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Several genes (cfx genes) encoding Calvin cycle enzymes in Alcaligenes eutrophus are organized in two highly
homologous operons comprising at least 11 kb. One cfx operon is located on the chromosome; the other is
located on megaplasmid pHG1 of the organism (B. Bowien, U. Windhével, J.-G. Yoo, R. Bednarski, and B.
Kusian, FEMS Microbiol. Rev. 87:445-450, 1990). Corresponding regions of about 2.7 kb from within the
operons were sequenced. Three open reading frames, designated cfxX (954 bp), cfxY (765 bp), and cfxE (726
bp), were detected at equivalent positions in the two sequences. The nucleotide identity of the sequences
amounted to 94%. Heterologous expression of the subcloned pHGl-encoded open reading frames in
Escherichia coli suggested that they were functional genes. The observed sizes of the gene products CfxX (35
kDa), Cf&xY (27 kDa), and CfxE (25.5 kDa) closely corresponded to the values calculated on the basis of the
sequence information. E. coli clones harboring the cfxE gene showed up to about 19-fold-higher activities of
pentose-5-phosphate 3-epimerase (PPE; EC 5.1.3.1) than did reference clones, suggesting that cfxE encodes
PPE, another Calvin cycle enzyme. These data agree with the finding that in A. eutrophus, PPE activity is
significantly enhanced under autotrophic growth conditions which lead to a derepression of the cfx operons. No

functions could be assigned to CfxX and CfxY.

When growing lithoautotrophically with hydrogen or or-
ganoautotrophically with formate as an energy source, the
facultative chemoautotroph Alcaligenes eutrophus assimi-
lates CO, via the reactions of the Calvin carbon reduction
cycle (7). In strain H16, genes encoding enzymes of this
cycle (cfx genes) are organized in two large, highly homolo-
gous cfix operons. One copy of the operon is located on the
chromosome; the other is located on megaplasmid pHG1
adjacent to the hydrogenase gene cluster (9, 12, 20). Both
operons, which possibly originate from a gene duplication
event, are functional and expressed simultaneously. Each of
them comprises at least 11 kb (48). The two promoter-
proximal genes, cfxL and cfxS, encode the L and S subunits,
respectively, of the CO,-fixing enzyme of the Calvin cycle,
ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO),
while the gene coding for glyceraldehyde-3-phosphate dehy-
drogenase (GAP), cfxG, is the most promoter-distal gene so
far identified. Also located within the operons are the genes
for fructose-1,6-bisphosphatase/sedoheptulose-1,7-bisphos-
phatase (FBP) (cfxF), phosphoribulokinase (PRK) (cfxP),
and transketolase (TK) (cfxT) (Fig. 1). Transcription of the
operons requires the activation by a regulatory protein,
CfxR, the product of the cfxR gene, which is located
immediately upstream of the chromosomal operon copy and
oriented divergently to the latter (49). Full derepression or
induction of the operons occurs only under autotrophic
growth conditions, whereas complete or partial repression
prevails during heterotrophic growth, depending on the
organic substrate used (6, 29).

The information contained within the 2.7-kb DNA seg-
ment between the cfxS and cfxF genes of both operons was
unknown and thus subjected to detailed analysis. Sequenc-
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ing and heterologous gene expression revealed the existence
of three genes in each of the two regions. The gene cfxE,
upstream of cfxF, was identified to encode another Calvin
cycle enzyme, pentose-5-phosphate 3-epimerase (PPE;
D-ribulose-5-phosphate 3-epimerase; EC 5.1.3.1). To our
knowledge, this represents the first report on the molecular
cloning, sequencing, and identification of a PPE gene from
any organism.

(A preliminary account of some of the data contained in
this report has been presented elsewhere [9].)

MATERIALS AND METHODS

Strains, plasmids, and culture conditions. The bacterial
strains and plasmids used in this study are listed in Table 1.
A. eutrophus H16 was grown in a mineral-salts medium at
30°C as described previously (48). The medium was supple-
mented with 0.2% (wt/vol) organic substrate for organohet-
erotrophic (fructose or pyruvate) or organoautotrophic (for-
mate) growth. Lithoautotrophic cultivation of the organism
was done by using a gas mixture of H,, CO,, and O, at a
mixing ratio of 8:1:1 (vol/volfvol) or 8.9:0.1:1 (vol/vol/vol)
for CO,-limited growth. LB or XB medium (16) was used to
propagate Escherichia coli at 37 or 30°C. The latter media
contained antibiotics, when indicated, at the following con-
centrations: ampicillin, 50 or 200 pg/ml; kanamycin, 75
wg/ml; and tetracycline, 20 pg/ml.

Preparation of cell extracts and assay of PPE. Cell extracts
were prepared at 0 to 4°C. A. eutrophus or E. coli cells
harvested from mid-logarithmic-phase cultures were washed
and resuspended in buffer (20 mM Tris-HCI [pH 7.6] con-
taining 10 mM MgCl, and 1 mM dithioerythritol) at a density
of about 20 mg of cell protein per ml. They were disrupted by
either passage through a French pressure cell (4. eutrophus)
or ultrasonication (E. coli). The supernatant resulting from a
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FIG. 1. Organization of the chromosomal and pHG1-encoded cfx gene clusters of A. eutrophus H16. The genes and their relative
orientations are indicated by arrows. cfxR, activator gene; cfxLS, RuBisCO large- and small-subunit genes; cfcX and cfxY, genes of unknown
functions; cfxE, gene for PPE; cfxF, gene for FBP; cfxP, gene for PRK; cfxT, gene for TK; cfxG, gene for GAP. The following restriction
endonuclease sites were used for subcloning of genes: BamHI (B), Fokl (F), Hinfl (H), PstI (P), Rsal (R), and SalI (S).

subsequent centrifugation of the homogenate at 100,000 x g
for 1 h was used as the cell extract for assaying PPE activity
and/or for polyacrylamide gel electrophoresis (PAGE). Pro-
tein concentrations were estimated by the method of Lowry
et al. (32).

PPE was assayed at 30°C in a reaction mixture containing,
in a total volume of 0.6 ml, 50 mM Tris-HCI (pH 7.8), 10 mM
MgCl,, 0.5 mM thiamine pyrophosphate, 0.25 mM NADH, 2
mM ribose-5-phosphate, 2 mM ribulose-5-phosphate, 1 U of
TK, 3 U of GAP, 9 U of triosephosphate isomerase, and
0.005 to 0.02 mg of cell extract protein. The reaction was
started by the final addition of the mixed pentose phosphates

and monitored in a spectrophotometer (Uvikon 810; Kon-
tron, Eching, Germany) at 340 or 365 nm.

Electrophoretic separations of proteins. One-dimensional
separation of proteins was carried out by sodium dodecyl
sulfate (SDS)-PAGE (28); two-dimensional PAGE was per-
formed as described by O’Farrell (35) as a combination of
isoelectric focusing (Mini-IEF cell; Biometra, Gottingen,
Germany) and SDS-PAGE (Minielectrophoresis cell; Bio-
metra). Silver staining (5) was used to visualize proteins in
gels. Radioactive proteins in gels were detected by autora-
diography (Kodak X-Omat AR film; Kodak, Stuttgart, Ger-
many).

TABLE 1. Bacterial strains and plasmids

Strain or plasmid Relevant genotype or phenotype® Source or reference
Strains

A. eutrophus Cfx Hox; pHG1 ATCC 17699

H16

E. coli

Jw1 ara strA thi A(lac-proAB) (#80 lacZAM15) F'[proAB™ lacI® lacZAM15] 25
K38 HfrC(\) T2; phoA6 tonA22 garB10 ompF627 relAl pit-10 spoTl PO2A4 19
Plasmids

pUC9 Ap*; lacPOZ’ 44

pUC18/19 Ap*; lacPOZ’ 51

pT7-7 Ap"; T7 RNA polymerase promoter and translation start S. Tabor

pGP1-2 Km"; P, /cI857, P, /T7 gene 1 42

pAEC1180 Ap’; lacPOZ'; chromosomal 5,4-kb BamHI fragment from A. eutrophus inserted into This study
pUCI9 with cfx genes collinear to lacPO

pAEC3010/3011 Ap"; lacPOZ'; chromosomal 1.7-kb PstI fragment inserted into pUC9 with cfxE_ This study
collinear/in divergent orientation to lacPO

PAEP3050/3051 Ap*; lacPOZ'; 4.2-kb BamHI fragment from pHG1 of A. eutrophus inserted into This study
pUC19 with cfx genes collinear/in divergent orientation to lacPO

PAEP9010/9011 Ap'; lacPOZ'; 1.1-kb Fokl-Sall fragment from pHG1 inserted into pUC18 with cfcX], This study
collinear/in divergent orientation to lacPO

PAEP9012 Ap’; 1.1-kb insert (as EcoRI-BamHI fragment) from pAEP9010 recloned into pT7-7 This study
with ¢fxX; collinear to P,

pAEP9020/9021 Ap'; lacPOf 0.9-kb Rsal-Fokl fragment from pHG1 inserted into pUC18 with This study
cfxY, collmear/m divergent orientation to lacPO

pAEP9030/9031 Ap'; lacPOZ ’s 1.0-kb Hinfl fragment from pHG1 inserted into pUC18 with cfxE, This study
collinear/in dlvergent orientation to lacPO

pAEP9230 Ap'; lacPOZ’; 2.0-kb Rsal fragment from pHGL inserted into pUCI18 with cxYE, This study

collinear to lacPO

4 Cfx, abilty to fix CO,; Hox, ability to oxidize H,; pHG1, megaplasmid pHG1 of A. eutrophus (13); Ap*, ampicillin resistant; Km', kanamycin resistant; Tc",

tetracycline resistant; T2', phage T2 resistant.
phag
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Gene expression. For gene expression experiments with E.
coli strains harboring hybrid pUC plasmids, clones were
grown in LB medium containing ampicillin until the cultures
attained an optical density of 0.5 measured at 550 nm. After
supplementation with 0.5 mM isopropyl-B-D-thiogalactopy-
ranoside (IPTG), incubation was continued for additional 4
h, and the cells were subsequently harvested for the prepa-
ration of extracts.

Expression of cfiX|, in E. coli was achieved by using the
phage T7 RNA polymerase promoter system (42) with cfX,
cloned into vector pT7-7. (In gene designations, subscripts
“p”’ and ““c”’ indicate plasmid pHG1 encoded and chromo-
somal, respectively.) Growth of the corresponding E. coli
K38 transformants [E. coli(pGP1-2) and E. coh(pAEP9012)],
induction of T7 RNA polymerase, and in vivo protein
labeling with L-[>**S]methionine were performed essentially
as described previously (49).

DNA preparation and manipulations. Large-scale isolation
of plasmid DNA was done by the alkaline-SDS lysis method
(3). The rapid-boiling procedure (18) was used for plasmid
minipreparations. DNA manipulations for cloning purposes
were performed by standard protocols (2, 39), and enzymes
were used under the conditions recommended by the com-
mercial suppliers. Fragments were extracted from agarose
gels by elution with glass milk (45) after electrophoretic
separation.

Construction of plasmids. Plasmid vectors (pUC and
pT7-7) were digested to completion with the appropriate
restriction endonuclease(s) and dephosphorylated by alka-
line phosphatase treatment. The various DNA fragments to
be cloned (Table 1) were made blunt ended, if necessary, by
using the Klenow fragment of DNA polymerase I and
subsequently ligated to the vectors with T4 DNA ligase.
Ligated DNA or isolated plasmids were transformed into E.
coli strains as described by Mandel and Higa (33).

DNA sequencing and computer analysis. The sequence of
double-stranded DNA was determined by the dideoxy-chain
termination method (40) with labeling by [«->S]dATP and
T7 phage DNA polymerase. To reduce formation of second-
ary structures, dGTP was substituted by 7-deaza-dGTP.
Preparations of plasmids pAEC1180 and pAEP3050 were
used as templates for primer-directed complete sequencing
of both DNA strands. Synthesis of the oligodeoxynucleotide
primers (17-mers) was accomplished with the Gene Assem-
bler Plus DNA synthesizer (Pharmacia, Freiburg, Germany).

Sequence analyses were performed with the latest avail-
able versions of the GENMON programs (GBF, Braunsch-
weig, Germany) and the GCG program package of the
University of Wisconsin (10). The latter included the
FASTA program (36) used for similarity searches against the
GenBank (Los Alamos National Laboratories, Los Alamos,
N. Mex.), EMBL/SwissProt (Heidelberg, Germany), and
PIR (Georgetown University Medical Center, Washington,
D.C.) sequence data bases.

Enzymes and chemicals. Restriction endonucleases were
obtained from GIBCO BRL (Eggenstein, Germany), Phar-
macia (Freiburg, Germany), or Boehringer (Mannheim, Ger-
many). Pharmacia was also the supplier of T4 DNA ligase,
Klenow fragment of DNA polymerase I, T7 DNA polymer-
ase, and nucleotides and chemicals for oligodeoxynucleotide
synthesis. Alkaline phosphatase, glycerol-3-phosphate dehy-
drogenase, triosephosphate isomerase, antibiotics, and some
enzyme substrates (NADH and ribose-5-phosphate) were
purchased from Boehringer. Reference proteins for SDS-
PAGE, TK, thiamine pyrophosphate, and ribulose-5-phos-
phate came from Sigma Chemie (Deisenhofen, Germany).
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Amersham Buchler (Braunschweig, Germany) supplied ra-
diochemicals. Other chemicals were obtained from various
sources.

Nucleotide sequence accession numbers. The nucleotide
sequences presented in this report have been assigned ac-
cession numbers M64173 (chromosomal sequence) and
M64172 (plasmid-encoded sequence) by the GenBank data
base.

RESULTS

Sequence analysis of a subregion of the cfx operons. Hybrid
plasmids pAEC1180 and pAEP3050 carried subcloned re-
gions of the chromosomal and plasmid cfx operons, respec-
tively, that contained the segments between the cfxS and
cfxF genes. These segments were sequenced by using the
strategy of primer walking. They comprise 2,668 bp for the
chromosomal sequence and 2,655 bp for the plasmid se-
quence, with the expected very high overall identity of 94%
(Fig. 2). Relative insertions or deletions of nucleotides occur
only outside potential open reading frames (ORFs) within
the 150 bp downstream of cfxS and the 50 bp upstream of
cfxF. Three closely linked ORFs oriented collinear with the
known genes in the cfx operon were identified and desig-
nated cfxX (954 bp), cfxY (765 bp), and cfxE (726 bp). They
are preceded by plausible ribosome-binding sites (Fig. 2)
showing high homology to those of other 4. eutrophus genes
(22, 26, 37, 38, 49) and to the consensus site of E. coli (41).
Their codon usage is also similar to that of other 4. eutro-
phus genes (22, 26, 37, 38, 49). In agreement with an
intraoperonal location of the analyzed sequence, no promot-
er-like structures were found. However, a potential stem-
loop structure that could serve as a transcription termination
signal might be present upstream of cfiX (Fig. 2).

The M.s of the deduced protein gene products were
calculated to be 35,059/34,954 (CfxX /! ), 27,065/27,063
(CixY/CXY ), and 25,501/25,594 (CExE/ p)» With iso-
electric pomts of pH 7.03/7.29, 5.39/5.95, and 5. 54/6.17,
respectively. The sequence identities of the corresponding
protein pairs range between 95 and 98%. Hydrophobicity
analyses revealed balanced distributions of hydrophilic and
hydrophobic regions within the putative proteins (data not
shown) characteristic of soluble proteins. Data base
searches detected only two sequences with significant partial
similarities to CfxX (see Discussion) and none similar to
CixY and CfxE; thus, no indications as to possible functions
of the gene products were obtained.

Heterologous expression of the cfx genes. To identify po-
tential products of the newly detected ORF, the putative
genes from megaplasmid pHG1 and the chromosome (Fig. 1)
were subcloned individually or in groups into pUC expres-
sion vectors. The resulting hybrid plasmids (Table 1) were
used for heterologous expression of the genes in E. coli TW1.
Plasmid pAEP3050 carried an insert that included the
RuBisCO gene cfxS,, together with the other three down-
stream genes. Two protems corresponding in size to the S
subunit (16 kDa) of RuBisCO and the predicted cfxY,
product (27 kDa) were overproduced at different levels from
this plasmid upon induction of the controlling lac promoter,
but no cfxX,, and cfxE,, products were detected (Fig. 3, lane
b). Nevertheless, this result is an indication for coexpression
of these cfx genes.

Expression of cficX, from pAEP9010 failed to provide
evidence for the formation of C (Fig. 3, lane c). Definite
overproduction of CfxY , and CfxE,, (25.5 kDa) was directed
by pAEP9020 and pAEf’903O respectlvely (Fig. 3, lanes d
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¢ GCGGCGCCGGCTGAACCG- -GCGCAGCGCCGTCATGGCGCTGCCGCCGGCGATTTCCTGACTGTGCCAATCCCACGGTTGCGCCGCCGCAAGGCCGCGCACCGGGGGGGAGCTGCGCCTC 118
R N R R N R R R N R AR R R RN R R AR NN RN NN R RN R AR NN R R O A A R RN NN R NN NN RN NN
p GCGGCACCGGC TGAACCGCCGCGCGGCGCTGCCACGACGCTGCCGCCGGCGATTTCC TGACTGTGCC -ATCCCACGGTTGCGCCGCCGCCAGGCTGCGCGTCCGGGGGGAGCTGCGCCTC 119
--> cofxX
M S A PETTA AUPTLUGQPUPA AR AP AASTILUPSGSTULA
¢ GAATCTTTCGAGTCGGATGCTCGATTGATCCTCACGGAGCCTGCCATGTCCGCACCTGAAACGACCGCACCGCTGCAGCCGCCAGCCGCTCCGGCCGCATCGTTGCCCGGGTCCCTGGCC 238
[ERR AR AR Ut b e e bbb L e ey e e b e vk e b i
p GAATTTATCGAG-------- G‘IGAACGATCCTCACEAGCC'ICCCA'I‘GTCCGCACCCGAAACGACCGCACCGC'IGCAGCCACCAGCTGCCCAGGCCGCA'ICGC'ICCC'IGGA'ICGC'IGGCC 231
M s AP ETTA AUPTLUO QPUPAA AP AASTLUPSGSTILA

E S LASSGTITETLTLA AGQLUDTZ RETLTIGTLTZ KT PV KARTIRIDTIAALTLTLUVDK

GAGTCGCTGGCCAGCTCGGGCATCACCGAGCTGCTGGCCCAGC TTGACCGCGAGC TGATCGGGCTGAAGCCGGTGAAAGCGCGCATCCGCGATATCGCCGCCTTGCTGCTGGTGGACAAG 358

FE TR T e e L e b b bt e e e e e e e e v

p GAATCGCTGGCCAGCTCGGGCATCACCGAGCTGCTGGCCCAGCTCGACCGTGAAC TGATCGGACTGAAGCCGGTGAAAGCGCGCATTCGCGATATTGCCGCCTTGCTGCTGGTGGACAAG 351
E S LASSGTITETLTLA AQLU DT RETZLTIGTLTI KTPVI KARTIRTDTIAALTLTILUVDK

0

L RAARGTFSAGA ATPSTLUHMTCT FTGNZPGTGI XKTTVAMIBRMARQTITILHZE QL

CTGCGCGCCGCGCGCGGCTTCAGCGCCGGTGCGCCCAGCCTGCATATGTGC TTCACCGGCAATCCCGGCACCGGCAAGACCACCGTGGCCATGCGCATGGCGCAGATCCTGCACCAGCTG 478

UL e e e b e et L e P e e bt e e e e el

p CTGCGCGCCGCGCGCGGCTTCAGCGCCGGTGCGCCCAGCCTGCATATGTGC TTCACCGGTAATCCCGGCACTGGCAAGACCACCGTGGC TATGCGCATGGCGCAGATCCTGCACCAGCTT 471
L RAARTGTFSAGA ATPSTULHMTCFTG GNZPGTSGTZEKTTVAMPERMAQTITLMHTZOQIL

[}

G YVRRGHTILV VAV TRUDTUDTILVGQYTIGHTA APZEKTZ KETITLTZ KT KA AMGSEGUVTL

GGCTACGTGCGCCGCGGCCACCTGETGGCGGTGACCCGCGACGACCTGGTCGGCCAGTACATCGGCCATACCGCGCCCAAGACCAAGGAGATCCTGAAGAAGGCCATGGGCGGGGTGCTC 598

PECUEEEEE L e b e e b e e e e e e e e e e e e e e e L e

P GGCTACGTGCGGCGCGGCCACCTGGTGGCGGTGACCCGCGACGACCTGGTCGGCCAGTACATCGGCCATACCGCGCCCAAGACCAAGGAGATCCTGAAGAAGGCCTTGGGCGGGGTGCTC 591
G Y VRRGHTLV VAV TRUDUDTULVGQYIGHTAPZEKTZ KTETITZLTZ KTI KA ATLGSGSGUVL

0

F I DEAZYJVYTULVYZ RPENETRTDTYGOQEH-ATIETIULLU QVMENNR RDDTILUVVITL

¢ TTCATCGACGAGGCCTACTACCTCTACCGCCCGGAGAACGAACGCGACTACGGCCAGGAGGCCATCGAGATCCTGCTGCAGGTGATGGAGAACAACCGCGACGACCTGGTGGTGATCCTG 718
U EE TR R R b b e e e e e e ey ert

P TTCATCGACGAGGCCTACTACCTCTACCGCCCGGAGAACGAGCGCGACTACGGCCAGGAGGCCATCGAGATCCTGCTGCAGGTGATGGAGAACAACCGCGATGACCTGGTGGTGATCCTG 711
F I DEAZYJVYTULVYU®RPENETZRUDTYGOQEA ATIETITULLO QVMENNR RDTIDTILUVVITL

A GY KDURMUDT®ERTPFTFETSNTPG GMSS SRV AHUHVDTFUPDYQLDETLTRZGQTIATD

GCCGGCTACAAGGACCGCATGGACCGTTTCTTCGAGTCCAACCCGGGCATGTCCTCGCGCGTTGCCCACCATGTCGACTTCCCCGACTACCAGCTCGACGAGCTGCGCCAGATCGCCGAC 838

FUEEET T e P e b e e e e e e e e b v e e e e vl

P GCCGGCTACAAGGACCGCATGGACCGCTTCTTCGAGTCCAACCCGGGCATGTCCTCGCGCGTTGCCCACCATGTCGATTTCCCTGACTACCAGCTCGACGAGCTGCGTCAGATCGCCGAC 831
A GY KDURMUDTZERTPFTFETSNZPGMS SRV AHHVDFPDYQLDETLTRZOQTIATD

[o]

L ML S EMOQQY®RTFTDTUDETSTRAVFADYTLARRMTOQPHTFANA ARSUVRNA

¢ CTGATGCTGTCCGAGATGCAATACCGCTTCGACGACGAAAGCCGGGCCGTGTTTGCCGACTACCTGGCCCGGCGCATGACACAGCCGCACTTTGCCAATGCCCGCAGCGTGCGCAATGCG 958
FEOEEIEED CErr i b b bbb e e e v b i ety 1 (NN RN R RN RN RN RN RN RN R

P CTGATGCTGGCCGAGATGCAGTACCGCTTTGACGACGAAAGCCGGGCCGTG TTTGCGGATTACCTGGCCCGGCGCATGGCGCAGCCGCACTTTGCCAATGCCCGCAGCGTGCGCAATGCG 951
L M L AEMGO QYU RTEFTDT DETSU RAVFADYTULARZ RMAQPHTFANA ARSUVRNA

L DRARTLT RUHASI RTLTLUDTDA AGTVVDDUHTLTTTITA ASTDTLTLASTRVF S

c C'I\GGACCGCGCGCGGCTGCGCCA’ICCCTCGCGCCTGC’ICGACGA‘I‘GCCGGCACGGTCGTCGACGACCATACCC'ICACCACCA'I‘CACGGCGTCTGACC'ICCT'ICCCAGCCGCG‘IC’I‘TI"I’CG 1078
U R R b e Cr i P e e e e e vt

P CTGGACCGCGCGCCECTGCGCCATGCCTCGCGCCTGCTGGACGATGCCGGCACGGTCGCCGACGACCGTACCCTGACCACCATCACGGCGTCTGACCTGCTGGCCAGCCGCGTGTTTTCG 1071
L DRART LT ERUMHAS ST RTLTLUDUDA AGTVADTU DR RTLTTTITASUDTILTILASTR RVF S

-=-> cfxY

K A A PDARTUPAIKE M QAL I FDUVDGTULA ADTESA AHTLU QA ATFNRBAA-A

¢ AAGGCCGCGCCGGACGCACGGACGCCGGCCAAGGAGTAAGCCATGCAAGCCCTGATTTTCGATGTCGACGGCACCCTGGCCGATACCGAAAGCGCGCACCTGCAAGCCTTCAACGCCGCC 1198
FUTEEEEEED TRt P e e b bbb b bl b bbb i b b e e v e e e e el

p AAGGCCGCGCCAGCCGCACAGACGCCGGCCAAGGAGTAAGCCATGCAAGCCCTGATC TTCGATGTCGACGGCACGCTCGCCGATACCGAAACCGCTCACCTGCAAGCCTTCAATGCCGCC 1191
K A A P A AQTUP A KE M Q A LI FDUVDGTTLADTETA AUHTLIUGQATFNANA-RA

FAEUVGTLUDUWYWDA APTULT YT RTLILI KV VA AGS GIE KEZRTLMHEYW®RMVDZPEE A
¢ TTCGCCGAGGTCGGCCTGGACTGGTACTGGGACGCGCCGCTCTACACGCGCCTGC TCAAGGTGGCCGGCGGCAAGGAGCGCCTGATGCATTACTGGCGCATGGTCGACCCGGAAGAGGCC 1318
FULPEEEEE T R b e L e e b e e e e e b e e b e e e e e el
p TTCGCCGAGGTCGGCCTGGACTGGCACTGGGACGCGCCGCTCTACACGCGCCTGCTCAAGGTCGCCGGCGGCAAGGAGCGCCTGATGCATTACTGGCGCATGGTCGACCCGGAAGAGGCC 1 311
F AEVGTLUDWUHWDAZPTULT YT RTULTLIEKVAGS GIE KEU RTLMHEYW®RMUVDPEE A

R G C KV KETTIDAVHATIZ KT RUHYAEU RV GAGSGTLU?PLTZ RZPSGTIARTILTITD

¢ CGCGGCTGCAAGGTGAAGGAAACCATCGACGCCGTGCACGCCATCAAGACCCGCCACTATGCCGAGCGCGTCGGGGCGGGCGGCCTGCCGCTGCGCCCGGGCATTGCCCGCCTGATCGAC 1438
FUULEEE R b e et b b P e e e el

p CGCGGCTGCAAGGTGAAGGAAACCATCGACGCCGTGCACGCCATCAAGACCCGCCACTACGCCGAGCGCGTTGGGGCGGGCGGCCTGCCGCTGCGCCCGGGCATTGCCCGCCTGATCGCA 1431
R G C KV KETTIDA AV VHATII KT RUHYAEURVGAGS GTLUZPULUZRZPGTIARILTIA

EAGEAGLUZPLA ATIATTTTZ®PANTILDA ATLTLZGQAPILSGA ADU WRTR RRTFAABATIG
¢ GAGGCCGGCGAGGCCGGGCTCCCGCTGGCGATTGCCACCACCACCACGCCGGCCAACCTCGACGCGCTGCTGCAGGCGCCGCTTGGCGCCGACTGGCGCCGTCGCTTTGCCGCCATCGGE 1558
PECRETETEEE e b L b b e e e e b e e b bt et v 1l
P GAGGCCGGCGAGGCCGGCCTCCCGCTCGCGATTGCCACCACCACCACGCCGGCCAACCTTGACGCGCTGCTGCAGGCGCACCTTGGCGCGGACTGGCGCGGGCGCTTTGCTGCCATCTGC 1551
EAGEAGLUPILATIATTTTZ®PANILUDATLTLU QA AHTILSGA ADMWRGRTFAATITC

D AGTTTA ATI K K PAPDVYLAVLERTILGTLESGGH DT CLATIETUDSANSGTLR

¢ GACGCCGGCACCACGGCCATCAAGAAGCCGGCGCCCGATGTCTACCTGGCGGTGC TGGAGCGGCTGGGCCTGGAAGGCGGTGACTGCCTGGCGATCGAGGACTCGGCGAACGGCCTGCGC 1678
(AR A R R A AR AN R N R RN RN A N RN A R NN N e N N R A N NN R N A RN RN

P GACGCCGGCACCACCGCGATCAAGAAGCCTGCGCCCGATGTTTACCTGGCGGTGCTGGAGCGGCTCGGCCTGGAGGCCGGCGATTGCCTGGCCATCGAGGACTCGGGGAACGGATTGCGC 1671
D AGTTTA AI KK P A PDVYLAUVLEZ RTLSGTLEAGT DT CLATIEUDS ST GNGTLR

FIG. 2. Nucleotide sequences of the chromosomal (c) and pHG1-encoded (p) 2.7-kb sections from within the two cfx operons of A.
eutrophus H16. They commence directly after the stop codon of cfxS and extend to the initiation codon of cfcF. The deduced amino acid
sequences of the identified gene products CfxX, CfxY, and PPE are given in the one-letter code. Ribosome-binding sequences are underlined;
—< indicates a region of dyad symmetry. Gaps (-) were introduced to optimize the sequence alignment.
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A ARAAGTIPTVVTPTATFSAQDST FEGALTLVILZPHTILGUDUPGETPMTP
GCCGCCCGGGCGGCCGGCATTCCCACCGTGGTCACGCCCACCGCGTTCAGCGCGCAGGACTCCTTCGAGGGCGCGCTGCTGGTGCTGCCGCATCTTGGCGATCCCGGCGAGCCCATGCCC
(RN RN R R RN RN R R N R RN R B R RN AN RRR NN
GCCGCCCGGGCGGCCGGCATTCCCACCGTTGTCACGCCCACCACCTTCAGCGCGCAGGATTCCTTCGAGGGCGCGCTGCTGGTGC TGCCGCATCTTGGCGATCCCGCCGAACCCATGCCC
A ARAAGTIUPTVVTZPTTTFSAQD SV FEGALTZLVILUZPHTILSGUDUZPAEPMTP

Q HV PG A ANU RWAUDTULAA AL RAMWHUHGTTULTI
CAGCACGTGCCCGGCGCGGCAAACCGCTGGGCCGACCTTGCCGCGTTGCGCGCCTGGCACCACGGCACCCTGATCGAGGCAACCTGACATGCATGCCACTGAACTCAACACCGGCCATGG
AR RN AR A A AR R R A R R A R AR RN RN R R N NN A R RN R RN NN RNN
CAGCACGTGCCCGGCGCGGCACACCGCTGGGCCGACCTTGCCGCGTTGCGCGCCTGGCACCACGGCACCCTGATCGAGGCGACCTGACATGCATGCCACCGAACCCAACACCGGCCATGG
Q HV PG A A HRWADTULA AALRAWMHUBHGTTLI

S Q RAIRULAUPSTI
CAGCCAGCGTGCCATCCGCCTGGCGCCATCCATCCTGTCGGCCGATTTCGCGCGCCTGGGCGAAGAGGTGTGCGCGATCGAGGCCGGCGGTGCAGACCTGGTGCACTTCGATGTGATGGA
PUEVERREE DL b i e e e e eeerrrn e rererrren bbb
CAGCCAGCGCGCCATCCGCCTGGCGCCATCCATCCTGTCGGCCGATTTCGCGCGCCTGGGCGAAGAGGTGTGCGCGATCGAGGCCGGCGGCGCGGACCTGGTGCACTTCGATGTGATGGA
S Q RA I RLAPSTIULSADTFARILGTETEUVCASBATI

L S ADFARULGETEUVCAI

N HYVPNILTTIGZPLUVCEA ATIRUPILUVS
CAACCACTATGTGCCCAACCTGACCATTGGCCCGCTGGTGTGCGAGGCGATCCGGCCGCTGGTCTCCATCCCCATCGACGTGCATCTGATGGTGGAACCGGTCGATGCGCTGATCCCGCT
PEERERREETN b bbb e b v bbb b vererebveerery vt
CAACCACTATGTGTCCAACCTGACCATCGGCCCGCTGGTGTGCGAGGCAATCCGGCCGCTGGTTTCGATCCCCATCGACGTGCACCTGATGGTGGAGCCGGTCGATGCGCTGATCCCGAT
N HYV PNILTTIGZPULUVCEA ATIRUPILUVSTIUPI

F A KA G ANTITIS FHUPEA ASI RUHUVDI RTI
GTTCGCCAAGGCCGGCGCCAACATCATCAGCTTCCATCCGGAGGCGAGCCGCCATGTCGACCGCACCATCGGCCTGATCCGCGACCACGGCTGCAAGGCAGGCCTGGTGCTCAACCCGGC
PEEREEEEERR R R e vrrereerenr ey veverrrrrennnl
GTTCGCCAAGGCCGGCGCCAACCTCATCAGCTTCCATCCGGAAGCGAGCCGCCATGTGGACCGCACCATCGGCCTGATCCGCGACCACGGC TGCAAGGCCGGCCTGGTGCTGAACCCGGC
F A KAGA ANTLTIST FHUPEA ASU RUHVDR RTTI

T PLGWULDHTTLUDOQULUDTULV VI LTLMMSUVNUZPGTFGGUGQATFI
CACGCCGCTGGGCTGGCTGGACCATACGCTGGACCAGCTCGACCTGGTGCTGC TGATGAGCGTGAACCCGGGC TTTGGCGGCCAGGCCTTCATTCCGGGCGTGCTGGACAAGGTGCGCCA
(RN R R R R R RN RN AR RN RN RN RN RN RR N
CACGCCGCTGAGCTGGCTGGACCACACGCTGGACAAGCTCGACCTGGTGCTGC TGATGAGCGTGAACCCGGGCTTCGGCGGCCAGGCCTTCATTCCGGGCGTGCTGGACAAGGTGCGCCA
T PL S WULDUHTTLUDI KU LUDILVILILMMSUVNUZPGTFGSGUOQATFI

A RARIDRUGQVDAGGT RUZPUVWILETI
GGCACGCGCGCGCATCGACCGGCAGGTGGACGCCGGCGGGCGGCCGGTCTGGC TGGAGATCGACGGCGGCGTCAAGGCCGACAACATTGCCGCGATCGCGCGAGCGGGCGCCGACACCTT
PEVERE PRt e e v verrerrrerererrrerertrrrerrrrrrrrrreeeererrrreerrereerrr
GGCACGGGCGCGCATCGACCGGCAAGTGGCCGCCGGCGGGCGGCCGGTC TGGC TGGAGATCGACGGCGGCGTCAAGGCCGACAACATCACTGAGATCGCCCGTGCGGGCGCCGACACCTT
A R ARIDRIGQVAAGGT RUPUVWILETI
V A G S AV F G APUDA ADGSGY s s I
CGTTGCCGGCAGCGCCGTGTTCGGCGCGCCCGATGCCGACGGCGGCTACTCGAGCATCCTTTACCGCTTGCGCGAGGCCGCCACGGTCACGTAGCCCGCCCCGCACCGGCACCACACAAG
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p CGTGGCCGGCAGCGCCGTGTTCGGCGCGCCGGATGCCGACGGCGGCTACCGGGGCATCCTGCACCGCTTGCGCGAGGCCGCCACCATCACGTAGCCCGC - - - - - AC-GGCACCACACAAG
L HR L REAATTIT

VA GSA AV FGAUPUDA ADSGGYRGTI

¢ AATGCATAGCCAATCTATAGGAGACCTGTC 2668
(NN RN RN RN RN AR RN RN
P AATACATAGCCAATCTATAGGAGACCTGTC 2655

1798
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FIG. 2—Continued.
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FIG. 3. Heterologous expression of cfxSXYE, from A. eutro-
phus H16 in E. coli JW1 harboring various hybrid plasmids, ana-
lyzed by SDS-PAGE of cell extracts. The cells were grown in LB
medium plus ampicillin, and the lac promoter on the plasmids was
induced by IPTG. Lanes: a, E. coli(pUC18) as a control; b, E.
coli(pAEP3050); c, E. coli(pAEP9010); d, E. coli(pAEP9020); e, E.
coli(pAEP9030). The overproduced gene products CfxY,, CfxE,,
and CfxS,, are indicated. Sizes of reference proteins are shown on
the left.

and e), and overproduction of both proteins was directed by
PAEP9230 (not shown). Overexpression of the chromosomal
cfxE_ gene encoded on the cloned insert of pAEC3010 was
also achieved. Plasmids with inserts oriented in opposite direc-
tion to the lac promoter did not yield any overproduced pro-
teins (not shown). Thus, heterologous expression of the genes
depended on the vector promoter and, for unknown reasons,
was much lower for cfcX, than for the other two genes.

Detectable expression of cfxX|, required recloning of the
gene into vector pT7-7 downstream the T7 RNA poly-
merase-dependent promoter. Labeling of proteins with
L-[>*S]methionine upon induction of the T7 promoter in
PAEP9012 enabled the identification of a product exhibiting
the predicted size of about 35 kDa (Fig. 4). The expression
level of cfcX,, (and probably of cfiX, as well) seemed to be
much lower than that of the neighboring genes. Two-dimen-
sional PAGE with cell extracts of the respective E. coli
transformants confirmed the findings for ¢fxY and cfxE
expression as well as the calculated isoclectric points of the
CfxY and CfxE products (data not shown).

PPE activities in E. coli transformants and in A. eutrophus.
Cell extracts of various E. coli transformants examined
previously for overproduction of proteins were assayed for
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FIG. 4. Heterologous expression of cfiX, by means of the phage
T7 RNA polymerase promoter system in E. coli K38(pGP1-2)
harboring the additional hybrid plasmid pAEP9012, analyzed by
autoradiography after SDS-PAGE of whole-cell lysates. Plasmid-
encoded proteins were labeled with L-[*S]methionine under induc-
ing or noninducing conditions. Lanes: a, pAEP9012 (not induced);
b, pAEP9012 (induced); c, vector pT7-7 (induced) as a control. The

product is marked; sizes of reference proteins are shown on
the left.

enhanced activities of those Cfx enzymes not previously
known to be encoded within the cfx operon. These enzymes
were fructose-1,6-bisphosphate aldolase, phosphoglycerate
kinase, triosephosphate isomerase, pentose-5-phosphate
isomerase, and PPE. Only the latter showed significantly
enhanced activities in certain clones. PPE activities were
increased between 7- and 19-fold above the background level
in E. coli and occurred exclusively in strains harboring the
c/xE genes in collinear orientation to the lac promoter of the
expression vector (Table 2). The highest PPE activity was
found in E. coli(pAEP9030), in which the hybrid plasmid
contained only cfxE,, strongly suggesting that the gene
encodes PPE, although a possible regulatory function of the
gene product affecting PPE activity in E. coli cannot be
discounted.

If ¢/xE is the PPE structural gene of the cfx operon, its
synthesis should follow the same regulatory pattern as that
observed for RuBisCO and PRK (13, 29). Indeed, this was
the case, assuming that the activities reflect the synthesis
rates as found for the two key Cfx enzymes. Autotrophic
cells exhibited clearly derepressed activity levels, and CO,
limitation during lithoautotrophic growth led to maximal
derepression of the enzyme (Table 3). Partial derepression
occurred under heterotrophic conditions with friuctose as the
carbon and energy source. The PPE level in pyruvate-grown
cells which have completely repressed cfx operons (20)
probably represents the basal activity of the enzyme in this
organism.

TABLE 2. Activities of PPE in cell extracts of various
transformants of E. coli JW1

. Sp act of PPE
Transformant® . /f’ng of protein)
E. cOli(PUCIS8) ..cuuiruniinnirnnirniieninirnriaienieenenes 0.44
E. coli(pAEP3050).... 3.02
E. coli(pAEP3051).... 0.31
E. coli(pAEP9030).... 8.20
E. coli(pAEP9031).... 0.42
E. coli(pAEC3010) ... 3.20
E. coli(pAEC3011) 0.47

4 Grown in LB medium and induction of lacPO by IPTG.

J. BACTERIOL.

TABLE 3. Activities of PPE in cell extracts of 4. eutrophus H16
grown on various substrates

Sp act of PPE
(U/mg of protein)

13.24
9.41

Substrate

Hy/CO, HMLD oo eeaenenenees

2 H,/CO, lim., lithoautotrophic growth under limiting CO, supply (1 vol%).
® Organoautotrophic growth on formate.

DISCUSSION

In this work, we obtained evidence for the existence of
three additional contiguous gene loci, cficXYE, within the
duplicated cfx operon of 4. eutrophus H16. The genes are
closely linked to and in the same orientation as are the other
genes of the operon. Heterologous coexpression of cfxSXYE
in E. coli, being dependent on the lac promoter of the vector
plasmid, confirmed their status as constituent operon genes.
Except for the 5'-terminal cfxL gene of the operon (20), all
downstream genes require a foreign promoter for expression
in E. coli (24, 47; unpublished results). The presently avail-
able data suggest that the promoter upstream of cfxL is the
only functional promoter of the cfx operon (48).

Whereas cfxX and cfxY encode protein products of un-
known functions, ¢fxE, like the remaining identified genes of
the cfx operon, codes for a Calvin cycle enzyme. Two lines
of evidence support this conclusion: (i) up to about a 20-fold
increase of PPE activity in E. coli after expression of the
cfxE gene and (ii) a pronounced increase (maximally about
5-fold) of PPE activity in A. eutrophus upon derepression of
induction of the cfx operons under autotrophic growth
conditions that correlates with the activity patterns of the
other enzymes encoded in the operon (9). Definitive proof of
the identity of PPE as the product of ¢cfxE must come from
N-terminal amino acid sequencing of the purified enzyme. In
general, little information about the properties of PPE is
available. The enzymes from bovine liver and human eryth-
rocytes were described as homodimers of 23-kDa subunits
(23, 43, 50), and the yeast enzyme exhibiting a native
molecular mass of 46 kDa (46) may also have this quaternary
structure. The deduced subunit mass of 25.5 kDa for the
bacterial PPE from A. eutrophus is rather close to that of the
eukaryotic enzyme. No PPE sequences from any source
have been reported so far. Surprisingly, PPE does not have
significant similarity to L-ribulose-5-phosphate 4-epimerase
(EC5.1.3.4; araD product) from E. coli (30) and Salmonella
typhimurium (31), an enzyme which is involved in L-arabi-
nose degradation.

Since A. eutrophus forms two special PPE isoenzymes
that operate in the Calvin cycle, it has to be able to
synthesize a third PPE isoenzyme functioning in heterotro-
phic carbon metabolism. When the Calvin cycle PPEs are
not available, this isoenzyme is an essential catalyst in the
organism’s ribose biosynthesis (7). It is postulated to be the
product of a separate PPE gene, rpe. This conclusion is
based on the fact that (i) the cfx operons are completely
repressed during growth on various organic acids and (ii)
mutants with defective cfx operons are unaffected in hetero-
trophic growth (48). The same reasoning applies to the FBP,
TK, and GAP isoenzymes. A chromosomally located gap
gene has been detected (47).

Among the sequences listed in data bases, only the poten-
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CfxX. MSAPETTAPLQPPAA---------- PAASLPGSLAESLASSGITE-LLAQLDRE---LIGLKPVKARIRDIAALLLVDKL 66
ORFC MLDVATSAPSAALPA---------- EAAEGRLDLGALFTESEVPE-FLAELDEG---LIGLKPVKRRIREIAAHLVIGRA 66
SpoVJ MLERAVTYKNNGQINIILNGQKQVLTNAEAEAEYQAALQKNEAKHGILKEIEKEMSALVGMEEMKRNIKEIYAWIFVNQK 80
CfxX. RAARGFSAGAPSLHMCFTGNPGTGKTTVAMRMAQILHQLGYVRRGHLVAVTRDDLVGQYIGHTAPKTKEILKKAMGGVLF 146
ORFC REKLGLTSGAPTLHMAFTGNPGTGKTTVALKMAQILHRLGYVRRGHLVSVTRDDLVGQYIGHTAPKTKEILKKAMGGVLF 146
SpoVJ RAEQGLKVGKQALHMMFKGNPGTGKTTVARLIGKLFFEMNVLSKGHLIEAERADLVGEYIGHTAQKTRDLIKKSLGGILF 160
CfxX. IDEAYYLYRPENERDYGQEAIEILLQVMENNRDDLVVILAGYKDRMDRFFESNPGMSSRVAHHVDFPDYQLDELRQIADL 226
ORFC IDEAYYLYRPENERDYGQEAIEILLQVMENQRDDLVVILAGYKDRMDRFFESNPGFRSRIAAHIDFPDYEDAELVEIAKT 226
SpoVJ IDEAYSLAR-GGEKDFGKEAIDTLVKHMEDKQHEFILILAGYSREMDHFLSLNPGLQSRFPISIDFPDYSVTQLMEIAKR 240
CfxX. MLSEMQYRFDDESRAVFADYL--ARRMTQP-HFANARSVRNALDRARLRHASRLLDDAGTVVDDHTLTTITASDLLASRV 303
ORFC MAADADYTFSPEAEVAIEEYV--AKRRLQP-NFANARSIRNALDRMRLRQSLRLFESGG-LADRAALSTISEGDVRASRV 302
SpoVJd MIDEREYQLSQEAEWKLKDYLMTVKSTTSPIKFSNGRFVRNVIEKSIRAQAMRLLMGDQYL--KSDLMTIKSQDLSIKEE 318
CfxX. FSK--AAPDARTPAKE 317
ORFC FAGGIDAPDYK-PQTE 317
SpoVJd ASGSA 323

FIG. 5. Sequence comparison by alignment of the deduced amino acid sequences of CfxX, from A. eutrophus H16, ORF C from X. flavus
H4-14, and SpoV]J from B. subtilis. The marked region is a potential nucleotide-binding site. Identical residues relative to CfxX_ are in bold.

Gaps (-) were introduced to optimize the alignment.

tial product of ORF C from another chemoautotroph, Xan-
thobacter flavus H4-14 (34), has high similarity to CfxX, with
65% of amino acid residues identical (Fig. 5). Although the
resemblance extends throughout the proteins, it is particu-
larly strong in their central parts. A sequence motif conform-
ing to the consensus sequence (GNPGTGKTT) for a nucle-
otide-binding domain (17) was identified (Fig. 5). It is also
present in the spoVJ product of Bacillus subtilis (11), which
shows a significant overall similarity (39% residue identity)
to CfxX (Fig. 5) and whose precise function in sporulation is
still unclear. Like the cfxX gene in A. eutrophus, ORF C in
X. flavus is located immediately downstream of the
RuBisCO genes cfxLS within the cfx gene cluster of the
organism, suggesting that ¢fxX and ORF C are homologous
genes with the same, yet unknown function.

A gene homologous to cfxX may also be encoded in the
3’-flanking region of the rbcLS (=cfxLS) genes of the form I
cfx gene cluster of the purple nonsulfur bacterium
Rhodobacter sphaeroides (15). We detected 37% residue
identity with the N-terminal portion of a potential gene
product from an incomplete ORF starting 163 bp down-
stream of rbcS (data not shown). Even more interesting from
an evolutionary point of view is the finding that the sequence
from nucleotide positions 209 through 279 downstream of the
rbcLS operon of the red alga Antithamnion sp. (27) can be
translated (assuming a frameshift at position 235) into an
amino acid sequence of 24 residues that has 83% identity
with a corresponding region in the N-terminal part of CfxX.
The possible partial conservation of a cfxX-like sequence in
this eukaryote would support the fact that the RuBisCO
sequences from chromophyte and rhodophyte plastids are
more homologous to those from A. eutrophus and purple
nonsulfur bacteria (form I enzyme; LgS;) than to those from
chlorophyte plastids (1, 4, 21).

No function can yet be assigned to CfxX and CfxY.
Although the cfxX gene is preceded by a plausible ribosome-
binding site, its expression in E. coli was extremely low, a
fact deserving attention in further studies on the function of
the gene. The upstream cfxS and the downstream cfxYE
genes were expressed much better, both individually and in
combination. If cfxX expression in A. eutrophus is also low,
a regulatory function of CfxX in autotrophic CO, fixation is

conceivable. The presence of a nucleotide-binding motif
could indicate that the CfxX activity is energy requiring or
regulated by a nucleotide. Site-directed mutagenesis of cfxX
and cfxY is expected to provide more information on the
metabolic roles of the respective gene products.
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