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The locus glc (min 64.5), associated with the glycolate utilization trait in Escherichia coli, is known to contain
gleB, encoding malate synthase G, and the gene(s) needed for glycolate oxidase activity. Subcloning, sequenc-
ing, insertion mutagenesis, and expression studies showed five additional genes: gicC and in the other direction
gleD, glcE, gicF, and glcG followed by gicB. The gene glcC may encode the gic regulator protein. Consistently a
chloramphenicol acetyltransferase insertion mutation abolished both glycolate oxidase and malate synthase G
activities. The proteins encoded from glcD and gicE displayed similarity to several flavoenzymes, the one from
glcF was found to be similar to iron-sulfur proteins, and that from glcG had no significant similarity to any
group of proteins. The insertional mutation by a chloramphenicol acetyltransferase cassette in either gicD,
glcE, or gicF abolished glycolate oxidase activity, indicating that presumably these proteins are subunits of this
enzyme. No effect on glycolate metabolism was detected by insertional mutation in glcG. Northern (RNA) blot
experiments showed constitutive expression of glcC but induced expression for the structural genes and
provided no evidence for a single polycistronic transcript.

Glycolate is metabolized in Escherichia coli through oxida-
tion to glyoxylate (15, 18) in a reaction catalyzed by the enzyme
glycolate oxidase (21, 27). Glyoxylate is a branching point in
the metabolic pathway since it is metabolized by two divergent
condensation reactions. One reaction condenses glyoxylate
with acetyl coenzyme A and is catalyzed by malate synthase G
(36), while the other reaction condenses two molecules of
glyoxylate in a process catalyzed by glyoxylate carboligase,
which simultaneously decarboxylates the condensation product
to tartronic semialdehyde (7). This latter compound is reduced
to glycerate and subsequently phosphorylated to glycerate-3-
phosphate. These three enzyme-catalyzed reactions constitute
what is known as the glycerate pathway.

Locus glc at min 64.5 of the E. coli chromosome has been
associated with the glycolate utilization trait (25). This locus
contains the glcB gene, encoding malate synthase G, and also
the gene(s) encoding glycolate oxidase. However, the gcl gene,
encoding glyoxylate carboligase, is not linked to the glc locus;
it has been located in a different position, at min 12 (7). The
glcB gene and enzyme have been characterized previously (25).
In this report we describe and characterize the rest of the genes
that complete the glc locus and identify those encoding sub-
units of glycolate oxidase and the regulatory gene of the glc
operon.

MATERIALS AND METHODS

Bacterial strains, plasmids, and phages. All the strains used were E. coli K-12
derivatives. The genotypes and sources of the bacterial strains and plasmids are
given in Table 1. Phage Plvir was used in transduction experiments.

Growth conditions. Cells were grown aerobically on Luria broth or minimal
medium as described previously (3). For growth on minimal medium, the fol-
lowing compounds were added at the following concentrations unless otherwise
specified: p-xylose, 10 mM; glycolate, 30 mM; glyoxylate, 30 mM; and casein acid
hydrolysate (CAA), 1%. When necessary, thiamine at 1.65 wg/ml and the fol-

* Corresponding author. Mailing address: Department of Biochem-
istry, Faculty of Pharmacy, University of Barcelona, Av. Diagonal 643,
08028 Barcelona, Spain. Phone: 34-3-402 4521. Fax: 34-3-402 1896.
Electronic mail address: Jaguilar@far.ub.es.

2051

lowing antibiotics at the concentrations indicated were added to the medium:
chloramphenicol, 30 wg/ml; ampicillin, 100 pwg/ml; and tetracycline, 12.5 pg/ml.
5-Bromo-4-chloro-3-indolyl-B-p-galactoside (X-Gal) and isopropyl-B-p-thiogal-
actoside (IPTG) were used at 30 and 10 pg/ml, respectively.

Preparation of cell extracts and enzyme assays. For enzyme assays, cells were
harvested at the end of the exponential phase and cell extracts were prepared as
described previously (4) in 10 mM Tris-HCI, pH 8.0, containing 1 mM MgCl,.
Determinations of total malate synthase activity and the relative concentration of
the two forms of malate synthase, A and G, were performed as described by
Ornston and Ornston (27).

Glycolate oxidase activity was determined spectrophotometrically according to
the method of Lord (21). In this case, to avoid nonspecific reduction of 2,6-
dichloroindophenol, the 30% ammonium sulfate fraction resuspended in 10 mM
phosphate buffer, as indicated by this author, was routinely used as a source of
enzyme.

Protein concentration was determined by the method of Lowry et al. (22) using
bovine serum albumin as the standard.

In vivo expression of plasmid-carried genes in maxicells. The expression of
plasmid-encoded proteins was performed in maxicells as described by Stoker et
al. (34) with strain JA120 as a host. Proteins were labeled with L-[>*S]methionine
(50 wCi/ml) and detected by fluorography after separation by sodium dodecyl
sulfate-10 or 13.5% polyacrylamide gel electrophoresis (SDS-PAGE).

DNA manipulation. Plasmid DNA was routinely prepared by the boiling
method (17). For large-scale preparation, a crude DNA sample was purified
through a column (Qiagen GmbH, Diisseldorf, Germany). DNA manipulations
were performed essentially as described by Sambrook et al. (29). The DNA
sequence was determined by the dideoxy-chain termination procedure of Sanger
et al. (30) by using the T7 sequencing kit from Pharmacia LKB Biotechnology.
Double-stranded plasmid DNA was used as the template. Ordered deletions
were obtained with the Erase-a-Base system (Promega Biotec, Madison, Wis.).
To avoid sequencing errors, both strands were sequenced by regular dGTP as
well as dITP or 7-deaza-dGTP reactions.

DNA sequence analysis and protein alignments were done with the PC/GENE
software package (Intelligenetics Inc.) and with the University of Wisconsin
Genetics Computer Group package programs.

Genetic techniques. Phage P1 transduction experiments were performed as
described by Miller (24). The chloramphenicol resistance gene cassette CAT19
was used in the gene inactivation experiments (14, 38) by inserting it into the
restriction sites indicated in Fig. 4. This cassette had no terminator designed into
the downstream region of the chloramphenicol acetyltransferase (CAT) gene
and thus did not always cause polarity when inserted in the same orientation as
the interrupted gene. Plasmids carrying inactivated genes (Table 1) were linear-
ized and used to transform strain JC7623 to chloramphenicol resistance (Cm?).
This strain efficiently recombines linear DNA into its chromosome (38). Plvir
lysates obtained from the selected Cm" recombinants were used to transduce the
CAT insertions into the parental strain MC4100. The locations of these muta-
tions in the glc locus were verified by cotransductional analysis with the
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TABLE 1. Bacterial strains and plasmids used in this study

J. BACTERIOL.

Strain or plasmid Description Source or reference
Strains
XL1Blue recAl lac endAl gyrA96 thi hsdR17 supE44 relA1 (F' proAB lacl lacZ AM15 Tnl0) Stratagene
MC4100 araD Alac rpsL flbB deoC ptsF rbsR 6
S(®#1023 relA1 spoT1 thi-1 nupG511::Tnl0 32
NK6027 relA1 spoT1 thi-1 A(gpt-lac)5 metC162::Tnl10 32
JC7623 arg thi thr leu pro his strA recB21 recC22 sbcB15 37
JA120 thi-1 thr-1 leuB6 lacY1 tonA21 supE44 recAl srlA::Tnl0 1
JA151 A(speC-glc) aceB recA::cat 25
JA154 MC4100 glcC::cat This study
JA155 MC4100 glcD::cat This study
JA156 MC4100 glcE::cat This study
JA157 MC4100 glcF::cat This study
JA158 MC4100 glcG::cat This study
Plasmids®
Bluescript Ap* Stratagene
pBR322 Ap" Tc" Boehringer Mannheim
pCAT19 Ap" Cm"; source of cat gene 14
pLB10 glcBGFEDC (11.5-kb HindIII fragment) in pUCI18 25
pIM4 gleBGF' (4.5-kb HindIII-EcoRV fragment) in Bluescript 25
pTP21 gleBGFEDC (9-kb HindIlI-EcoRI fragment) This study
pTP22 gleBGFED' (6.5-kb HindIII-Sall fragment) This study
pTP23 glcBGFE' (5.2-kb HindllI-BamHI fragment) This study
pTP24 glcB'GFEDC (6.8-kb Clal-EcoRI fragment) This study
pTP25 glcF'EDC' (3.8-kb EcoRV fragment) This study
pTP26 glcE'DC (3.2-kb BamHI fragment) This study
pTP27 glcE'D' (3.3-kb Kpnl-Sall fragment) This study
pTP28 gleB'GFE' (2.8-kb Clal-Kpnl fragment) This study
pTP29 glcF'E" (0.8-kb EcoRV-BamHI fragment) This study
pTP30 gleD'C (1.3-kb Mlul-BamHI fragment) This study
pTP51 As pTP26 insert but glcC::cat, Smal-Cm" cassette into Nrul This study
pTP52 As pTP26 insert but glcD::cat, Smal-Cm" cassette into Miul This study
pTP53 As pTP22 insert but glcE::cat, BamHI-Cm" cassette into BamHI This study
pTP54 As pTP22 insert but glcF::cat, Smal-Cm" cassette into EcoRV This study
pTP55 As pTP28 insert but glicG::cat, Smal-Cm" cassette into Nrul This study

“ Plasmids pTP21 to pTP30 are in Bluescript, and plasmids pTP51 to pTP55 are in pBR322. A prime indicates that a particular gene is truncated.

metC::Tnl0 (strain NK6027) and nupG::Tnl0 (strain S@1023) markers (data not
shown).

Isolation of RNA and Northern blot hybridization. For preparation of total
RNA, cells of a 25-ml culture grown to an Ags, of 0.5 were collected by centrif-
ugation at 5,000 X g for 10 min and processed as described by Belasco et al. (2).
Northern (RNA) blot hybridization was performed with each RNA sample (10
ng) by following the procedure described previously (26).

Nucleotide sequence accession number. The sequence reported here is depos-
ited in the EMBL/GenBank database under accession number 1.43490.

RESULTS AND DISCUSSION

Location of glycolate oxidase genes in the glc locus. Previ-
ously we have reported that the recombinant plasmid pLB10,
containing an 11.5-kb HindIII fragment, expressed malate syn-
thase G and glycolate oxidase activities and that the pLB10-
derived recombinant plasmid pIM4 was able to express only
malate synthase G (25). In order to locate the gene encoding
glycolate oxidase more precisely (Fig. 1), a set of subclones was
derived from pLB10 and used to restore glycolate oxidase
activity in strain JA151. Only plasmids containing the 6-kb
region between glcB and the EcoRI restriction site (plasmids
pTP21 and pTP24) were able to supply this activity. Enzyme
activities were similar in the presence and in the absence of
inducer, indicating that expression was from vector promoters.

Nucleotide sequence of the 5.3-kb fragment upstream of
gleB. To identify the genes carried on the genomic fragment
upstream of glcB, several subclones, covering the region be-
tween the Clal (internal to glcB) and the second upstream
BamHI restriction sites, were constructed (plasmids pTP26,

pTP27, pTP28, and pTP29). Serial deletions of these plasmids
were obtained and sequenced at least twice on each strand.
Figure 2 shows the 5,335 bp of DNA sequenced between the
already mentioned BamHI site and the ATG start codon of
glcB gene previously reported by Molina et al. (25). Five new
open reading frames were observed, and they are named glcD,
gIcE, gicF, and glcG, on the same strand, and immediately
followed by gicB. Diverging from glcD on the other strand is
gleC.

Expression studies of the sequenced gic genes. The maxicell
system (34) was used to identify the gene products of the glc
locus described above. Strain JA120 was transformed with sev-
eral plasmids containing different parts of this locus and also
with the Bluescript vector. Transformed cells were grown on
CAA and CAA plus glycolate. Consistent with the expression
from a vector promoter, the same pattern was observed in both
conditions. Plasmid pTP21, containing all the genes of this
locus, expressed protein bands of 82, 56, and 40 kDa (Fig. 3A,
lane 1). Plasmid pTP22, lacking glcC and glcD, did not express
the 56-kDa protein (lane 2), whereas plasmid pTP23, lacking
also glcE, expressed only the 82-kDa protein (lane 3). Plasmid
pIM4, which lacked glcF, gave the same expression pattern as
pTP23 (lane 4). Consistently, plasmid pTP25 expressed the two
proteins of 56 and 40 kDa but not the 82-kDa protein corre-
sponding to malate synthase G (lane 6), while plasmid pTP26
expressed only a protein of 56 kDa (lane 7).

In order to resolve the low-molecular-weight protein corre-
sponding to glcG, the expressed products were also separated
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pTP21 8.0 10.1 0.8 1.0
pTP22 6.8 6.6 ND ND
pTP23 6.7 7.0 ND ND
piM4 11.5 10.5 ND ND
pTP24 ND ND 0.9 1.1
pTP25 ND ND ND ND
—_—— pTP26 ND ND ND ND
—_— pTP27 - - - _
—— pTP28 - - - -
— pTP29 - - - -
pTP30 - - - -

FIG. 1. Restriction map of the glc locus. The open bar represents the genomic fragment present in the recombinant plasmid pLB10 (25). The inserts of the plasmids
used in this study are indicated by thin lines below the restriction map. These inserts were cloned in the Bluescript vector with the structural glc genes in the same
orientation as lacZ. For each plasmid, malate synthase G (MSG) and glycolate oxidase (GO) activities are expressed in units per milligram of protein. Enzyme activities
were determined in cell extracts of transformed cells of strain JA151 grown on CAA either in the absence (—) or in the presence (+) of glycolate. ND, not detectable.
Arrows indicate the extension and direction of transcription of the identified genes. The restriction sites for several cleaving enzymes are indicated as follows: B, BamHI;

C, Clal; E, EcoRI; H, HindIIl; K, Kpnl; M, Mlul; N, Nrul; S, Sall; and V, EcoRV.

by SDS-13.5% PAGE. A 13-kDa protein was clearly identified
in this way. To check that this protein was the product of a glc
gene and not a product of a truncated gene between glcB and
the HindIIl restriction site, plasmid pTP28 was also analyzed
and proved to express this polypeptide (Fig. 3B).

This expression pattern allowed us to assign the 56-kDa
protein to the glcD gene, the 40-kDa protein to gicE, and the
13-kDa protein to glcG. The molecular weights of these ex-
pressed proteins were in accordance with those presented be-
low and deduced from the corresponding nucleotide sequence.
This system failed to identify glcF and glcC gene products.

Identification of the glcF gene product was achieved when
the location of some of these proteins in the cell membrane
was determined. To this end, membranes were obtained (28)
from glc-deleted strain JA151 transformed with plasmid
pTP21, using as a control the same strain transformed with the
vector or the wild-type strain MC4100 (Fig. 3C). Cultures were
grown on CAA plus glycolate. The electrophoretic develop-
ment of membrane proteins stained by Coomassie blue showed
the 56- and 40-kDa proteins encoded by the plasmid and an
additional 45-kDa protein, not detected in the maxicell expres-
sion experiments, which may correspond to the gicF gene prod-
uct (Fig. 3C). This protein is likely to have a low expression
rate and was visualized only after its partial purification
through the isolation of membranes.

Mutational analysis of the sequenced glc genes. The assign-
ment of functions to the sequenced genes was determined by
inactivating each of them and studying the effects on glycolate
utilization. Inactivation was performed by insertional mutation
of the CAT19 cassette in the locus glc of the wild-type strain as
indicated in Materials and Methods. Insertions in all genes
except in glcG rendered the cells glycolate negative (Fig. 4).

Determination of enzyme activities in wild-type cells grown
under inducing conditions yielded values of 200 mU/mg for
malate synthase G and of 60 mU/mg for glycolate oxidase. The
inactivation of glcC (strain JA154) abolished both malate syn-
thase G and glycolate oxidase, yielding undetectable enzyme
activities. Independent inactivation of glcD, gIcE, or glcF
(strains JA155, JA156, and JA157, respectively) yielded unde-
tectable levels for glycolate oxidase activity but not for malate
synthase. These observations strongly suggested the participa-

tion of the products of these genes as subunits of the glycolate
oxidase structure. Disruption of glcG (strain JA158) had no
effect on either of the two activities (Fig. 4).

Each inactivation was complemented by a plasmid carrying
the fragment in which the insertional mutation was located
(Fig. 4), indicating that the inactivation was due to this muta-
tion and that no other cell functions were impaired. The com-
plemented cells displayed glycolate oxidase activities of 40
mU/mg. As expected, in the complementation by glcC, both
enzyme activities were restored simultaneously (240 mU/mg
for malate synthase G and 75 mU/mg for glycolate oxidase).

Features and predicted properties of glcC. The gene glcC
starts at position 866 and ends at position 102 (Fig. 2). There
is a Shine-Dalgarno sequence (GAGG) 11 bp upstream from
the start codon. This gene encodes a 254-amino-acid protein
with a calculated molecular mass of 28,901 Da. Its deduced
amino acid sequence was compared to protein sequences in the
GenBank database and shown to be similar to several prokary-
otic regulatory proteins. A helix-turn-helix motif which was
homologous to the pyruvate dehydrogenase complex repressor
(16) and L-lactate dehydrogenase regulatory protein (13) of E.
coli and to the hutC repressor protein of Klebsiella aerogenes
(31), among others, was found.

The high similarity of the glcC deduced amino acid sequence
to other regulatory proteins and the fact that its inactivation
simultaneously affected both the glycolate oxidase and the
malate synthase G activities indicated that this gene encodes
the glc regulatory protein. This protein would act as an activa-
tor since mutations in glcC did not render the expression of the
glc structural genes constitutive but rather abolished it.

Features and predicted properties of gicD and gicE. The
gene gleD (positions 1117 to 2616 of Fig. 2) is separated from
glcC by a 251-bp region. A good ribosome-binding site
(GAAG) was identified 11 bp upstream of the ATG codon.
This gene encodes a 499-amino-acid polypeptide with a calcu-
lated molecular mass of 53,749 Da. The comparison with pro-
tein sequences in the GenBank database showed a significant
similarity to the sequences of D-lactate dehydrogenases from
Kluyveromyces lactis (20) and from Saccharomyces cerevisiae
(19) and also to that from E. coli, although the last showed less
similarity. Since it has been reported that the glycolate oxidase
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1 ggatcctcgaaaccaatacaggcatgaataacatgetggaacgeattggggeggagecgtacaagegttaccgattgtatgaaaagecaga 90

91 tttaataccagctaactcaggttcatctccageggcaccgecgagegaatcaaatggtggecttccagetegatategtggagattettt 180
* 8 L NM EL PV A S RIULUHHUGETLTETITUDUHTELNK

181 ttcacggtccgcacatgatcegegtgetgegegetgggegacgtgeggcagecgetgcaacacegegttgtagateegegecatgetggega 270
K V T R V H D RAARQAV HPULIRUOQLUVANTYTIURA AU HIGQHTR

271 tcgatctgetttttttgotgtggtegatggtagagattatttacgetggcaaacactgaattaaacatcagateggtcaatgattgecage 360
D I @Q K K 0 Q PR HYULNDNUVYVS AUVFV S NP F ML DTUL S Q L

361 gtaaacaccagcacctgattgtgagaagcctgacaaatggcgagatggaaagegtgatccaactgegeatgttecgatcagegaaatctet 450
T F VL V Q N H 8 A Q €C I AL HF A HDIULOGQA AU HHTETIULSTI E

451 ttgttgttcetcactggeggegageattttttcataacagegggttatcacaacaaaatcagectgegtteoccagegttgecgecagectt 540
K N N E 8 A AL KK K E Y CRTI VV F DA AQTGTLTU AA ATULR

541 gcecgattegeoectecagtaatgegegaacgtegagecagatcegtacagegttogeggetgegtactgaacagatggatcagegggetggtg 630
A S E G E L L ARV DULUL DY L T RUPQT TS8P L HI L P S T

631 tcctgcacccgattaagecgtgecgacacgagaategegaccetgegecgtttcaataatccegegecegegecageacggtcageecettea 720
D Q VRNILURAYVRSDI RGOQATTETITIUGI RGT RULUVTITIL G E

721 cgecagtgceggagegtgagaagecgagettttcacacagtcecgacgttcocgagggaageggetgacegacettcagtacgecgtecgataatt 810
R L A 8 R 8 F 6L K E CLRU RESUZPULUPQQGVYVY KL V 6 DI I

811 aaccgttcgatactctctgcaaccacttcegcaaatagggegacgttcatettteatteccggacctegtgecacaggtaggaccaattttt 900
L R E Y S E A V V E C I P RIRUEUDI KM
- glcC

901 ctgttcttaactcgcaaaacacgcacatcacgtaagtgattatgttacatcaatttaacattgagttaaccaagacaaggtcacagaget 990

991 ggaaaaaaaatggtctgaccggtagctaaagagatagacgaaaacgaaaageccgecttaataactgttcacagaagcagegeogcaaaaat 1080

1081 cagctgccacacaacacaacaaagcgaagcectactcatgagcatettgtacgaagagegtettgatggegetttacccgatgtegacege 1170
M 8 I L Y E E R L D G A L P DV D R
gleD —a

1171 acatcggtactgatggcactgcgtdagcatgtccctggacttgagatcctgcataccgatgaggagatcattccttacgaqtgtgacggg 1260
T 8 VL M A L REHV P GG L E I L HTDEZETITIUZPTYET CTUDG

1261 ttgagcgegtatcgcacgcgtecattactggttgttctgectaagecaaatggaacaggtgacagegattetggetgtetgecategeectg 1350
L 8 A YR TIRUPULUL V VL P K QM EOQV TATITUL AV VO CIHTERIL

1351 cgtgtaccggtggtgacccgtggtgcaggcaccegggetttetggtggegegetgecgetggaaaaaggtgtgttgttggtgatggegege 1440
R V PV V TRGAGTGUL S 6 6 A L PL E K G V L L V M A R

1441 tttaaagagatcctcgacattaacceegttggtegecgegegegegtgcagecaggegtgegtaacetggegateteccaggeegttgea 1530
F K E I L D I NP V G R RA®R VYV QP G V R NILATI S Q A V A

1531 ccgcataatctcectactacgcacceggacccttectcacaaategectgttccattggeggeaatgtggetgaaaatgecggeggegtecae 1620
P H NL Y Y A P DP S 8 Q I A ¢C 8 I 6 G NV AEUNA DAGTG GV H

1621 tgcctgaaatatggtctgaccgtacataacctgetgaaaattgaagtgcaaacgetggacggegaggcactgacacttggateggacgeg 1710
¢ L K YL T™ YV HNILULIKTIUEVQETULDGEW ATULTILG S D A

FIG. 2. Nucleotide sequence of the 5.3-kb genomic fragment upstream of glcB in the glc locus. Only one strand is shown. The genes glcC (transcribed clockwise),
and gleD, gIcE, gicF, and glcG (transcribed counterclockwise) have been translated in the one-letter amino acid code; amino acid symbols are written below the first
nucleotide of the corresponding codon. Stop codons are indicated by asterisks. The start codon of glcB (accession number X74547) is also indicated. Putative ribosome
binding sites are underlined. The GenBank accession number of this sequence is L43490.
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3151
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ctggattcaéctqgttttgacctgctgchctgttcaccggatcggaaggtatgctcggcgtgaccaccgaaqtgacggtaauactgctg
L D s PG F DL L AL PF TG S E G XKL 6 V TTTE EUVTTVIEKTULTL

ccgaagccegeccegtggegegggttetgttagecagetttgacteggtagaaaaagecggacttgeggttggtgacatcategecaatgge
P K P P V A RV L L A S F D S V EKAGULA AV GD I I A NG

attatceccggegggetggagatgatggataacctgtegatecgegeggeggaagattttattecatgeeggttateccegtegacgecgaa
I I P G G L BE M M D NUL S8 I R A AEUDUVF I HA G Y P V D ATE

gegattttgttatgegagetggacggegtggagtectgacgtacaggaagactgegagegggttaacgacatettgttgaaagegggegeg
A I L L ¢C EL D G V E S DV Q EDCEUZRTUVYNDTITULTULIKA ATGA

actgacgtccgtcotggecacaggacgaagcagagegegtacgtttetgggecggtegocaaaaatgegtteceggeggtaggacgtatectee
T DV R L A QD EAEU RV YVRUPFWAGTRI KNATPUZPA AV G RTI s

ccggattactactgcatggatggecaccatcecccgegtegegecctgectggegtactggaaggecattgeccgtttatcgecagecaatatgat
P D Y YC M D G T I P RIRALUPGV VL EGG I AURTUL S QYD

ttacgtgttgccaacgtctttcatgecggagatggecaacatgeaccegttaateccttttegatgecaacgaacceggtgaatttgecege
L RV A NV F HAGUDGNDMXUHUZPTULTITULUP D ANEU PTG GTETFAR

gcggaagagctgggegggaagatcctegaactetgegttgaagttggeggeageatcagtggegaacatggeatecgggecgagaaaaaate
A E EL G 6 K I L EL CV EV 6 G 8 I 8 ¢ EH G I G REIK I

aatcaaatgtgcgeccagttcaacagegatgaaatcacgaccttccatgeggtcaaggeggegtttgacccegatggtttgetgaacect
N Q M ¢C A Q F N sSs Db E I TTU FUHA AV KA AATFUDUPUDSGTLTULNUP

qqgaaaaacattcccacgctacaccgctgtqctgaatttggtgccatqcatgtgcatcacqgtcatttacctttccctgaactg cgt
G K N I P T LHURTGCA AETF G ANMHVYVY HHGHTULUPUF P EUL E

ttctqatgctacgcgagtgtgattacagccaggcgctgctggaqcaggtgaatcaggcgattagcgataaaacgccqctggt&attcagg
F *M L R E C D Y S Q AL L E Q V NQATI 8 DI KTU®PULUVTIOGQSG
glcE w——p

gcagcaatagcaaagcctttttaggtegecctgtcaccgggecaaacgetggatgttegttgtecategeggeattgttaattacgaccega
S N s K A F L GRPV TG Q@ TLD VR CHU® RGTIVNTYDUTZPT

ccgagetggtgataaccgegegtgteggaacgeegetggtgacaattgaageggegetggaaagegeggggcaaatgeteccctgtgage
E L VvV I T ARV GG T P UL VT TIEA AALTES AU G QQMULUPTCTEP

cgccgcattatggtgaagaagccacctggggcgggatggtcgcctgcggqctqgcggggccgcgtcgcccgtggagcggttcggtccgcg
P H Y G E E A T W G G M V A C L A G P R R P W S8 G 8 V R D
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FIG. 3. (A) Autoradiograph of the gene products encoded by recombinant plasmids containing different parts of the glc locus and expressed in the maxicell system
using strain JA120 as a host. Proteins were separated by SDS-10% PAGE. Lane 1, plasmid pTP21; lane 2, plasmid pTP22; lane 3, plasmid pTP23; lane 4, plasmid pIM4;
lane 5, BlueScript vector; lane 6, plasmid pTP25; lane 7, plasmid pTP26. (B) Autoradiograph of the gene products encoded by plasmid pTP28 separated by SDS-13.5%
PAGE. (C) SDS-PAGE of crude membrane proteins. Samples of 150 wg of membrane proteins obtained as indicated in the text were applied to a 10% polyacrylamide
gel, electrophoresed, and stained with Coomassie blue. Lane 1, strain JA151 transformed with plasmid pTP21; lane 2, strain JA151 transformed with vector Bluescript;
lane 3, wild-type strain MC4100. Gene products are indicated on the left of each panel. Molecular mass markers indicated on the right of the three panels were bovine
serum albumin (66 kDa), ovalbumin (45 kDa), glyceraldehyde-3-phosphate dehydrogenase (36 kDa), trypsinogen (24 kDa), and lactalbumin (14 kDa).

of E. coli can use D-lactate as a substrate (21), this gene could
encode a protein involved in the oxidation of glycolate.

The initiation codon of gicE overlaps with the termination
codon of glcD. Its putative Shine-Dalgarno sequence (GGAG)
has been located 12 bp upstream of the ATG codon. The gicE
gene encodes a 350-amino-acid protein with a calculated mo-
lecular mass of 38,352 Da. When compared with the protein
sequences in the GenBank database, the highest similarity was
again found with the p-lactate dehydrogenase from S. cerevi-
siae. On the basis of this similarity, this protein could be as-
signed to another subunit of glycolate oxidase.

Upon examination of the primary structures of glcD and gicE
gene products, possible flavin-binding domains were easily de-
tected. In the case of gleD we have identified a partially con-
served consensus sequence like that described by Branden and
Tooze (5). This consensus sequence contained the motif Gly-
X-Gly-X-X-Gly separated from a conserved glutamate by 17

residues and included several invariant hydrophobic positions
(Fig. 5A). In addition, a sequence showing significant homol-
ogy to the active site of several oxidoreductases was found for
both the glcD and gicE proteins. This sequence contained a
histidine residue (His-140 for the glcD protein and His-91 for
the glcE protein) separated from a cysteine residue by 13 and
12 amino acids, respectively, the same distance as in anaerobic
glycerol-3-phosphate dehydrogenase (9), fumarate reductase
(8), or succinate dehydrogenase (39).

It has been described for some flavin adenine dinucleotide
or flavin mononucleotide enzymes like anaerobic glycerol-3-
phosphate dehydrogenase that the enzyme activity is higher
when measured in the presence of these nucleotides. To test
the possible activation of the glycolate oxidase activity of our
preparations by these cofactors, we used concentrations of
flavin adenine dinucleotide ranging from 2 to 50 wM and flavin
mononucleotide from 0.2 to 5 mM in the assay mixture. The
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FIG. 4. Physical map of the glc locus insertional mutagenesis by CAT19 cassette. The open bar represents the genomic DNA of E. coli wild-type strain MC4100,
and the arrows represent the extension and direction of transcribed genes. Insertions of the CAT cassette are indicated by black bars below the map. The restriction
sites used for each insertion are indicated as follows: B, BamHI; M, Miul; N, Nrul; and V, EcoRV. Relevant characterization of each insertion mutant strain is

presented. GO, glycolate oxidase; MSG, malate synthase G.
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A 84 TRGAGTGLSGGALPLEKGVLLVMARFKE 111 GLC D
5 T\./' Il\./IGGGLAGLLCéLQLQKHGLR(;AI'VT 32 GLP B
11 V.II;IGGGATGAGIZ;RDCALRGLR\;’IL..VE 38 GLP A
9 A'\-/'V iGAGGAGIARI:.AQ ISQSGQT C.AI:.LS 36 SDH A
8 V\./'VI._JGAGP AGY SAAFRCADLGLE’I.‘V.':VE 35 LPD
B
22 LRACVHCGFCTATCPTYQLLG 42 GILC F
72 LDRCLTCRNCETTCPSGVRYH 92 GLC F
6 FENCIKCTVCTTACPVSRVNP 26 GLP C
53 LKYCINCKRCEVACPSDVKIG 73 GLP C
145 LYECILCACCSTSCPSFWWNP 165 SDH B

145 FSGCINCGLCYAACPQFGLNP 165 FRD B
5 TDECISCGACAAECPVEAIHE 25 FDX (CT)
34 ADTCIDCGACEAVCPTGAVKA 54 FDX (CT)
5 EETCISCGACAAECPVNAIEQ 25 FDX (RR)

34 ADTCIDCGNCANVCPVGAPVA 54 FDX (RR)

+--C#-C--C-=-CP-~=- - .

FIG. 5. (A) Consensus sequence of the flavin cofactor binding sites from the
following E. coli enzymes: GlcD, glycolate oxidase; GlpA and GlpB, anaerobic
glycerol-3-phosphate dehydrogenase (9); SdhA, succinate dehydrogenase (39);
and Lpd, lipoamide dehydrogenase (33). The invariant positions for glycines and
the conserved glutamate are indicated in boldface. The dots mark the rather
conserved hydrophobic positions which complete the consensus for the flavin
binding site as indicated by Branden and Tooze (5). The numbering corresponds
to the amino acid positions in each protein. (B) Amino acid sequences of
iron-sulfur centers from the following E. coli proteins: GIcF, glycolate oxidase;
GlpC, anaerobic glycerol-3-phosphate dehydrogenase (9); SdhB, succinate de-
hydrogenase (12); and FrdB, fumarate reductase (10). Alignment also includes
ferredoxins from Clostridium thermosaccharolyticum (35) and Rhodospirillum
rubrum (23) labeled as Fdx (CT) and Fdx (RR), respectively. The different
cysteine clusters are aligned, and the highly conserved residues are shown in
boldface. Numbering indicates the position of amino acids in each protein. The
consensus is presented at the bottom, where cysteines are indicated by C, proline
is indicated by P, conserved hydrophobic amino acids are indicated by plus signs,
and an aliphatic amino acid is indicated by a dot.

lack of sensitivity of glycolate oxidase activity in our conditions
is noteworthy.

Furthermore, the glcD- and glcE-encoded subunits of the
glycolate oxidase were found to be absolutely dependent on
the glcF subunit for activity. Preparations obtained from plas-
mid pTP25 expressing only glcDE did not transfer electrons
directly to phenazine methosulfate, an acceptor used without
the iron-sulfur intermediate by other flavoenzymes such as
glpAB-encoded subunits of anaerobic glycerol-3-phosphate de-
hydrogenase (9). This observation reinforced the idea of a
different mechanism for glycolate oxidase.

Features and predicted properties of gicF. Three possible
start codons at positions 3532, 3556, and 3679 (Fig. 2) were
identified for the gene glcF. The first two ATG codons over-
lapped with the gicE gene and had no well-conserved Shine-
Dalgarno sequences upstream. The open reading frame, start-
ing at position 3679 and ending at position 4902, displayed a

J. BACTERIOL.

putative ribosome-binding site (GAGGAG) 12 bp upstream of
the corresponding ATG codon. The use of this translation
initiation signal predicts the expression of a protein of 407
amino acid residues with a molecular mass of 45,083 Da.

The glcF subunit, required for the function of the glycolate
oxidase enzyme, was a cysteine-rich protein containing 17 res-
idues, most of them organized in two clusters typical of iron-
sulfur proteins. Upon alignment of these clusters with those of
other respiratory enzymes it was clear that besides the charac-
teristic spatial arrangement of the cysteine residues (Cys-X-X-
Cys-X-X-Cys-X-X-X-Cys), additional positions were con-
served in these sequences. For instance, a hydrophobic residue
located two positions before the first cysteine, which was fol-
lowed by another hydrophobic residue. The last cysteine resi-
due was followed by a conserved proline and, six residues later,
by an aliphatic amino acid (Fig. 5B).

Among the proteins giving high-scoring segment pairs with
glcF gene product, as indicated by the BLAST program, there
were the GlpC subunit of anaerobic glycerol-3-phosphate de-
hydrogenase from E. coli (9) and the iron-sulfur subunit of
succinate dehydrogenase from different species. These en-
zymes are multimeric proteins with similar catalytic mecha-
nisms, oxidizing molecules and transferring electrons through
iron-sulfur subunits.

The glcF low expression, probably giving a lower cellular
concentration, may indicate that several gleD-glcE products are
associated with one glcF product. Alternatively, the subunits
encoded by glcD-glcE might act catalytically on the glcF pro-
tein, transferring their electrons to this terminal subunit of the
enzyme (9).

Features and predicted properties of gicG. The initiation
codon of glcG is located 5 bp downstream of the gicF termi-
nation codon and is preceded by a Shine-Dalgarno sequence
(GGAA) 11 bp upstream. This gene encodes a 134-amino-acid
protein with a calculated molecular mass of 13,737 Da. There
was no significant similarity to any protein or group of proteins,
although some similarity to a 142-amino-acid protein of un-
known function was observed (ORFY next to the dha regulon
from Citrobacter freundii, accession number CFU09771) (11).

At present we have been unable to assign any function to the
glcG gene product, as its inactivation by the CAT cassette
insertion did not affect glycolate utilization under the condi-
tions tested. Furthermore, strain JA151 transformed with a
plasmid expressing a truncated GlcG protein displayed normal
levels of glycolate oxidase activity (not shown). This plasmid
was obtained by deletion from the Clal restriction site of plas-
mid pTP24 (Fig. 1) and the extent of the deletion, which
removed up to amino acid 30 of the C-terminal end of GlcG,
was ascertained by sequencing.

Transcription. Total RNA was prepared as indicated above
from cells of strain MC4100 grown either on D-xylose as a
noninducing carbon source or on D-xylose plus glyoxylate, D-
xylose plus glycolate, or glycolate alone as an inducing carbon
source. Northern blot hybridizations of these RNA prepara-
tions were performed with a probe of each of the glc genes.

For the glcD structural gene, a transcript of 2.6 kb was
detected only under inducing conditions in the presence of
glycolate or glyoxylate, indicating the specificity of the tran-
scription (Fig. 6). Similar results were obtained for the other
structural genes, showing transcripts ranging from 2.1 to 2.6 kb
(not shown). Thus, none of the bands detected in the Northern
experiment was in accordance with the expected size of the
possible transcripts. No direct evidence for a polycistronic
operon was obtained from Northern blot experiments or po-
larity effects. Alternatively, the discrete size of the transcripts
observed could be indicative of transcript degradation.
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FIG. 6. Northern blots of total RNA from strain MC4100 grown on b-xylose

(lanes 1), p-xylose plus glyoxylate (lanes 2), b-xylose plus glycolate (lanes 3), and
glycolate (lanes 4). Hybridization was performed with a 500-bp glcC specific
probe (Nrul-EcoRV internal fragment) (left) or a 810-bp glcD specific probe
(Sall internal fragment) (right).

A constitutive transcript of 0.8 kb was detected with the glcC

probe, well in agreement with the size of this regulatory gene’s
expected transcript (Fig. 6). Finally, hybridization with probes
containing sequences beyond the glcB and glcC termini dis-

pl

ayed no bands in Northern blots of RNAs from either in-

duced or noninduced cells. This seems to indicate that no glc
genes are found over these limits.
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