- 
aminolevulinic acid (ALA), is produced from 

glutamate using a glutamyl-tRNA intermediate 
[1 ]. The enzymatic reactions from ALA to pro- 
toporphyrin IX are common to all aerobic organ- 
isms. The first step in this part of the pathway, the 
conversion of ALA to porphobilinogen (PBG), is 
catalyzed by ALA dehydratase (ALAD), which is 

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under 
the accession numbers U19876 and U19877. 



608 

also called PBG synthase. ALAD has been char- 
acterized in several plant species, and the activ- 
ity of this enzyme increases during greening of 
etiolated pea, radish and mustard seedling coty- 
ledons [6, 11, 19]. The gene encoding ALAD has 
been cloned from pea, spinach, soybean and the 
cyanobacterium Anacystis nidulans [2, 9, 10, 16]. 
ALAD-encoding genes have also been cloned 
from nonphotosynthetic eukaryotes and prokary- 
otes such as Escherichia coli [ 12], organisms in 
which heme is the major tetrapyrrole end prod- 
uct. A soybean ALAD-encoding gene has been 
designated alad [10], whereas the homologous 
E. coli gene is hemB [ 12]. 

Light is required to initiate and maintain chlo- 
rophyll synthesis in angiosperms and some green 
algae. The effect of light on alad gene expression 
is varied. In contrast to the increase in ALAD 
activity during greening, no change in ALAD 
m R N A  level was observed in greening pea leaves, 
suggesting light may regulate ALAD levels post- 
transcriptionally [2]. However in soybean, al- 
though a modest  increase in ALAD m R N A  
occurs during greening, no change in ALAD ac- 
tivity or protein levels were detected [ 10]. In con- 
trast, the pea enzyme PBG deaminase, which 
catalyzes the reaction following that catalyzed by 
ALAD in the tetrapyrrole biosynthetic pathway, 
is increased in both activity and m R N A  level dur- 
ing greening [ 23 ]. 

We have used light:dark synchronized cultures 
of the unicellular green alga Chlamydomonas rein- 
hardtii to study the effects of light on the expres- 
sion of chlorophyll biosynthetic enzymes. These 
cells rapidly synthesize chlorophyll during the 
light phase, and show a light-induced increase in 
the expression of the chlorophyll biosynthetic 
gene gsa, which encodes glutamate-l-semialde- 
hyde (GSA) aminotransferase (GSAT) [13]. 
GSAT is the enzyme just prior to ALAD in the 
chlorophyll biosynthetic pathway, and it converts 
GSA to ALA. In our continuing examination of 
chlorophyll biosynthetic genes from C. reinhardtii, 
we report the cloning and structure of cDNAs 
and a genomic DNA region that encode ALAD, 
and examine the cellular levels of ALAD m R N A  
and enzyme activity in light:dark synchronized 

cells. We have used the designation alad, as was 
used for the soybean ALAD-encoding gene [ 10], 
to indicate the ALAD-encoding gene in C. rein- 
hardtii. 

Materials and methods 

Cloning and sequence analysis of C. reinhardtii 
ALAD-encoding cDNAs 

E. coli hemB (RP523) [ 12] was obtained from the 
E. coli Genetic Stock Center (Yale University, 
New Haven, Conn., CGSC 4~7199) and was 
maintained on LB media supplemented with 4 
#g/ml hemin. Competent  hemB cells were trans- 
formed with a C. reinhardtii cDNA expression 
library [22] as previously described [13]. Colo- 
nies were selected on LB-ampicillin plates for 
heme-independent growth. DNA sequencing was 
done using a Sequenase kit (U.S. Biochemical) 
according to the manufacturer's protocol, and se- 
quence information was compiled with The DNA 
Inspector IIe (Textco, West Lebanon, NH) se- 
quence analysis program. C. reinhardtii strains 
were obtained from the Chlamydomonas Genetics 
Center (Duke University, Durham, NC). For ge- 
nomic Southern analysis, restriction digests of 
10 #g of C. reinhardtii DNA (strain CC-124) were 
separated on a 0.8~o (w/v) agarose gel, blotted 
onto a nylon membrane (Nytran+,  Schleicher 
and Schuell), and UV-crosslinked. Blots were 
probed with a nick-translated ALAD cDNA in- 
sert in 50~o formamide/5 x SSPE/2 x Den- 
hardt's reagent/5 ~o sodium dodecylsulfate/50 #g/ 
ml salmon testes DNA at 45 °C and washed in 
2 x SSPE/0.1 ~o sodium dodecylsulfate at 50 °C 
followed by a final wash in 0.2 × SSPE/0.1~o 
sodium dodecylsulfate at 55 ° C. 

Analysis of alad transcripts 

RNA was isolated from mid-exponential growth 
phase synchronous C. reinhardtii cells (strain CC- 
124) grown in TAP medium [5]. Cells were cen- 
trifugally sedimented and extracted in buffer 



(50 mM Tris-HCl pH 8.0, 300 mM NaC1, 5 mM 
EDTA, 40/~g/ml Proteinase K) at room tempera- 
ture for 20 min. Phenol:chloroform extractions 
were done until the interface was clear, and the 
total nucleic acids were precipitated with ethanol. 
After redissolving in H20, total RNA was pre- 
cipitated by LiC1 overnight at 4 °C. Oligo(dT) 
cellulose (BRL) chromatography was used to se- 
lect poly(A +) RNA for northern blots. Glyoxal- 
denatured poly(A + ) RNA (2/~g) was separated 
on a 1~o (w/v) agarose gel in 10 mM Na- 
phosphate buffer, pH 7.0, blotted onto a nylon 
membrane and UV-crosslinked. Blots were hy- 
bridized and washed as described for Southern 
analysis. A constitutively expressed C. reinhardtii 
G protein fi subunit-like probe, which hybridizes 
to a 1.2 Kb mRNA, was used to show approxi- 
mately equal loadings of RNA [17]. Autoradio- 
graphs of multiple exposures were scanned using 
an LKB Ultroscan XL laser densitometer for 
quantitation within the linear response range of 
the film. 

ALAD enzyme activity assays 

Mid-exponential growth phase synchronous cul- 
tures (2 × 10 9 total cells) were harvested by cen- 
trifugation (3000 x g for 5 min). After resuspend- 
ing in 10 ml of ALAD assay buffer (300 mM 
glycerol, 100 mM Tricine-NaOH pH 8.0, 10 mM 
MgCI> 1 mM dithiothreitol, 0.004~o [w/v] phe- 
nylmethylsulfonyl fluoride), cells were broken by 
one pass through a French pressure cell at 
20 000 p.s.i., the homogenate was centrifuged for 
30 min at 27000 x g, and the supernatant was 
used for ALAD assays. The assay was begun by 
the addition of 5 mM ALA to the extracts (10/~1) 
in assay buffer, and incubated at 30 °C for 
30 min. The reaction was stopped by cooling on 
ice and an equal volume of modified Ehrlich-Hg 
reagent [21 ] was added. Precipitated proteins and 
Hg-dithiothreitol were removed by centrifugation, 
and the absorbance of the supernatant at 555 nm 
was measured and used to calculate PBG pro- 
duction [9]. 
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alad genomic clones 

An ALAD eDNA was used to probe a genomic 
DNA library (strain CC-124) that was con- 
structed as previously described [13]. Two over- 
lapping clones hybridizing to the eDNA were 
isolated and restriction mapped. Restriction frag- 
ments containing the 5' end of the eDNA and 
approximately 1.1 Kbp of upstream DNA were 
subcloned into pBluescript and sequenced. The 
transcription start site was defined by primer ex- 
tension, using an oligonucleotide primer corre- 
sponding to the 5' end of the longest eDNA. 

Results 

Structure of a C. reinhardtii ALAD-encoding eDNA 

Several C. reinhardtii eDNA clones encoding 
ALAD were identified by complementation of 
E. coli hemB mutant RP523 [12]. The longest 
eDNA clone contains a 46-bp 5'-untranslated 
region and a 498-bp 3'-untranslated region 
(Fig. 1A). The encoded protein contains 390 
amino acids and includes a presumed chloroplast 
transit peptide of 24 amino acids. The putative 
chloroplast transit peptide is similar in size and 
base composition to other C. reinhardtii stroma- 
targeting chloroplast transit peptides [4]. The ini- 
tiation Met is assumed to be the first Met in the 
open reading frame, where it is preceded by stop 
codons in all three reading frames and lies within 
a favorable translation initiation context common 
to C. reinhardtii nuclear genes [ 14]. The deduced 
protein has a molecular weight of 42 997 and is 
between 50 and 60~o identical to higher plant 
ALADs. There is a well-conserved active-site Lys 
(residue 312), and a highly conserved (17 of 19 
identical residues) MgZ+-binding domain (resi- 
dues 171 to 188)(Fig. 1B)characteristic of plant 
ALADs [2, 10]. An unusual feature of the C. 
reinhardtii ALAD protein sequence is an 8-amino- 
acid insertion not previously reported in any other 
prokaryotic or eukaryotic ALAD proteins (resi- 
dues 273 to 280). 
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ATACAATTGACCGCGAAGATCTAGGGATTCACTAAGAACCGTAACA 46 

ATGCAGATGATGCAGCGCAACGTTGTGGGCCAGCGCCCCGTCGCTGGCTCCCGCCGCTCGCTGGTGGTTGCCAAC 121 

M Q M M Q R N V V G Q R P V A G S R R S L V V AT N 25 

GTTGCGGAGGTGACCCGCCCCGCGGTCAGCACCAACGGCAAGCACCGGACTGGTGTGCCGGAGGGAACTCCCATC 196 
V A E V T R P A V S T N G K H R T G V P E G T P I 50 

GTCACCCCTCAGGACCTGCCCTCGCGCCCTCGCCGCAACCGCCGCAGCGAGAGCTTCCGTGCTTCCGTTCGTGAG 271 

V T P Q D L P S R P R R N R R S E S F R A S V R E 75 

GTGAACGTGTCGCCGGCCAACTTCATCCTGCCGATCTTCATCCACGAGGAGAGCAACCAGAACGTGCCCATCGCC 346 

V N V S P A N F I L P I F I H E E S N Q N V P I A 100 

TCCATGCCTGGCATCAACCGCCTGGCGTATGGCAAGAACGTGATTGACTACGTTGCTGAGCCTCGCTCTTACGGT 421 

S M P G I N R L A Y G K N V I D Y V A E P R S Y G 125 

GTCAACCAGGTCGTGGTTTTCCCCAAGACGCCCGACCACCTGAAGACGCAAACCGCGGAGGAGGCGTTCAACAAG 496 

V N Q V V V F P K T P D H L K T Q T A E E A F N K 150 

AACGGCCTCAGCCAGCGCACGATCCGCCTGCTGAAGGACTCTTTCCCTGACCTGGAGGTGTACACGGACGTGGCT 571 

N G L S Q R T I R L L K D S F P D L E V Y T D V A 175 

CTGGACCCCTACAACTCGGACGGCCACGACGGTATCGTGTCGGACGCCGGTGTGATCCTGAACGACGAGACCATC 646 

L D P Y N S D G H D G I V S D A G V I L N D E T I 200 

GAGTACCTGTGCCGCCAGGCCGTGAGCCAGGCCGAGGCCGGTGCCGACGTGGTGTCGCCCTCTGACATGATGGAC 721 

E Y L C R Q A V S Q A E A G A D V V S P S D M M D 225 

GGCCGCGTGGGCGCCATCCGCCGCGCCCTGGACCGCGAGGGCTTCACCAACGTGTCCATCATGTCCTACACCGCC 796 
G R V G A I R R A L D R E G F T N V S I M S Y T A 250 

AAGTACGCCTCCGCCTACTACGGCCCCTTCCGTGACGCCCTGGCGTCCGCGCCCAAGCCCGGCCAGGCGCACCGG 871 

K Y A S A Y Y G P F R D A L A S A P K P G Q A H R 275 

CGCATCCCCCCCAACAAGAAGACCTACCAGATGGACCCCGCCAACTACCGCGAGGCCATCCGCGAGGCCAAGGCC 946 
R I P P N K K T Y Q M D P A N Y R E A I R E A K A 300 

GACGAGGCCGAGGGCGCTGACATCATGATGGTCAAGCCCGGCATGCCGTACCTGGACGTGGTACGCCTGCTGCGT 1021 

D E A E G A D I M M V K P G M P Y L D V V R L L R 325 

GAGACCAGCCCGCTGCCCGTGGCCGTGTACCACGTGTCGGGCGAGTACGCCATGCTCAAGGCGGCGGCGGAGCGC 1096 

E T S P L P V A V Y H V S G E Y A M L K A A A E R 350 

GGCTGGCTGAACGAGAAGGATGCCGTGCTTGAGGCCATGACCTGCTTCCGCCGCGCCGGCGGTGACCTCATCCTC 1171 

G W L N E K D A V L E A M T C F R R A G G D L I L 375 

ACCTACTACGGCATTGAGGCCTCCAAGTGGCTGGCGGGCGAGAAGTAAGCGGTCTGGTGGGCGGCTGCATGGGCG 1246 

T Y Y G I E A S K W L A G E K * 390 

GCAGTGCCGGCAGATATGGAGTTGAGGAGCGGAGCTGCGGCCGGCGTGGACTGCGGAGT~GCGGTTGTATGGG 1321 

AACCGGTGTGCGGTGCTTCGGGCGGTGAGAGAGCGTGGATGATACGAGTGGTGGAATTGCAGGTATGCCTTGTGC 1396 

TTGCGTGTGGTAACGTGGTCTGTATGTTTATGTATAACCGGTGTGAGGACAAGGGACAACGAGCGGCAGGAGGGG 1471 

TGCATACTTCCGCTTGGCACGCATTTTTGGGCGTCTCGGGTGGCGGATTGACTTGCACCCGGGGAATAGTTCAAA 1546 

GACAGATGGCTGAAGTTGCCTTGCGGCGGCTACGTGACACGGAGACGTGAGAGAGGTGCGGCGATACCCGCGAGC 1621 
AGGGGGGCAGGGGCATTGTTGCCAACGCAGCAAGACACGCGCGGCTGGCAAATCACAGGGTGTGCCCTCCCAAAG 1696 

ATTGTTAGCTTCAAAGCTTTG 1717 
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Pvtative Metal-Binding Region Bound Metal 

Chlamydomonas reinhardtii VYTDVALDP YNSDGHDG IV Mg 2+ 
Selaginella martensii I YTDVALDP Y S SDGHDG I V  Mg2+ 

Pea IYTDVALDPYS SDGHDGIV Mg 2+ 
Soybean I YTDVALDP YS SDGHDG IV Mg2+ 
Tomato IYTDVALDPYS SDGHDGIV Mg 2+ 
Spinach I Y TDVALDP YYYDGHDG IV Mg 2+ 

Bradyrhizobium japonicum VL CDVALDP F T S HGf=tD G L I 

Rhodobacter capsulatus TMTD I ALDP YNANGRDG LV 

Anacystis nidulans R2 VAADTCLCEYTPHG~CGYL Zn 2+ 
Methanothermus sociabilis VITDVCLCQYTP, HGr~CGIV Zn2+ 

Escherichia coil VMSDTCFCEYTSHGtICGVL Zn 2+ 

Clostridium josui V I TD I CMCE Y T SttG~ICG I L Zn2+ 

Staphylococcus aureus IVADTCLCEYTDtlGI.ICGVI Zn 2+ 
Bacillus subtilis WADTCT,CE YTDIIGItCGT,V Zn2+ 

Yeast I I CDVCLCEYT SIIGHCGVL ZR 2+ 

Mouse VACDVCLCP YT S ~IGHCG L L Zr] 2+ 

Rat VACDVCLCP YT S IIGIlCGL L Zn 2+ 
Human VACDVCLCP YT SIIGI{CGLL ZR2+ 

Invariant residues D GH G 

Fig. 1. A. Nucleotide sequence and deduced amino acid sequence of a C. reinhardtfi cDNA encoding ALAD. The end of a potential 
chloroplast transit peptide is marked by the upward arrow. The singly underlined peptide has significant identity with a Mg 2÷- 
binding domain common to plant ALADs but is unlike the Zn 2 + -binding domain of prokaryotic and nonplant eukaryotic ALADs. 
An 8-amino-acid, in-frame insertion unique to the C. reinhardtii ALAD cDNA is doubly underlined. B. Comparison of the deduced 
amino acid sequence of the metal-binding domains of ALAD proteins from various sources. Residues proposed to coordinate the 
metal are shown in bold typeface. 

Heterogeneity in ALAD cDNA 3'-untranslated re- 
gions 

Several of the C. reinhardtii ALAD cDNAs iso- 
lated by functional complementation were found 
to differ in the size of their 3'-untranslated region 
(3' UTR). Three independent classes of ALAD 
cDNAs were identified whose 3' UTRs contain 
337, 466, or 498 bp (Fig. 2A). Each class of 
ALAD cDNAs is polyadenylated, and the 3' 
UTR sequence up to the polyadenylation site is 

identical in all the clones. However, the putative 
polyadenylation signal for C. reinhardtii nuclear 
genes (TGTAA), normally found 14 to 17 bp up- 
stream of the poly(A) addition site, is not per- 
fectly present in any of the cDNA classes and not 
present elsewhere in the 3' UTR. To determine 
whether these cDNAs are the result of multiple 
polyadenylation sites of the ALAD primary tran- 
script or alternatively whether they are the prod- 
ucts of multiple alad genes, genomic Southern 
analysis was done. The longest 3' UTR contains 
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a Hind III restriction site at the very end of  the 
clone that is not present in the other c D N A  
classes. I f  the different cDNAs  represent inde- 
pendent gene products, a Southern blot of  
Hind III digested genomic D N A  probed with the 
A L A D  c D N A  should contain multiple bands. 
There is also one c D N A  restriction site for Bgl II, 
Hinc II, and Sma I (Fig. 2B), and digests with 
these enzymes should show more than two bands 
on a Southern blot if multiple genes are present. 
Using the entire A L A D  c D N A  as a probe, a 
genomic Southern blot (strain CC-124 D N A ) r e -  
vealed a single hybridizing band in the Hind III- 
digested D N A  and 2 bands in the D N A  digested 
by Bgl II, Hinc II, or Sma I (Fig. 2C). 

Fig. 2. A. Sequence comparison of the 3' termini of 3 inde- 
pendent classes of ALAD cDNAs. A presumed polyadeny- 
lation signal for each class is underlined. B. A restriction map 
of the longest ALAD cDNA. C. Genomic Southern blot of C. 
reinhardtii strain CC-124 DNA digested with restriction en- 
zymes that are known to cut the cDNA. DNA digests were 
separated on a 0.8% (w/v) agarose gel, blotted to a nylon 
membrane, and hybridized with a 32p-labeled ALAD cDNA 
probe. Positions of DNA size markers are shown on the left. 

Pattern of ALAD mRNA accumulation and ALAD 
enzyme activity level 

R N A  was isolated from 12h-light: 12 h-dark syn- 
chronized cultures at 1 h prior to the start of  the 
light phase (D 11), and at intervals during the light 
phase (L0.5 through L12). Northern analysis of  
these R N A  samples, using the A L A D  c D N A  as 
a probe, shows that the A L A D  m R N A  level in- 
creases steadily from the dark level to a peak at 
2 h into the light phase (L2) (Fig. 3). An increase 
in the A L A D  m R N A  level is detectable within 
30 min after the light phase begins. After the peak 
is reached at 2 h, A L A D  m R N A  decreases gradu- 
ally but continues to be present up to the end 
of the light phase. A densitometric scan of the 
northern blot was done to quantify the increase in 
the A L A D  m R N A  level, and each lane was nor- 
malized to the constitutively-expressed G protein 
signal. This analysis reveals a 7-fold increase in 
the A L A D  m R N A  level from the dark to the peak 
at 2 h of light. 

For  comparison to A L A D  m R N A  levels, whole 
cell extracts were made from a similar set of dark- 
and light-phase time points and were assayed for 
A L A D  enzyme activity (Fig. 4). The A L A D  ac- 
tivity level begins to rise by 2 h of  light, and a 
sharp increase in A L A D  activity occurs between 
4 and 6 h into the light phase. The level of  activity 
remains relatively unchanged from 6 through 
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Fig. 3. Northern blot of poly (A) + RNA (2 #g per lane) isolated from light:dark synchronized cultures at 1 h prior to the light 
phase (D11) and from various time points during the light phase (L0.5 = 0.5 h of light to L12 = 12 h of light). The blot was probed 
with an ALAD cDNA and with a constitutively expressed G protein /~ subunit-like cDNA from C. reinhardtii [17] to show 
approximately equal RNA loadings. 
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Fig. 4. Time course of ALAD enzyme activity in cell extracts 
made from various stages of C. reinhardtii synchronous cul- 
tures. Cell extracts from a dark-phase time point just prior to 
the light phase (Dll) and six light-phase time points (L1 
through L10) were assayed spectrophotometrically for the 
in vitro conversion of ALA to PBG catalyzed by ALAD. 

10 h into the light phase.  The  peak  level of  A L A D  
activity (L8) represents  a 3.2-fold increase over  
the da rk -phase  activity level. 

Sequence o f  the alad genomic upstream region 

T w o  overlapping genomic D N A  clones were se- 
lected f rom a C. reinhardtii CC-124 genomic li- 
brary  using an A L A D  c D N A  as a probe.  One  of  
the genomic alad clones conta ined the entire 
prote in-coding sequence and untrans la ted  regions 
as well as approximate ly  1.1 K b p  of  5 ' - u p s t r e a m  
D N A ,  while the other  clone conta ined only a par t  
o f  the coding region, the 3 ' -un t rans la ted  region, 
and downs t r eam D N A .  The  genomic D N A  up- 
s t ream f rom the 5' end of  the c D N A  was 
sequenced,  and the t ranscr ipt ion start  site was 
determined to be 71 bp  f rom the beginning of  the 
A L A D - e n c o d i n g  open reading frame. The  up-  
s t ream D N A  sequence contains  a general T A T A -  
like box (bp - 6 5  to - 6 0 )  followed by a CG-r ich  
region. When the alad ups t ream sequence was 
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compared to the promoter region of the C. rein- 
hardtii gsa gene, no significant similarities were 
detected, including no evidence of the promoter 
sequences previously associated with light-regu- 
lated genes. 

Discussion 

We have isolated several C. reinhardtii clones 
which encode the chlorophyll biosynthetic en- 
zyme ALAD. Functional complementation of an 
E. coli hemB mutant, which lacks ALAD activity, 
and a high degree of sequence similarity of the 
longest open reading frame to other ALAD genes 
indicates that these cDNAs encode ALAD. The 
encoded protein (390 residues) is similar in size 
to other ALADs from pea (398 residues, deduced 
from an incomplete cDNA sequence), soybean 
(412 residues), and spinach (423 residues). The 
presence of an apparent chloroplast transit pep- 
tide indicates the mature protein is localized to 
the chloroplast, in agreement with the previously 
determined location of this enzyme in pea [19]. 
Plant ALADs contain a highly conserved Mg 2 + 
binding domain which is also found in the de- 
duced C. reinhardtii protein (Fig. 1A, residues 
171-188). The C. reinhardtii metal-binding se- 
quence is identical to those of the Selaginella mar- 
tens& pea, soybean, and tomato ALADs in 17 of 
19 residues, and identical to that of the spinach 
ALAD in 16 of 19 residues (Fig. 1B). In other 
eukaryotic and prokaryotic ALADs, including the 
ALAD of the cyanobacterium Anacystis nidulans 
[9], the metal-binding domain is different in its 
amino acid sequence and coordinates Zn 2+ 
rather than Mg 2+. Although all ALAD metal- 
binding domains contain several invariant resi- 
dues that are highly conserved (Fig. 1B, aster- 
isks), the Zn 2 + -binding domain uses Cys and His 
residues as putative metal ligands, whereas the 
Mg2+-binding domains, including that of C. 
reinhardtii ALAD, contains Asp residues to co- 
ordinate the metal (Fig. 1B, bold type). A third 
class of ALAD, present in members of the 
c~-proteobacteria (Bradyrhizobium japonicum, 
Rhodobacter capsulatus), has a homologous region 

with some features of both types of metal-binding 
domains [7], and these sites may bind K + instead 
of Mg 2+ or Zn 2+ [15, 18]. 

Multiple ALAD cDNA clones isolated by 
complementation were found to differ in the length 
of their 3' UTR, although all contained the same 
sequence up to the poly(A) site and all appeared 
to be polyadenylated normally. Genomic South- 
ern analysis indicates the presence of a single alad 
gene in C. reinhardtii, suggesting that these 
cDNAs do not represent the products of multiple 
genes (Fig. 2C). The various cDNAs are prob- 
ably the result of differently processed ALAD pri- 
mary transcripts. The normal polyadenylation 
signal for C. reinhardtii mRNAs, TGTAA, is not 
perfectly present in the 3' UTR of any of the 
ALAD cDNAs. This suggests that the multiple 
polyadenylation sites may have been used to gen- 
erate the various length 3' UTRs due to the lack 
of a strong indicator for where the poly(A) should 
be attached. The existence of multiple polyade- 
nylation sites has been reported for several higher 
plant mRNAs, cDNAs with varying length 3' 
UTRs have been found for the ribulose bisphos- 
phate carboxylase/oxygenase small subunit and a 
chlorophyll a/b binding protein of petunia and the 
bronze gene product of maize [3]. Whether the 
length differences of the various ALAD cDNA 
classes are associated with separate functions for 
these mRNAs in C. reinhardtii is not clear. All of 
the ALAD cDNAs, when expressed in E. coli, 
rescued the hemB mutant phenotype, and ap- 
proximately equal numbers of cDNAs from each 
class were found by complementation screening. 
Northern analysis of ALAD transcripts shows 
only one size of ALAD mRNA equal to the long- 
est cDNA class. However, in our northern blot 
analysis system, this cDNA class probably can- 
not be distinguished from the cDNA class that is 
only 32 bases shorter. One other possible expla- 
nation for the presence of only one detectable 
cDNA size by the northern blot analysis is that 
the strain that was used for the Southern and 
northern analyses (CC-124) was different from 
the strain from which the cDNA library was con- 
structed (CC-621, NO-).  Although we have not 
tested for the presence of multiple alad genes in 



strain CC-621, strains CC-124 and CC-621 were 
both derived from the same progenitor, 137c, and 
are closely related. 

The level of ALAD mRNA in light:dark syn- 
chronized cells is low just prior to the beginning 
of the light phase, increases to a peak level at 2 
h into the light phase, and then gradually dimin- 
ishes. The general pattern of ALAD mRNA levels 
is similar to that determined for another C. rein- 
hardtii chlorophyll biosynthetic gene, gsa, which 
encodes the enzyme just prior to ALAD in this 
pathway (GSAT) [13]. The mRNAs for these 
two genes begin to accumulate early in the light 
phase and reach peak levels at 2 h of light. How- 
ever, the total increase in GSAT mRNA is greater 
than the increase in ALAD mRNA. Whereas the 
amount of GSAT mRNA increases 26-fold from 

-1128 TCTTGTCATGATGCCCCAGGTGACCCCT 

-ii00 CCATCACCTGGTGTGTTCTGCTCCTGCCGACCGCGCAGGATCGGACCACG 

-1050 GCCACATTGCCTCCAAGGACAGCGGCGCCCTGGCCTGGCATTACGATTTA 

-1000 CGAGTGCAGCGGTGAGCAGTAGTGCATGCAGCTGCTGGGTTGGCAGTGCG 

-950 CCGCTCCTGCAATGGAACTGTGTCTCCCCATCTCCACAGCTGGTTTGTCT 

-900 TGTGCCAAGCTTGGGCTGAAATCCATCGGCGTGCCCTTGATGCTTCGCCG 

-850 CCTGCAGGCCAGCACAGCTGATGGTGCGCTCCATCAACCACTGGTGATGC 

-800 GCCGTACGTCCTCGGCTGGAGCGGTCAAGGCGGGGGAGCCCAATCGAATG 

-750 GACTAGTGCACCATTAATCTTAACGCTCCAGTGGACATGCATCCACTAAT 

-700 GCTTGGCAGCTATGATTCCCACGTATGATTCCATTTATTATGATTCATTA 

-650 CTCGCCCCTACATCGCGGGGCATGGGGTTTTGGGAGCGTGCTGGTGTGAA 

-600 CGTGTGTGCGCTGCCCATGCGCACAACGCGGACCGGACCATCAGACATGG 

-550 AAAGTGGCAGGTCCATTCAAAGGACGTCTGTAGATAGAACACGGGCATTA 

-500 GATGTGAGCCTGAACTGTGGTTTCATGGAGACAGCTTCCATAATAGTACA 

-450 CATGTAAGTAACTGGCGATCGTGTGTTGCTCGACAACATGGCTCCCGTCC 

-400 ACATTGCAGCCCCACTTCGCGTTCATGCCCGCCTGACATCCCCATAACGT 

-350 TCCACCGTCTCTACCTCAGCCCGTCCTGGCCCGTCCGGCTCCGCTGTTTC 

-300 ATGTCTGCAACTCGCCTCTCAAGAATGCGCCCCATGAGCAACCCCCATGA 

-250 GCGTGACGAAGCGAAGGGGAAGCCGAGGCGAGCTGGGGAAAACGCGCACG 

-200 GCACGGTAATCCTCAACGACTGTGACCACAACAGTCAAAGATGTGACAGC 

-150 GCCGAAGCGCCGAATGGTTAAGCATTTAGCGATTGGTCAGTTTTGCCAAG 

-I00 ACGTTGTCAAGCGACCGCAAGAGACCACGAAATGC2TAATTGCAGCGAGC 

-50 CCATCTCGCCGATCTCGCGATTTAGGCGTTAGGGCCTCCCCAATAGGTTC 

+i CTGTGCAAATTGTAGGTGCTTCTGCATACAATTC, ACCC.CC~TCT 

Fig. 5. Oenomic DNA sequence of the region upstream of the 
alad gene in C. reinhardtii. The 5' extent of the longest ALAD 
cDNA is indicated in bold, and a putative TATA-box is 
underlined. 
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D l l  to L2, the ALAD mRNA level increases 
only about 7-fold. The pattern of decline in the 
levels of GSAT and ALAD mRNAs after the 
peak at 2 h also is different. The GSAT mRNA 
level decreases quickly between L2 and L4, and 
the mRNA is undetectable by 8 h of light. The 
ALAD mRNA level decreases more slowly, and 
ALAD mRNA is detectable even as cells enter 
the dark phase. This observation is consistent 
with the possibility that differential rates of 
mRNA turnover for GSAT and ALAD mRNAs 
may be one mode of regulation of chlorophyll 
biosynthesis during the light phase. 

The increase in ALAD enzyme activity occurs 
subsequent to the increase in ALAD mRNA level 
in synchronous cultures. ALAD activity is rela- 
tively low in dark phase cultures just prior to the 
light phase and increases sharply between 4 and 
6 h into the light phase, which is after the peak in 
ALAD mRNA level. The 3.2-fold increase in 
ALAD activity from the D 11 to L8 time points is 
less than the 7-fold increase in the ALAD mRNA 
level. Therefore, the increase in ALAD activity in 
the light can be accounted for by increases in 
ALAD mRNA, rather than by a post-transcrip- 
tional mechanism as was proposed for ALAD in 
greening pea leaves [2]. The change in ALAD 
mRNA and ALAD activity also is consistent with 
the pattern of chlorophyll accumulation in syn- 
chronized cultures. A period of rapid chlorophyll 
accumulation occurs between 4 and 9 h into the 
light phase, and level of the mRNA encoding a 
chlorophyll a/b binding protein is increased dur- 
ing this time frame as well [8 ]. The level of ALAD 
mRNA is somewhat less than 50~o higher at D11 
than at L12. This small increase may reflect the 
need for increased heme synthesis during cell 
division, which occurs in the dark phase. 

Although the increases in ALAD mRNA and 
ALAD enzyme activity occur during the light 
phase of synchronous cultures, comparison &the  
alad genomic DNA upstream sequence to the gsa 
genomic upstream DNA failed to reveal the pres- 
ence of sequence elements previously identified in 
the gsa promoter that are associated with light 
regulation (Fig. 5). Thus, although ALAD and 
GSAT mRNA levels appear to vary in a similar 
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pattern during the light phase, the regulation of 
alad transcription may be different from that of 
gsa. The C. reinhardtii alad gene is expressed dif- 
ferently than the alad genes in etiolated pea and 
soybean tissues transferred to light. Soybean leaf 
ALAD mRNA increases 2-fold after 24 h of light 
but the ALAD protein level and enzyme activity 
do not increase, and ALAD mRNA levels in eti- 
olated pea leaves do not change during 48 h of 
illumination. The difference between these sys- 
tems and C. reinhardtii, in which both ALAD 
mRNA levels and enzyme activity increase in the 
light, may reflect the difference between etiolated 
tissues and the light:dark synchronized cultures 
used in this study. 
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