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Abstract 

Ribose-5-phosphate isomerase (RPI) catalyses the interconversion of ribose-5-phosphate and ribulose- 
5-phosphate in the reductive and oxidative pentose phosphate pathways in plants. RPI from spinach 
chloroplasts was purified and microsequenced. Via PCR with degenerate primers designed against 
microsequenced peptides, a hybridisation probe was obtained and used to isolate several cDNA clones 
which encode RPI. The nuclear-encoded 239 amino acid mature RPI subunit has a predicted size of 
25.3 kDa and is translated as a cytosolic precursor possessing a 50 amino acid transit peptide. The 
processing site of the transit peptide was identified from protein sequence data. Spinach leaves possess 
only one type of homodimeric RPI enzyme which is localized in chloroplasts and is encoded by a single 
nuclear gene. Molecular characterization of RPI supports the view that a single amphibolic RPI enzyme 
functions in the oxidative and reductive pentose phosphate pathways of spinach plastids. 

Abbreviations: RPI, ribose-5-phosphate isomerase; OPPP, oxidative pentose phosphate pathway; CNBr, 
cyanogen bromide; R5P, ribose-5-phosphate; Ru5P, ribulose-5-phosphate 

Introduction 

Despite the obvious importance of the Calvin 
cycle for photoautotrophic matabolism, many 
questions concerning the biochemistry of its regu- 
lation are still unresolved [ 16, 42, 49]. In photo- 

synthetic proteobacteria, genes for enzymes of the 
pathway are organized in operons and are coor- 
dinately expressed through transcriptional activa- 
tion [5, 18, 45]. In higher plants, the study of 
coordinated gene regulation for the pathway in 
toto has been intractable due to the lack of mo- 

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under 
the accession number L43068. 
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lecular probes for all enzymes of the cycle. Re- 
ports of the initial molecular characterization of 
Calvin cycle enzymes from plants have appeared 
steadily over the years [23, 29-31, 34, 35, 40]; 
and with the recent cloning of several transketo- 
lases from the resurrection plant Craterostigrna 
[4] and ribulose-5-phosphate 3-epimerase from 
spinach [33], ribose-5-phosphate isomerase 
(RPI, EC 5.3.1.6) has become the last of the 
Calvin cycle enzymes for which molecular probes 
have not been isolated from any photosynthetic 
eukaryote. 

RPI catalyses the interconversion of D-ribose- 
5-phosphate and D-ribulose-5-phosphate in the 
reductive and oxidative pentose phosphate path- 
ways (OPPP) and thus plays an important role in 
primary metabolism of both photosynthetic and 
non-photosynthetic organisms [48]. Early inves- 
tigations [21] indicated that RPI occurs as a 
single, chloroplast-localized enzyme in spinach, 
sugar beet and Elodea. Rutner [36] purified the 
enzyme from spinach leaves 2800-fold and sug- 

gested that it exists as a single chloroplast species 
with a native size of 57 kDa and a K m of 46/~M 
for R5P. Later reports indicated the existence of 
an additional cytosolic isoenzyme for RPI [ 1]. 
Such reports suggesting the existence of cytoso- 
lic isoenzymes for other activities common to the 
OPPP and Calvin cycle led inter alia [28] to the 
widely held view that plants in general possess a 
complete OPPP in both the cytosol and the chlo- 
roplast. However a recent critical re-examination 
of OPPP/Calvin cycle compartmentlization re- 
vealed that enzymes common to the OPPP and 
Calvin cycle occur, within the limits of detection, 
as a single chloroplast species, at least in spinach 
leaves [41]. Spinach RPI thus has a dual (am- 
phiholic) function as it supplies both the oxidative 
and reductive PPPs in chloroplasts with isomeric 
intermediates needed to regenerate glucose-6- 
phosphate and ribulose- 1,5-bisphosphate, respec- 
tively. Yet, as summarized in Fig. 1, metabolite 
flux across RPI differs in these pathways. 

In contrast to the Calvin cycle, the OPPP can 
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Fig. I. Role of ribose-5-phosphate isornerase in spinach leaves. OPPP reactions are designated with thin arrows, Calvin cycle 
reactions with heavy arrows. 6GPDH, 6-phosphogluconate dehydrogenase; TKL, transketolase; R53PE, ribulose-5-phosphate 
3-epimerase; PRK, phosphoribulokinase. 



generate excess erythrose-4-phosphate for the 
shikimate pathway without being depleted of in- 
termediates [16, 41], and up to 60~o of plant dry 
weight can consist of shikimate-derived com- 
pounds [26]. Little is known about the mecha- 
nisms of metabolite partioning between Calvin 
cycle and OPPP and, with few exceptions [4, 20, 
33], enzymes of the OPPP in plants have been 
neglected at the molecular level. The first efforts 
devoted to cloning of RPI were those of Hove- 
Jensen and Maigaard [24], who characterized 
one of the two genes for RPI in Escherichia coli. 
More recently, a gene encoding enzymatically ac- 
tive RPI from mouse was characterized through 
exon trapping by virtue of its proximity to the 
immunoglobulin rc gene [ 3 ]. Hitherto, isolation of 
clones for the coding sequence of ribose-5- 
phosphate isomerase have not been reported from 
any plant source. Here we describe the charac- 
terization and cloning of spinach chloroplast 
ribose-5-phosphate isomerase. 

Material and methods 

Enzyme purification 

Spinach chloroplast ribose-5-phosphate iso- 
merase was purified from a commercially avail- 
able preparation from Sigma by ion exchange 
chromatography on DEAE-Fractogel equili- 
brated with 10 mM potassium phosphate, pH 7.5, 
10 mM EDTA, and 2-mercaptoethanol. After ex- 
tensive dialysis against column buffer proteins 
were applied to the resin and eluted by a 0 to 
0.3 M KC1 gradient in column buffer. Fractions 
with PRI activity were collected, concentrated by 
dialysis against polyethylene glycol 20000 and 
then against column buffer. 

Native molecular mass determination 

The native size of proteins was estimated by 
HPLC gel filtration at 1.0 ml/min on Bio-Sil TSK 
250 equilibrated in 50mM Na2SO4, 2 0 m M  
NH2PO4, pH 6.8. Standards were fl-galacto- 
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sidase (465 kDa), IgG (150 kDa), Fab (50 kDa) 
and myoglobin (17kDa). Native molecular 
masses were interpolated from the plot of reten- 
tion time versus log Mr. 

Enzyme assays 

As described [41], ribose-5-phosphate isomerase 
was assayed in 40 mM potassium phosphate, 7.4, 
5 mM MgC12, 0.5 units each of ribulose-5-phos- 
phate epimerase and transketolase 1 unit each of 
triosephosphate isomerase and glycerol-3-phos- 
phate dehydrogenase, 240/~M NADH, and 
10 mM ribose-5-phosphate. 

Protein sequencing 

Purified protein was digested with endoprotein- 
ase LysC or cyanogen bromide as described by 
Eckerskorn and Lottspeich [ 12]. Peptides were 
separated on a 2/~m × 125 mm Supersher 60 RP 
select B column (Merck) at a flow rate of 200 #1/ 
min in a 1 ~o/min gradient of 0.1 ~o (v/v) trifluoro- 
acetic acid (TFA) in water to 0.1 ~o (v/v) TFA in 
acetonitrile. Peptides were sequenced by amino- 
terminal degradation [ 13 ] in an automatic Porton 
3600 Sequencer (Beckman) and amino acids were 
identified in a Microbore HPLC System Gold 
(Beckman). 

Isolation of an RPI hybridization probe 

The degenerate oligonucleotides 5 ' -AARATG- 
GTNGARGCNGC-3 '  and 5 '-TTCCARCAR- 
AAYTGNAC-3 '  were synthesized against the 
protein motifs (K)MVEAA and VQFCWK de- 
termined from protein sequencing. These were 
used in a PCR reaction containing 10 mM Tris- 
HC1 pH 8.3, 50 mM KC1, 1.5 mM MgC12, 50 #M 
of each dNTP, 1.6 #M of each primer, 0.02 U:/~I 
Taq polymerase (Perkin-Elmer) and 8 ng/#l of 
double-stranded spinach cDNA in a total volume 
of 25 #1. Thirty-five cycles of 1 min at 92 °C, 
l m i n  at 45 °C and lmin  at 7 2 ° C  were per- 
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formed. The MgC12 concentration in this reaction 
was critical. The 120 bp amplification product 
was used as a substrate for reamplification under 
the same conditions, the product of which was 
purified by ultrafiltration on Microcon 30 devices 
(Amicon), filled in with Klenow polymerase, 
phosphorylated with T 4 kinase as described [39], 
purified by ultrafiltration on Microcon 30 devices 
and ligated into HinclI-cut pBluescriptSK+ 
(Stratagene) and transformed into E. coli nm522 
to yield the plasmid pPCRrpil.  The sequence 
pPCRrpil  was determined by the didedoxy 
method to confirm the identity of the amplified 
product. The 140bp ClaI-XhoI fragment of 
pPCRrpil  was isolated by gel electrophoresis and 
DE52 ion-exchange chromatography as a hybridi- 
sation probe for cDNA screening. 

cDNA cloning 

The spinach cDNA library in nml149 [32] pre- 
viously described by Henze et al. [23] was used. 
40 000 freshly plated recombinant cDNA clones 
(unamplified) were plated on E. coli POP13 and 
screened by plaque hybridization on 82 mm ni- 
trocellulose filters (Gelman Sciences) at 60 °C in 
3 x SSPE, 0.1~o (w/v) SDS, 0.02~o (w/v) PVP, 
0.029/0 (w/v) Ficoll-400, and 50/~g/ml calf thy- 
mus DNA containing 10 ng/ml of the 140 bp 
ClaI-XhoI fragment of pPCRrpi 1 random-labelled 
[ 14] to 2 × 10  7 cpm//~g. Filters were washed for 
60min at 60 °C in 2× SSPE, 0.19/o (w/v) SDS 
and autoradiographed overnight on XAR films. 
NotI inserts of three positively hybridizing cDNAs 
were subcloned into pBluescriptSK plasmids 
(Stratagene) to yield plasmids pRI1, pRI12 and 
pRI22, respectively, the terminal sequences were 
determined by the dideoxy method. The insert of 
pR112 was sequenced on both strands using syn- 
thetic primers. 

Genomic Southern blots 

A 25/~g portion of spinach DNA was digested 
with the appropriate enzyme, electrophoresed and 

transferred to Hybond-N (Amersham) as de- 
scribed [23 ]. Filters were prehybridized at 68 °C 
in 6 × S S PE, 0.1% (w/v) S D S, 0.02 ~o (w/v) PVP, 
0.02~o (w/v) Ficoll-400 containing 50 #g/ml calf 
thymus DNA. Hybridization was carried out 
overnight at 68 ° C in 3 × S S PE, 0.19/0 (w/v) S D S, 
0.02~o (w/v) PVP, 0.029/0 (w/v) Ficoll-400, 
50 btg/ml calf thymus DNA containing 10 ng/ml 
of hybridization probe. The hybridisation probe 
was the complete 1.2 kb EcoRI fragment ofpRI12 
random-labelled to 3 x 10 7 cpm/#g with 0~-32p - 

dCTP. Filters were washed for 60 min at 68 °C 
in 2 x SSPE, 0.1% (w/v) SDS and autoradio- 
graphed overnight on XAR films. 

Other molecular methods 

Standard DNA manipulations and SDS-PAGE 
were performed as described [39]. Oligonucle- 
otides were synthesized with the Pharmacia ma- 
chine. Sequence analysis was performed with the 
GCG Package [1 I] and as previously described 
[33]. 

Results 

Purification and cloning of RPI  from spinach chlo- 
roplasts 

The final purified preparation of ribose-5-phos- 
phate isomerase from spinach chloroplasts con- 
tained one major band of ca 24 kDa (Fig. 2). Gel 
filtration revealed a native Mr of ca. 60 kDa for 
the purified enzyme. A 100 #g portion of protein 
were subjected to proteolysis and CNBr cleavage, 
the HPLC-separated products of which were se- 
quenced. Peptides determined from cyanogen 
bromide cleavage are given in Table 1. The iden- 
tical amino termini ofpeptides 1 and 4 from CNBr 
and LsyC cleavages, respectively, provided iden- 
tification of the amino terminus of the mature 
subunit. Peptides 2, 5, 6 and 7 overlapped to 
provide a 40 residue contiguous sequence, termed 
peptide 2-7. Using degenerate primers con- 
structed against the N- and C-termini of peptide 



Fig. 2. Silver-stained SDS-PAGE gel of purified chloroplast 
RPI from spinach. 1 #g of protein was loaded per lane. RPI, 
ribose-5-phosphate isomerase; M, marker. Sizes of molecular 
weight standards (kDa) are indicated. 

Table 1. Microsequenced peptides from spinach chloroplast 
RPI. Residues in parentheses indicate unsequenced amino 
acids expected to precede the given peptide. 

Cyanogen bromide 
1. SPTPVLTQDDLKKLAAEKAVDSVK 
2. (M)VEAASDKFIVVVDDTKLVDGLGGS 
3. (M)ASEVIIAGKTGVSVKT 

Endopeptidase LysC 
4. SPTPVLTQDDLK 
5. (K)MVEAASDK 
6. (K)FIVVVDDTK 
7. (K)LVDGLGGS RLAMPVEVVQFCWK 
8. (K)RTAEQAASLGIPLSVLDDHPRIDLAIDGADEVDPDLN 
9. (K)NIVGIPTSK 

10. (K)YNLK 
11. (K)XRLQEIFK 

2-7 in a PCR reaction with spinach cDNA as a 
substrate, we obtained a 120bp amplification 
product which as subcloned and shown to en- 
code the expected peptide. This insert was iso- 
lated and used to screen the cDNA library. From 
40 000 recombinants we obtained eight positively 
hybridizing clones. Three of these contained in- 
serts of the length anticipated (ca 1.1 kb) for full- 
size clones encoding the ca 24 kDa mature sub- 
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unit. The NotI inserts of these were subcloned and 
their terminal sequences proved to be identical 
with pRI12, the sequence of which is shown in 
Fig. 3. 

pR112 encodes an open reading frame of 870 bp 
and contains all peptides sequences determined 
from the purified, active enzyme. The N-terminus 
of the native 239 amino acid mature subunit is 
preceded by a 50 amino acid long, serine-rich 
transit peptide. The predicted size of the mature 
subunit is 25.3 kDa, similar to that determined by 
SDS-PAGE (Fig. 2). The 223 bp long 3'-untrans- 
lated region appears to contain multiple polyade- 
nylation signals, as suggested by the Alo stretch 
found in pRI22 (Fig. 3). 

A single gene in spinach for ribose-5-phosphate 
isomerase 

The ca. 200 bp terminal sequences of pRI1 and 
pRI22 reveal no nucleotide substitutions relative 
to pRI12, indicating that these represent tran- 
scripts from the same gene. A Southern blot of 
spinach DNA hybridized at low stringency to the 
complete 1.1 kb insert of pRI12 reveals a very 
simple pattern (Fig. 4). The presence of only a 
single band in KpnI and XhoI digests, and only 
two bands in the SacI digest suggest that ribose- 
5-phosphate isomerase is either encoded by a 
single gene in spinach which contains a SacI site 
in an intron, or that two genes exist, possibly 
allelic variants. This is congruent with previous 
findings demonstrating only a single gene for sev- 
e rn  other Calvin cycle enzymes in spinach: 
fructose-l,6-bisphosphate aldolase [34], chloro- 
plast triosephosphate isomerase [23], ribulose-5- 
phosphate 3-epimerase [33] and transketolase 
(unpublished data). In wheat and its relatives, 
several enzymes of the Calvin cycle were also 
found to be encoded as by one copy per halpoid 
genome, whereas others, such as the small sub- 
unit of  Rubisco (rbcS), were found in multiple 
copies per haploid genome [7]. Several copies of 
rbcS also exist in potato [47], petunia [46], pea 
[9], Mesembryanthemum [10] and spinach (un- 
published data). 
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K G R G G A L L R E K M V E A A S D K F 
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ttggtttgattggttgacttccgggtatggaatagtctccctctcccca aatacctact 

. . . . .  1020 

tgttttcattttatatatgttctctctcacttcatgtaatgtttagatgagtttctgggg 

pRI22(A10) 
I . . . .  i 0 8 0  

tctggtttgatatttttgcatctgttgtatctgtttattgttttgattttagctaattgt 

pRIl2 

I 1118 

gttatgaagtgtagatgaggaatcaatggcgagagcgg 

Fig. 3. Sequence of c D N A  clones for chloroplast ribose-5- 
phosphate isomerase from spinach• Terminal nucleotides of  

Fig. 4. Southern blot of genomic D N A  from spinach probed 
with the region encoding the mature subunit of RPI. 25/~g of  
spinach D N A  was loaded per lane. Lane 1, KpnI; lane 2, SacI; 
lane 3, XhoI. Sizes of molecular weight standards (kb) are 
indicated• The film was exposed for 2 days at - 8 0  °C. 

The frequency of RPI-hybridizing recombi- 
nants among c D N A  clones studied indicates an 
abundance of this mRNA in light-grown seed- 
lings of 0.02~o of poly(A) + mRNA. RPI mRNA 
in this tissue is thus about five-fold less abundant 
than that for the A subunit of  Calvin cycle 
G A P D H  in most green tissues [25], of  roughly 
equal abundance as ribulose-5-phosphate 3-epi- 
merase [33] but about two-fold higher than 
that for Calvin cycle triosephosphate isomerase 
[231. 

clones pRI12, pRI1, and pRI22 (underlined) are indicated 
(accession number L43068). The transit peptide is shown in 
italics, the amino terminus of the mature subunit is indicated• 
Regions sequenced from the isolated protein are indicated 
with < + + > .  The peptide from which the PCR probe was 
generated is underlined. Non-coding regions are shown in 
lower case. 



Discussion 

Clones encoding functional RPI 

Hove-Jensen and Maigaard [24] cloned one of 
the two RPI genes in E. coli (rpiA) via comple- 
mentation and demonstrated enzymatic activity 
of the rpiA-encoded product; Apel etal. [3] 
cloned a gene for enzymatically active RPI in 
mouse via exon trapping in their search for func- 
tional genes located downstream of the immuno- 
globulin K locus. In both cases, function of the 
cloned gene product was demonstrated by over- 
expression in E. coli. We used the purification- 
microsequencing approach to clone PRI from 
spinach. In a previous study, we found no evi- 
dence for the existence of chloroplast-cytosol 
isoenzymes for ribose-5-phosphate isomerase in 
spinach leaves [41], but rather detected a single 
chloroplast-localized enzyme. Instead of purifing 
the chloroplast enzyme from scratch, as we did 
for triosephosphate isomerase [23], we simply 
subjected the commercially available spinach 
chloroplast RPI from Sigma to an additional ion- 
exchange column to obtain an electrophoretically 
homogenous, enzymatically active protein suit- 
able for microsequencing. The amino acid se- 
quences determined directly were identical to 
those deduced from the complete cDNA 
sequence. Database searching revealed that 
RPI-related sequences from Caenorhabditis 
elegans, Haemophilus influenzae and Synechocystis 
PCC6803 with ca. 36 ~o amino acid identity to the 
spinach chloroplast enzyme have been deposited 
in GenBank (accession numbers U10438, 
U32729 and D64002 respectively), but the func- 
tion of those sequences, if any, is unknown. 

An alignment of amino acid sequences for the 
functional spinach, mouse and E. coli enzymes in 
the context of other RPI-related sequences from 
other organisms reveals a modest degree of con- 
servation (36-40~o) in most comparisons and a 
more or less uniform distribution of conserved 
residues (Fig. 5a). Recognizable amino acid iden- 
tity between these enzymes suggests that their 
genes share a common ancestry. This finding is 
not trivial since 'class I' and 'class II' forms exist 
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for several enzymes of primary metabolism, i.e. 
fructose-l,6-bisphosphate aldolase [34], Rubisco 
[8, 17], glutamin synthase [27] and GAPDH [6] 
which possess little or no amino acid identity. A 
phylogenetic tree for these sequences reveals that 
the spinach nuclear gene for chloroplast RPI is 
not significantly more closely related to its cyano- 
bacterial homologue than it is to eukaryotic ho- 
mologues. Due to the small number of sequences 
for comparison, it is currently not possible to dis- 
cern whether the nuclear gene for this Calvin cycle 
enzyme is a descendant of its nuclear counterpart 
in nonphotosynthetic eukaryotes, as in the case of 
chloroplast isoenzymes of TPI [23, 40] and al- 
dolase [34], or whether it was transferred from an 
ancestral organellar genome to its current loca- 
tion in the nucleus, as in the case of PGK [6] and 
GAPDH [22]. Further sequence studies should, 
in time, reveal the evolutionary origin of plant 
RPI genes. 

Subunit structure of spinach chloroplast RPI 

The subunit size of ca. 24 kDa found for spinach 
RPI in SDS-PAGE is in agreement with pre- 
dicted Mr of the mature subunit derived from the 
cDNA sequence (25.3 kDa). The native M r of ca. 
60 kDa reported here is slightly higher than the 
value of 53 kDa previously determined for spin- 
ach RPI by Rutner [36], but taken together, the 
data indicate that the active enzyme of spinach 
chloroplasts is homodimeric, as is the case for its 
E. coli homologue [24]. 

Amphibolic function of RPI 

In plants, ribose-5-phosphate isomerase partici- 
pates in the Calvin cycle and the OPPP. The lack 
of detectable RPI activity in the spinach cytosol 
[41] and the absence of detectable RPI isoen- 
zymes in spinach leaves [36, 41] indicate that a 
single, amphibolic RPI enzyme participates in 
both pathways in chloroplasts of spinach leaves, 
although the flux of substrate through the reaction 
is opposite in the Calvin cycle and the OPPP 
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A. 

Spinach cpRPI 
Synachocystis 
E. coil RplA 
Haemophllus 
Caenorhabdttis 
Mouse 

Spinach cpRPI 
Synechocystis 
E. coil RpiA 
Haamophilua 
Caenorhsbditis 
Mouse 

Spinach cpRPI 
Synechocystla 
Haemophtlu$ 
E. coil RpiA 
Caenorhabdltts 
Mouse 

Spinach cpRPI 
Synechocystla 
Haemophllus 
E. coil RpiA 
Caenorhabdttis 
Mouse 

Spinach cpRP! 
Synechocystis 
Haemophilus 
E, coli RpiA 
Caenorhabditis 
Mouse 

B, 

>I< 
.-SLSSPSPTPVLTQDDLKKLAAEKAVD. SVKSG~FLGLGTGSTAAFAVS R 50 

MAELDAANLMKQAVGKAAADRVKSNT IVGLGTGSTTAYALEF 

MTQDELKKAVGWAALQ - YVQ PGT IVGVGTGS TAAHF IDA 

MNQLEMKKLAAQAALQ- YVKADT IVGVGS GS T~NCF I EA 

MVT STGPEAELAPI EQAKKP~AFACGEKYVQSGC RLGVGSGSTVKYLVEY 

MS AEEAKKLAS HTAVENHVKI/NQVLG IGSGST IVHAVQR 

IGELLSAGKLTNIVGIPTSKRTAEQAASLGI PLSVLDDHPRIDLAI DGAD i00 

IGDRLKKGELENVVG I PT SFQAEVLARKYG I PLTTLDVADR I DIAl DGAD 

LGTMKGQiE .... GAVS S SDAS TEKLKSLG I HVFDLNEVDSLG IYDqgc~/~D 

LGTIKDKIQ .... GAVAASKES EELLRKQG I EVFNANDVS SLD I YVDGAD 

LKQGFQNGS LKDI I CVPTS FLTKQWL I ESGL PVS DLDSHP ELDVC I DC~%~D 

IAERVKQENL - DLIC IPTS FQARQLILQYGLTLS DLDQHPEIDLAIDGAD 
* * ***e 

EirD PDLNLVKGRGGALLREKMVEAAS DK F IVVVDDTKLVDGLGG SR • LAM 150 

EVDPQKNL!KGGGAAHTREKIVDALAETFLVVVDSG}CLVDKLGSTF - • LL 

EINPQKMMIK~TREKIVAALAKKFICIVDSSKQVDVLGSTF - • PL 

EINGHMQMIKGGGAALTREKI IASVAEKFICIADASKQVDILGKF • - • PL 

EVDGQFTC I K ~ C L  AQEK I VQTAAKNFYVIADYLKDS K~DRY- P~/%" 

EVDAELNLI KGGGGCLTQ EK IVAGYASRF IV IADFRKDSKNLGDRWHKG I 
, ** * ** , * , * 

PVEVVQFCWKYNLKRLQEI FKELGCEAKLRMEGDS - SPYVTDNSNYIVDL 200 

PVEVI PMALTPVMRAL . . . .  AKLGGKPELRMGVKKAGPVVTDQGNLVI DV 

PVEVI PMARSQVGRKL .... AALGGS PEYREGV ...... VTDNGNVILDV 

PVEVIPMARSAVARQL .... VKLGGRPEYRQGV ...... VTDNGNVILDV 

PIEVLPLAAQPLLRSIP. • • RAEGGSCQLRQAVKKCGPIVTDNGNFIIDW 

P I EVI PMAYVPVSRAVA • ~ - QKFGGEVELRMAVNKAGPWTDNGNF ILDW 

YFPTSIKDAEA- . AGREI SALEGVVEHGLFLGMASEVI IAGKTGVSVKTK 250 

KFDAITNPAEL - : • EKTINNLPGVLENGLFVGV. ADVILVGEI IDGQPTVREF 

HNFSILNPVEI • - • E~AGVVTNGIFALRGADVVIVGTPEGAKVID 

HGME!LDPIAM- • - ENAINAIPGVVTVGLFANRGADVALIGTPDGVKTIVK 

Q FEKNVSGRDWFAI QQRLANT PGIVETGLF I G - CVDAVFFAYS DGSVKE IVNS KK 

KFDRVHKWSEV - • - NTA!KMTPGVVDTGLF IN • M=A~VYFGMQDGS VNVREKP F 

Synechocysti$ 6803 Spinach 
Chloroplast 

Escherichia 73 Nematode 

Haernophi/us 
Mouse ..... 

Fig. 5. Comparison of ribose-5-phosphate isomerase sequences. A. Alignment of sequences of functional ribose-5-phosphate 
isomerase enzymes (spinach chloroplast, E. coli and mouse) with similar sequences from Haemophitus, Synechocystis PCC6803 and 
Caenorhabditis (sources of sequences given in the text). Strictly conserved residues are indicated by an asterisk. The processing 
site of the spinach transit peptide (italics) is indicated by > j < .  Gaps are indicated as dots. B. Phytogenetic tree for the same 
sequences constructed using the neighborjoining method [38] for Dayhoff matrix distances of PHYLIP [ 15]. Numbers above 
branches indicate the bootstrap proportion for 100 NJ trees using the same distance estimation, numbers below branches indi- 
cate the bootstrap proportion for 100 parsimony trees using PROTPARS [ 15]. The scale bar indicates 0.I substitutions per site. 
Sequences encoded in eukaryotic nuclei are borne on open branches, those encoded in bacterial genomes are borne on solid 
branches. 

(Fig. 1). This finding bears upon models which 
could explain differential metabolite flux through 

these pathways. Several independent reports have 
indicated that RPI may be associated in multi- 



protein complexes with other enzymes of the 
Calvin cycle. RPI has been found to be associated 
with phosphoribulokinase (PRK) [ 19, 37, 43, 44] 
and Anderson [2] has detected an increased re- 
action rate for PRK in the presence of RPI, sug- 
gesting channelling of substrate in the Calvin cycle 
direction. Furthermore, spinach leaf RPI was re- 
ported to be associated in even larger complexes 
of up to five Calvin cycle enzymes [19, 44]. If 
such complexes are of physiological relevance in 
spinach leaves, the finding that this organ pos- 
sesses only a single ribose-5-phosphate isomerase 
enzyme raises questions concerning the balance 
and regulation of Calvin cycle/OPPP function. In 
order to supply erythrose-4-phosphate for the 
shikimate pathway [16, 41], RPI of the OPPP 
would either need to exist in molar excess relative 
to other Calvin cycle enzymes, assuring the pres- 
ence of sufficient uncomplexed RPI. Alterna- 
tively, the formation of such complexes may be 
reversible and conceivably regulated in order to 
satisfy the metabolic requirements of different or- 
gans under different environmental and develop- 
mental conditions. Further studies with anti- 
bodies against spinach chloroplast RPI are 
needed to address these questions. 
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