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We have identified a new gene, glpX, belonging to the glp regulon of Escherichia coi, located directly
downstream of the glpK gene. The transcription ofgIpX is inducible with glycerol and sn-glycerol-3-phosphate
and is constitutive in aglpR mutant. glpXis the third gene in thegIpFKXoperon. The function ofGlpX remains
unknown. GlpX has an apparent molecular weight of 40,000 on sodium dodecyl sulfate-polyacrylamide gels. In
addition to determining the E. colt glpX sequence, we also sequenced the corresponding gIpFKX region
originating from ShigeUlaflexneri, which after transfer into E. coli was instrumental in elucidating the function
ofglpF in glycerol transport (D. P. Richey and E. C. C. Lin, J. Bacteriol. 112:784-790, 1972). Sequencing of
the glpFKX region of this hybrid strain revealed an amber mutation instead of the tryptophan 215 codon in
glpF. The most striking difference between the E. coil and S. flexneri DNA was found directly behind gipK,
where two repetitive (REP) sequences were present in S. jleneri, but not in the E. colU sequence. The presence
or absence of these REP sequences had no effect on transport or on growth on glycerol. Not including the REP
sequence-containing region, only 1.1% of a total of 2,167 bp sequenced was different in the two sequences.
Comparison ofthe sequence with those in the EMBL data library revealed a 99% identity between the last third
ofgpX and the first part of a gene called mvrA. We show that the cloned mvrA gene (M. Morimyo, J. Bacteriol.
170:2136-2142, 1988) originated from the 88-min region of the Escherichia coli chromosome and not, as
reported, from the 7-min region and that the gene product identified as MvrA is in fact encoded by a gene distal
to glpX.

Glycerol can enter the Escherichia coli cytoplasm by
passive or facilitated diffusion. After transport into the
cytoplasm, glycerol is phosphorylated by glycerol kinase,
encoded by glpK, and thus trapped inside the cell as sn-
glycerol-3-phosphate (G3P) (13). The existence of a trans-
port system, encoded by glpF, facilitating the passage of
glycerol across the cytoplasmic membrane was demon-
strated by Sanno et al. (45). Sweet et al. (50) clonedglpF, the
gene encoding the glycerol facilitator, showed that it com-
plemented a chromosomal glycerol transport mutation, and
identified its product as a membrane protein with an appar-
ent molecular weight of 25,000. glpF is the promoter proxi-
mal gene in an operon with glpK (50), located at 88 min on
the E. coli chromosome (3). Richey and Lin (41) observed
that wild-type Shigellaflexneri M4243 was glycerol transport
negative although glycerol kinase positive and attributed this
to a natural mutation in glpF. This phenotype was trans-
ferred by P1 transduction into an E. coli glpK mutant,
selecting for growth on glycerol. The resulting glycerol
transport-negative strain Lin282 (41) was used as a negative
control in investigations of the properties of the glycerol
facilitator in vivo (15). Both S. flerneri and the E. coli strain
with the glpFK region from S. flexneri, referred to here as a
hybrid strain, were shown to have a growth disadvantage at
low glycerol concentrations (41).
The glpFK operon belongs to the glp regulon, whose

products participate in uptake and metabolism of glycerol,
G3P, and glycerophosphodiesters. The phosphodiesterase,
GlpQ, hydrolyzes glycerophosphodiesters (the deacylated
products of phospholipids) to G3P and alcohol. G3P is
subsequently transported into the cytoplasm by the G3P
permease, GlpT. Internal G3P is converted to dihydroxyac-
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etone phosphate by either the aerobic (GlpD) or the anaer-
obic (GlpACB) dehydrogenase; dihydroxyacetone phos-
phate is then further metabolized in the glycolytic pathway.
The glp genes and operons are negatively controlled by the
GlpR repressor (reviewed in reference 23).
Although the metabolism of glycerol is well understood,

some unanswered questions remain. Two genes, gipE and
glpG, were shown to belong to theglp regulon and to encode
13- and 26-kDa proteins whose functions are unknown (47).
Mutants defective in glpF exhibit a decrease in the passive
permeability of the membrane, which manifests itself in the
increase of resistance to ethanol or tetracycline, and a
decrease in the passive diffusion of o-nitrophenyl-,B-galacto-
side (53). Here we report anotherglp regulon gene, the most
distal gene in theglpFK operon. Because the function of the
gene product (deduced molecular weight, 35,769) is as yet
unknown, we named the gene glpX.

MATERIALS AND METHODS

Bacterial strain construction. Table 1 lists the bacterial
strains used in this study. P1 transductions, with Plvir, were
performed according to the method of Miller (31). VT57 was
constructed by using a Pl lysate of Lin282 (S.flexneri M4243
glpF in E. coli) and strain GD202 (glpK) as recipients,
selecting for growth on glycerol and screening for glycerol
transport negativity. VT56 and VT55 were constructed by
transducing the trpll4::TnlO of VT1 and VT3 (VT3 with S.
flexcneriglpF) to Trp+ with a P1 lysate from TlGP (cls). The
transductants were tested for resistance to 3,4-dihydroxy-
butyl-l-phosphonate, conferred by the cls mutation (16). To
construct VT185, VT3 was transduced to Trp+ with a P1
lysate from TlOGP (cls').
Growth. For genetic constructions or DNA preparation,

bacterial strains were grown in rich medium (LB) (31). For
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TABLE 1. Bacterial strains

Strain Description Construction,a reference,
or source

BW7622 Hfr KL96 trpBll4::TnlO thi-1 reL4U 55
GD95 MC4100 glpF(Am) (S. flexneri) cdh4::TnlO P1 MW1104 -*VT57
HB290 MC4100 minB rpsL mgl 14
LE392 supF supE44 lacYmetB tonA galK trgR hsdR 12
Lin 282 HfrC AphoA glpF(Am) (S. flexneri M4243) 41
MC4100 F- araD139 A(argF-lac)U169 rpsL50 reL41 deoCptsF25 rbsR thiflbB5301 7
MW1104 Hfr reLAI metA7 spoTI cdh4::TnlO 5
Ra2 Hfr mal-28 sfa-4 supE42 24
RJ70 MC4100 glpF::TnlO R. Jin
TG1 MC4100 A(lac-pro) supE thi hsdD5/F' traD36proA+B+ lacIq LacZAM15 6
TlGP F- cls met ilv lacI supE44 supF(?) 39
TlOGP F- cls+ met ilv lacl supE44 supF(?) 39
TS100 MC4100glpR T. Silhavy
VT1 MC4100 trpB114::TnlO P1BW7622->MC4100
VT3 MC4100glpF(Am) (S. flexneri) trpB114::TnlO P1 BW7622-VT57
VT4 Ra2 glpF(Am) (S. flexnepi) supE cdh-4::TnlO P1 GD95-)Ra2
VT55 MC4100 cls glpF(Am) (S. flexneri) This study
VT56 MC4100 cls This study
VT57 MC4100 glpF(Am) (S. flexnei) This study
VT132 MC4100 cls glpF::TnlO P1 RJ70-VT56
VT183 LE392 glpF::TnlO P1 RJ70-.LE392
VT185 MC4100 supFglpF(Am) (S. flexneni) This study

a The donor and recipient in constructions by P1 transduction are indicated.

transport and 3-galactosidase assays, strains were grown in Cmr and screening for complementation of the GlpK- phe-
minimal medium A (MMA) (31) supplemented with 0.4% notype (growth on glycerol). pVT21 and pVT29 contain the
Casamino Acids (Difco). When necessary, chloramphenicol same inserts in the same vector as pVT20 and pVT28,
or spectinomycin was used at a concentration of 15 or 50 respectively, but in opposite orientation. Subcloning of the
p,g/ml, respectively, in MMA or at twice these concentra- 2.9-kb HindIII fragment into pHSG575 yielded pVT15,
tions in rich medium (antibiotics from Sigma). Cells were which complemented the GlpK- phenotype. pVT54 was
routinely grown at 37°C overnight. Growth media were derived from pVT21 after digestion with HincII and religa-
obtained from Difco. tion of the 5.1-kb fragment. This resulted in deletion ofglpF,

Plasmid construction. Plasmids used in this study are listed glpK, and part of the glpX gene (see Fig. SA). pVT60
in Table 2. DNA methods were those of Maniatis et al. (27) contains the 1-kb HindIII-PstI fragment of pVT54 ligated
and Silhavy et al. (48). pVT13 contains the 6.0-kb BamHI- into HindIII-PstI-digested vector pHSG575. pVT59 was
PvuII fragment of pGD31 (Fig. 1), cutting in the first third of constructed by digesting pVT54 with Sacl and filling the 3'
glpK and in the cdh gene (see Fig. 1), cloned into pHSG575 sticky ends by using T4 DNA polymerase prior to ligation.
(digested with BamHI-SmaI). pVT20 and pVT28 were con- Digestion of pVT54 with SmaI and NruI followed by religa-
structed by digesting pDG31 (E. coli DNA) and chromo- tion yielded pVT65, in which a portion ofglpX, contained on
somal DNA from VT57 (hybrid strain) with PstI and ligating the small SmaI-NruI fragment, was deleted. The glpX::lacZ
fragments of approximately 5 kb into pHSG575 (Fig. 1). The protein fusion in pVT46 was constructed by digestion of
ligation mixture was transformed into VT183, selecting for pVT`21 with FspI, cutting 430 bp after the start of the glpX

TABLE 2. Plasmids

Plasmid Description Reference

pBR322 Apr Tcr 4
pGD31 pBR322 Apr glpFKX cdh tpi sbp orfl orf2 This study
pHP45 Omega element Spcr Smr Apr 40
pHSG575 pSC101 Cmr lacZ' 51
pNM482 pMC1403 Apr lacZ/Y 32
pVT13 pHSG575 Cmr glpX orfl orf2 tpi This study
pVT15 pHSG575 CmrglpKX This study
pVT20/21 pHSG575 Cmr glpFKX orfl of2 This study
pVT28/29 pHSG575 Cmr glpF(Am) glpKX orfl orf2 (S. flexnepi) This study
pVT46 pHSG575 CMrglpFKglpX::lacZ This study
pVT47 pHSG575 Cmr glpF(Am) glpKglpX::lacZ (S. flexneri) This study
pVT54 pHSG575 Cmr orfi7or2 This study
pVT59 pHSG575 Cmr orfi This study
pVT60 pHSG575 Cmr or2 This study
pVT65 pHSG575 Cmr orfl or12 This study
pVT70 pHSG575 Cmr SpcTglpFglpXorfl orf2glpK::fQ (EcoRV) This study
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FIG. 1. Restriction map of the gIpFKX region of the E. coli chromosome. Inserts of constructed plasmids, subcloned into the vector
pHSG575, are indicated. External restriction sites are taken from the work of Kohara et al. (19). The direction of transcription of theglpFKX
operon is towards tpi or counterclockwise on the E. coli chromosome, opposite of the direction suggested in the eighth edition of the linkage
map (3).

gene (see Fig. 3), and ligation with the 3.2-kb SmaI
fragment from pNM482, containing the lacZ gene. Con
tion of pVT47 was the same as that for pVT46, startinj
pVT29, containing the S. flexneri glpFK region. Contii
reading frames were created. The glpX::lacZ fusions
expressed from the glpFK operon promoter. The 1,8
FspI fragment containing DNA downstream of glp)
deleted. pVT70 contains the SmaI-digested polar interl
Ql (from pNM482 [40]) inserted into the EcoRV site in
(in pVT21); the 289 bp between the two adjacent E
sites were deleted (Fig. 1) and the HindIII site betwee
EcoRV sites was lost.

Cloning strategy for sequencing. The 1.4- and 1.6-kt
fragments of pVT20 and -28 were digested with EcoR]
AluI, with the intention of identifying smaller fragment:
different electrophoretic mobilities. The 0.6-kb Alu
0.5-kb EcoRII fragments (Fig. 2) were cloned in both
tions into the HincII site from M13mpl9 (for the E
fragment, after ifiling the 3' ends with T4 DNA polymi
and were sequenced by using the M13 primer. An

BamH I BgIpK I
Ban*I I agl I AIu I

reading frame of 225 amino acids was found. The rest of the
glpX gene was sequenced with the help of synthetic primers
(positions shown in Fig. 2). The BamHI-HindIII fragment
from pVT20 (2.4 kb), starting within the glpK gene (Fig. 2),
was cloned into M13mpl8 and -19 (30, 58) and then used as
template DNA. The specific primers were 17-mers (Mi-
crosynth) and were used as follows: 150 nmol was resus-
pended in 100 ml of H20, and 1 ml of a 1:1,000 dilution was
used for each annealing. Two open reading frames down-
stream ofglpX, orfl and orf2, were partially sequenced. The
HindIII-PstI fragment containing orfl and orf2 (Fig. 1) was
cloned into M13mpl8 and -19 and sequenced in only one
direction by using the M13 primer. For sequencing glpF, the
0.8-kb BamHI-EcoRV fragments of pVT20 and pVT28 (Fig.
1) were used. Fragments were cloned into M13mpl8 and -19
and then transformed into TG1. Single-stranded DNA was
prepared as described by Silhavy et al. (48). DNA sequenc-
ing was done according to the dideoxy method of Sanger et
al. (44) using the description of United States Biochemical
Corp. (54). a-35S-dATP (0.5 IL; 5 ,Ci, 10 ,uM; New England

IpX r- -ao rlfI
EcoRlI Alu I EcoRII BgyI Hind III Pst I

, II

A/u l / M13 prime

Alu I comp./

ir EcoRII/ M13 pri

M13 primer

primer V3

primer Vl

M13 primer
Hind IlVPst I

primer V4
primer V2 primer V5

M13 primer
FIG. 2. Sequencing strategy for glpX. DNA templates and primers are indicated. The exact locations of the synthetic primers Vl to V5

are shown in Fig. 3. Only the two important AluI and EcoRII sites are shown. AluI comp., complementary strand.

in I -.L

0 0 I % I
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Nuclear) was included in each reaction. Unless otherwise
indicated, the M13 primer from the United States Biochem-
ical kit was used. Sequences were compared with those in
the EMBL data library (9). The Mail-FASTA service is
based on the search algorithm, which is implemented in the
FASTA program of Pearson and Lipman (36). Promoter
homology scores were calculated according to the method of
Mulligan et al. (34).

Minicells. Minicells from 200 ml of LB overnight cultures
of strain HB290 carrying the indicated plasmids were pre-
pared according to the methods of Maegher et al. (26) and
Russel and Model (43). Aliquots of the prepared minicells at
an optical density at 600 nm of 0.5 were labeled with 10 ,uCi
of ["S]methionine (New England Nuclear) for 5 min. The
chase was done with 0.3 mM methionine for 10 min. After
being washed, the cells were resuspended in 25 pl of sample
buffer and incubated for 60 min at 37°C (GlpF aggregates at
higher temperatures). Samples were loaded onto sodium
dodecyl sulfate (SDS)-12.5% polyacrylamide gels. After
electrophoresis, the gel was stained with Coomassie brilliant
blue (Serva) for visualization of the protein standard and
later autoradiographed overnight. Gels, buffers, and staining
and destaining solutions were prepared as described by
Laemmli (21).

Nucleotide sequence accession numbers. The sequence of
glpX from E. coli as shown in Fig. 3 was submitted to the
EMBL data library and assigned accession number Z11767.
The sequence of the glpX region from S. flexneri, also
including the repetitive (REP) sequences and the beginning
of orfl, has accession number Z11766. The sequence of the
S. flexneri glpF gene, as shown in Fig. 7, has accession
number Z11768.

RESULTS

glpX sequence. Figure 1 shows the endonuclease restric-
tion map of the relevant region around the glpFK operon of
E. coli. We sequenced DNA beginning at the 3' end ofglpK
and continuing into orfi, after cloning AluI, EcoRII, and
BamHI-HindIII fragments into M13. The sequencing strat-
egy as well as the positions of the primers used is shown in
Fig. 2. The obtained sequence is shown in Fig. 3. After the
TAA stop codon of the glpK gene at position 17, we
observed an open reading frame starting with ATG at
position 25 and extending to the stop codon TGA at position
1162. The glpX gene starts with the ATG at position 154, as
is clear from comparison of the intergenic region between
glpK and glpX with the corresponding sequence from S.
flexneri, which we also determined (see below).

The DNA sequence of glpK and glpX from S. flexneri is
nearly identical to that from E. coli, except in the intergenic
region between glpK and glpX. In S. flexnei, two REP
sequences (49) (Fig. 4A), which are only partially present in
the E. coli sequence (Fig. 4B; boldface letters at positions 23
to 66 in Fig. 3), were found. The start ofglpX in both the E.
coli and S.flexnen sequences is identical and is preceded by
a typical ribosomal binding site (SD in Fig. 3), concurring in
6 nucleotides with the consensus sequence (11). Consistent
with this assignment of the glpX start is the observation that
the gene product is identical in size whether encoded by E.
coli glpX or by S. flexneri glpX (lanes labelled pVT20 and
pVT28, respectively; Fig. SB). The glpX gene consists of
1,011 nucleotides encoding a polypeptide chain of 337 amino
acids with the calculated molecular weight of 35,769. The
glpX stop codon was followed by a typical rho-independent
transcription terminator (42) with a stem length of 9 nucleo-

tides, a 4-base loop, and a tail of 7 Ts (boldface letters
underlined in Fig. 3).

Distal toglpXwe recognized another open reading frame,
orfl, beginning with ATG at position 1261 and continuing to
the end of the sequenced DNA. This sequence encodes the
amino-terminal portion of ORF1, a 28-kDa protein that was
identified by the minicell technique (see below) (Fig. SB).

Expression of glpX in minicells and induction by G3P. To
learn whether the glpX gene belonged to the glp regulon,
glpX was cleaved with FspI (Fig. 3) and fused to lacZ,
yielding pVT46. pVT47 was constructed similarly by using
DNA from S. flexneri. The glpFK operon promoter was
present on these plasmids. Analysis of plasmid-encoded
proteins in minicells (Fig. 6) proved that lacZ was fused to
the gene coding for the GlpX protein. From the glpX
sequence (Fig. 3), we had learned that glpX stopped 210 bp
in front of the HindIII site used for constructing pVT15 (Fig.
1). Therefore, the only protein besides GlpK and GlpF
encoded by pVT15 and pVT20 had to be the GlpX protein
(Fig. 6). This protein band with a size of approximately 40
kDa disappeared in pVT46 and pVT47. Instead, a band with
the apparent molecular weight of 130,000 was expressed
from these two plasmids carrying glpX::lacZ fusions. The
size agreed with the expected hybrid protein size of 116 kDa
from 3-galactosidase plus 14.9 kDa from the truncated GlpX
protein. The existence of the fusion protein confirmed the
reading frame of glpX (Fig. 3). The ORFi protein is also
indicated in Fig. 6.

3-Galactosidase assays (Table 3) showed that glpX
expression from pVT46 could be induced fivefold with
glycerol or G3P and was constitutively expressed in glpR
strains. The constitutive level of expression in the glpR
mutant was considerably higher than that in glycerol-in-
duced wild-type strains. Schweizer et al. (46) also observed
lower levels of expression of glpD::lacZ and glpT::lacZ
fusions induced with G3P in a wild-type strain than in aglpR
mutant. In pVT47 (DNA from S. flexneri), both the maximal
expression and the induction of glpX::lacZ were less than
those of the E. coli fusion (pVT46). As shown in Fig. 7, glpF
from S. flexner contains an amber mutation that is slightly
polar on the expression of distal genes. This is consistent
with the observation by Kim and Corwin (18) that glycerol
kinase, encoded byglpK, was expressed in S.fleneri at half
the level of that in E. coli. Suppression of glpF(Am) in a
supF mutant (VT185, Table 3) resulted in glpX expression
like that in E. coli, demonstrating that glpX belongs to the
glpFKX operon.
Even though it is clear that glpX is expressed from the

glpF promoter and thus part of the operon, we cannot
exclude the possibility of an additional separate promoter for
glpX. TheglpXgene was still expressed in minicells carrying
plasmid pVT13 with an intact glpX gene but lacking the
operon promoter, glpF, and part of glpK. Similarly, intro-
duction of an omega interposon (40) into the EcoRV site of
glpK (pVT70) did not prevent the expression of glpX in
minicells (data not shown).
The function of GlpX remains unknown. The hydrophobic-

ity plot according to Kyte and Doolittle (20) showed a
protein with no extended hydrophobic or hydrophilic re-
gions. Thus, the GlpX protein is probably not a membrane
protein. GlpX does not appear to have a signal sequence.
Glycerol transport measurements in wild-type strains or
glpF mutants transformed with pVT46 (glpF+K+glpX::lacZ)
or pVT20 (glpF+K+X+) showed a slight increase in the rate
of uptake when strains transformed with pVT46 were com-
pared with those transformed with pVT20 (data not shown).
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glpK
a -1I *

GGAA GAA CAC GAC GAA TAA TGT AA LTG CCG ALT GAL GCM TTT ATG CCG CAT CCG GTA GTC CCG AAA CGT GCG GGG 75

a . . . . SD
GCA ACC CCG CAC ACA TCA ATA ATC CCS CCC TTC CCC TGT GCT ACA CTT CGC GCC ATT CCT TAC TGC TTA GAG TTT 150

1-> glpX. . . T
GCT AlG AGA CGA GAA CTT GCC ATC GAA TTT TCC CGC GTC ACC GAA TCL GCG GCG CTG GCT GGC TAC AAA TGG TTA 225

Met Arg Arg Glu Leu Ala Ile Glu Phe Ser Arg Val Thr Glu Ser Ala Ala Leu Ala Gly Tyr Lys Trp Leu

GGA CGC GGC GAT AAA AAC ACC GCG GAC GGC GCG GCG GTA AAC GCC ATG CGT ATT ATG CTC AAC CAG GTC AAC ATT 300
Gly Arg Gly Asp Lys Asn Thr Ala Asp Gly Ala Ala Val Asn Ala Met Arg Ile Met Leu Asn Gln Val Asn Ile

GAC GGC ACC ATC GTC ATT GGT GAA GGT GAA ATC GAC GAA GCA CCG ATG CTC TAC ATT GGT GAA AAA GTC GGT ACT 375
Asp Gly Thr Ile Val Ile Gly Glu Gly Glu Ile Asp Glu Ala Pro Met Leu Tyr Ile Gly Glu Lys Val Gly Thr

. V2
GGT CGC GGC GAC GCG GTA GAT ATT GCT GTT GAT CCG ATT GAA GGC ACG CGC ATG ACG GCG ATG GGC CAG GCT AAC 450
Gly Arg Gly Asp Ala Val Asp Ile Ala Val Asp Pro Ile Glu Gly Thr Arg Met Thr Ala Met Gly Gln Ala Asn

GCG CTG GCG GTG CTG GCA GTA GGC GAT AAA GGC TGC TTC CTC AAT GCG CCG GAT ATG TAT ATG GAG AAG CTG ATT 525
Ala Leu Ala Val Leu Ala Val Gly Asp Lys Gly Cys Phe Leu Asn Ala Pro Asp Met Tyr Met Glu Lys Leu Ile

*. IFa~~~~~~~~~~~~~~~~|PpI
GTC GGG CCG GGA GCC AAA GGC ACC ATT GAT CTG AAC CTG CCG CTG GCG GAT AAC CTG CGC AAT GTA GCG GCG GCG 600
Val Gly Pro Gly Ala Lys Gly Thr Ile Asp Leu Asn Leu Pro Leu Ala Asp Asn Leu Arg Asn Val Ala Ala Ala

CTC GGC AAA CCG TTG AGC GAA CTG ACG GTA ACG ATT CTG GCT AAA CCA CGC CAC GAT GCC GTT ATC GCT GAA ATG 675
Leu Gly Lys Pro Leu Ser Glu Leu Thr Val Thr Ile Leu Ala Lys Pro Arg His Asp Ala Val Ile Ala Glu Met

.Vl
CAG CAA CTC GGC GTA CGC GTA TTT GCT ATT CCG GAC GGC GAC GTT GCG GCC TCA ATT CTC ACC TGT ATG CCA GAC 750
Gln Gln Leu Gly Val Arg Val Phe Ala Ile Pro Asp Gly Asp Val Ala Ala Ser Ile Leu Thr Cys Met Pro Asp

V3 Hnall . C/Cly
AGC GAA GTT GAC GTG CTG TAC GGT ATT GGT GGC GCG CCG GAA GGC GTA GTT TCT GCG GCG GTG ATC CGC GCA TTA 825
Ser Glu Val Asp Val Leu Tyr Gly Ile Gly Gly Ala Pro Glu Gly Val Val Ser Ala Ala Val Ile Arg Ala Leu

* I-> rAwz
GAT GGC GAC ATG AAC GGT CGT CTG CTG GCG CGT CAT GAC GTC AAA GGC GAC AAC GAA GAG AAT CGT CGC ATT GGC 900
Asp Gly Asp Met Asn Gly Arg Leu Leu Ala Arg His Asp Val Lys Gly Asp Asn Glu Glu Asn Arg Arg Ile Gly

T
GAG CAG GAG CTG GCA CGC TGC AAA GCG ATG GGC ATC GAA GCC GGT AAA GTA TTG CGC CTG GGC GAT ATG GCG CGC 975
Glu Gln Glu Leu Ala Arg Cys Lys Ala Met Gly Ile Glu Ala Gly Lys Val Leu Arg Leu Gly Asp Met Ala Arg

.T
AGC GAT AAC GTC ATC TTC TCT GCC ACC GGT ATT ACC AAA GGC GAT CTG CTG GAA GGC ATT AGC CGC AAA GGC AAT 1050
Ser Asp Asn Val Ile Phe Ser Ala Thr Gly Ile Thr Lye Gly Asp Leu Leu Glu Gly Ile Ser Arg Lys GIy Asn

V4 NruI . . . .V5
ATC GCG ACT ACC GAA ACG CTG CTG ATC CGC GGC AAG TCA CGC ACC ATT CGC CGC ATT CAG TCC ATC CAC TAT CTG 1125
Ile Ala Thr Thr Glu Thr Leu Leu Ile Arg Gly Lys Ser Arg Thr Ile Arg Arg Ile Gln Ser Ile His Tyr Leu

glpX -I C . . . terminator
GAT CGC AAA GAC CCG GAA ATG CAG GTG CAC ATC CTC I=A TTG ATT TGA TCG ATT GAG CCT TCC AG! CCT TCG GGA 1200
Asp Arg Lys Asp Pro Glu Met Gln Val His Ile Leu ***

1-> orfl
CTG GAA TTT TTT TGT TCG GAG AAC GAA GAT AAG GCA AGT CAA TCA AAA CAG GAG AAA AAC Arc GCT GAT TGG GTA 1275

Met Ala Asp Trp Val

ACA GGC AAA GTC ACT AAA GTG CAG AAC TGG ACC GAC GCC CTG TTT AGT CTC ACC GTT CAC GCC CCC GTG CTT CCG 1350
Thr Gly Lys Val Thr Lys Val Gln Asn Trp Thr Asp Ala Leu Phe Ser Leu Thr Val His Ala Pro Val Leu Pro

iHndIlI . . T
TTT ACC GCC GGG CAA TTT ACC AAG CTT GGC CTT GAA ATC GAC GGC GAA CGC GTC CAG CGC GCC TAC TCC TAT GTA 1425
Phe Thr Ala Gly Gln Phe Thr Lys Leu Gly Leu Glu Ile Asp Gly Glu Arg Val Gln Arg Ala Tyr Ser Tyr Val

AAC TCG CCC GAT AAT CCC GAT CTG GAG TTT TAC CTG GTC ACC GTC CCC GAT GGC AAA TTA AGC CCA CGA CTG GCG 1500
Asn Ser Pro Asp Asn Pro Asp Leu Glu Phe Tyr Leu Val Thr Val Pro Asp Gly Lys Leu Ser Pro Arg Leu Ala

T .G .A T C . T G. L . G
GCA CTG AAA CCA GGC GAT GAA GTG CAG GTG GTT AGC GAA CGG CAG GAT TCT TTG TCC TCG ATG AAG TGC CGC ACT 1575
Ala Leu Lys Pro Gly Asp Glu Val Gln Val Val Ser Glu Arg Gln Asp Ser Leu Cys Ser Met Lys Cys Arg Thr

Gln Lou Ala Ph. Tsp Tyr
*vrA -I

GCG AAA CGC TAT GGA TGC TGG CAA CCG GTA CAG CGA TTG GCC CTT ATT TAT CGA TTC TGC AAC CTA GGr AAA GAT 1650
Ala Lys Arg Tyr Gly Cys Trp Gln Pro Val Gln Arg Leu Ala Leu Ile Tyr Arg Phe Cys Asn Leu Gly Lys Asp

FIG. 3. Sequence ofglpX and downstream region. The primers used (Vl to V5) are indicated. The possible Shine-Dalgarno sequence of
glpX is underlined. The start and stop codons of the reported mvrA gene (33) are indicated. The TAA stop codon of mvrA (position 1644) is
out of frame with the orfl sequence. Important restriction sites are indicated. The FspI site is identical to the fusion joint of the glpX::lacZ
fusion of pVT46 and pVT47. The incomplete open reading frame (orfl) sequence is shown. Indicated in boldface are the nucleotides that are
different in the S. flexneri sequence.

Potential clues for the function of GlpX came from compar- GlpX also shows some homology to various ATPases but
ison of its amino acid sequence with those in the EMBL not to the conserved nucleotide-binding fold.
library. The highest homology found was 44% identity in 95 Part of the glpX nucleotide sequence is similar to that of
amino acids to a protein of unknown function, the product of mvrA. In a comparison of the glpX nucleotide and protein
an open reading frame located in a cluster of genes encoding sequences with those of the EMBL gene bank library, a
glycolytic enzymes (1). The homology was between the sequence with high homology (96% identity in 410 nucleo-
entire unknown open reading frame, urft (95 amino acids tides and 99% in 107 amino acids) was found. This sequence
long), and the last third of the GlpX sequence. In addition, belonged to an E. coli gene, mvrA, whose product was
an identity of 68% in 31 amino acids with fructose-1,6- described as conferring resistance to methyl viologen (MV),
biphosphatase from Synechococcus leopoliensis (28) was an active oxygen radical propagator (33). Morimyo had
found. No specific functions for the 31-amino-acid stretch of isolated mutants sensitive to MV in the presence of oxygen
this enzyme or for the Urfl protein have been identified and had mapped the mvrA mutation by Hfr crosses at 7 min
(36a). on the E. coli chromosome. The myrA gene had been cloned
I I
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A
E. coli
TAATGT AAATGCCGAATGAAGCGTTTATGCCGCATCCGGTAGTCCCGAAA CGT

S.flexneri <------------- REP1 ------------>
TAATGT CAGGCACCTGAATCGATTGCCTGATGCTGATCGCCTGATGCGACGTTACGCGTCTTATCAGGCCTACGA

<- ------- REP2 ->

GCCAATGCCATTTTGTGTAGGCGGGATAAGGCGTTCACGCCGCATCCGGCATCACGCAGACTCTGAAAC CGT

B
stop glpK

stop glpK

homologous
x complementary /

TAATGTAAATGCCGAATGAAGCGTTTATGCCGCATCCGGTAGTCCCGAAACGTGCGGGG
HI M11 III III 1111 IIIIIIIIIII 1111111111
TAATG GATCGCCTGATGCGACGTTYACGCCGCATCCGGCATCACGCAG CGTGCGGGG

A C
C T
G T
CxG
GxC

\REP .xA
p 1 CxG

TXA
CAGGCACCTGAATCGATTGCCTATGCT\ TXA

CAGGCACCTGAATCGATTGCCTGATGCT AXT

REP 2

E. coli

S. flexneri

CTCTGAAAC

TXA
CxG
A G
G G
GxC
CxG
CxG
TXA
AxT
CxG

GAGCCAATGCCATTTTGT
FIG. 4. Difference between the S. flexneri and E. coli glpK and glpX intergenic regions. (A) Both sequences begin with the TAA stop

codon of the glpK gene and end with CGT, 84 bp prior to the ATG start codon ofglpX. Before and after these positions, both sequences are
nearly identical. REP refers to the extragenic palindromic sequences as defined by Stern et al. (49). (B) The two sequences are aligned to show
that the E. coli sequence perhaps previously included the REP sequences present in the S. flexneri sequence but that they were lost by
deletion. This model is analogous to the proposal of Levinson and Gutman (22).

from an E. coli PstI gene bank by screening for MV
resistance. The restriction map of the cloned 5.2-kb PstI
fragment, which complemented the MV sensitivity (33), was
identical to that of our pVT20 (Fig. 1). Comparison of these
sites with the map described by Kohara et al. (19) showed no

similarity in the 6- to 8-min region, but they could be easily
identified at 88 min, where the glpFKX operon is located
(Fig. 1). Therefore, either Morimyo's mapping of the mvrA
mutation was incorrect or the cloned DNA fragment from
the 88-min region complements the mutation in the 7-min
region, without being identical with the mvrA gene.
The MyirA protein is encoded on the DNA downstream of

glpX. Comparison of the glpX and mvrA sequences revealed
some differences. The published mvrA gene sequence
started at position 835 in the sequence shown in Fig. 3, 682
bp downstream of theglpX start codon. The reading frame of
mrvA was the same as that ofglpX, but the glpX stop codon
did not appear in the published mvrA sequence (33). Instead,
5 bp in front of the stop, an extra C appeared in the mvrA
sequence, prolonging the reading frame to the end of the
reported 807-bp mvrA gene. Comparing the mvrA sequence
to that of glpX, we found that in the published mvrA
sequence 2 nucleotides were missing, 1 was extra, and 6
nucleotides were different from those in the sequence shown
in Fig. 3. The postulated promoter for mvrA (33) had a score

of only 18% (34). Experiments were performed to test
Morimyo's conclusions. The product of the mvrA gene had

been described as a 29.7-kDa protein. This was reminiscent
of the 28-kDa protein (ORF1) expressed from pVT20 in
minicells (Fig. 5B and 6). This protein and also a 16-kDa one
(ORF2) were encoded by DNA located between the HindIII
and PstI sites of pVT20 (Fig. SA). Therefore, both were
missing in pVT15. Starting from pVT21 (carrying the same
insert as pVT20), we subcloned the HincII-PstI fragment
(Fig. 5A) with which Morimyo (33) presumably had worked
(pMV1-4-2). Starting with the resulting plasmid, pVT54,
three further plasmids were constructed (pVT59/60/65, as
described in Materials Methods; Fig. 5A).

Plasmid-encoded proteins were examined in minicells and
are shown in Fig. 5B. pVT54 encoded both proteins ORF1
and ORF2. glpX had been cleaved by HincII, accompanied
by the disappearance of the 40-kDa band. The pVT54 protein
profile was the same as that of Morimyo's plasmid pMV1-
4-2, although he did not mention the 16-kDa protein (ORF2),
which could be seen at the bottom of his SDS-polyacryl-
amide gel (see Fig. 7 in reference 33). pVT60 (HindIII-PstI)
did not show the 28-kDa protein (ORF1), indicating that the
DNA between the HincII and HindIII sites was required for
expression of the orfl gene. In pVT59, the 16-kDa protein
disappeared, indicating that SacI had cut within the orJ2
gene. From pVT60 and pVT59, we learned that orfi was the
gene following glpX. Finally, pVT65 proved that the mvrA
gene product was not encoded as described by Morimyo. In
his localization (33) of the mvrA gene, the NruI site should

J. BACTERIOL.
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Pst BarnHI Hind ill
Hindl Hincl BamH

gIpF g9pK

pVT1 5

pVT20/28

Hind li1
Hincdl Hlncil Nn

1 _

Pst I

Sad|

LpX orfl orf2
pVT60

pVT65

pVT54/pVT59

GIpX-LacZ .- _ -1 16kD
- 97kD

- 66kD

G lp K0- -- _

- 45kD
GlpX--

- 36kD

-m
45kD

- 36kD

ORF 1 _- _ _ _ - 29 kD- 2

_ 2 4 k D~~~~24k

ORF 2-

- 20 kD

_.___

- 14kD

< <

() -4 -4 -4 -
- -4

) - V UCA 0 Cl} N
oJ t1 0 CD OC O1a 4 0 CA co

FIG. 5. Gene products encoded distal to glpK. (A) Restriction
map of the chromosomal inserts of pVT20/21 (5.2 kb), pVT54,
pVT59, pVT60, and pVT65. In pVT59, the SacI site from pVT54 is
lost. (B) Proteins expressed from the indicated plasmids were
labeled with [35S]methionine and separated by SDS-polyacrylamide
gel electrophoresis. The proteins GlpX, ORF1, and ORF2 are
indicated; molecular sizes (in kilodaltons) are indicated on the right.

cut the gene encoding the 28-kDa protein into two pieces
(Fig. 3). This was not the case, since the 28-kDa protein was
still synthesized.
The order of the three open reading frames downstream of

glpK has now been established as glpX, orfl, and orf2 (40,
28, and 16 kDa, respectively). The 29-kDa protein, seen by
Morimyo on SDS-polyacrylamide gels, is ORF1. Delimita-
tion of the mvrA gene by Tn1000 insertion mutagenesis
followed by localization via restriction analysis (33) appar-
ently led to incorrect conclusions.
Does ORF1 confer MV resistance? Because the mvrA gene

had been cloned by Morimyo (33) via complementation in
MV-sensitive mutants, we wanted to test whether this was
the function of ORF1. Therefore, we examined the ability of
different strains carrying various plasmids to grow in LB
supplemented with 0.5 to 4 mM MV. No difference was
observed for wild-type strains with or without plasmids
pVT54 and pVT20 (data not shown). Growth always stopped
in the presence of more than 3 mM MV. Because pVT54
carries the same insert as Morimyo's plasmid pMV1-4-2, it
should also confer resistance to MV. Morimyo reported the
isolation of an MV-sensitive mutant that could be comple-
mented with plasmid pMVl-4-2. Since this mutant is not
available (33a), the effect of ORF1 on MV resistance could
not be tested. The resistance might be detectable only on the
basis of complementation, and the cloned gene might be
incapable of increasing the normal MV tolerance of a wild-

ORF1 _ _ - 29 kD
GIpF 24 kD
Cm_

20 kD

-4kD

-4

cn s t o

FIG. 6. GlpX-LacZ hybrid protein. Proteins were expressed in
minicells containing the plasmids pVT46, pVT47, pVT20, and
pVT15 (Fig. 1). The GlpX-LacZ fusion protein, GlpX, GlpK (56 kDa
[37]), GlpF (25 kDa [50]), ORF1, and chloramphenicol acetyltrans-
ferase (Cm) from the vector pHSG575 are indicated. Molecular sizes
(in kilodaltons) are indicated on the right.

type strain. Comparison of the ORF1 partial nucleotide and
amino acid sequences with those in the EMBL data bank (9)
showed no significant homology to other proteins.
The glpF sequence of S.flexneri. We had observed that the

glpF mutation from S. flexneri caused, in addition to a
glycerol transport-negative phenotype, an alteration in the
general permeability properties of the E. coli membrane (53).
It was therefore of interest whether theglpFKX region of S.
flexneri would exhibit major differences in comparison to the
E. coli sequence. Southern blot analysis (data not shown)
demonstrated that the only difference between the chromo-
somal DNA from wild-type E. coli and the E. coli-S. flexneri
hybrid strain was in a BglI fragment containing the end of
glpK plus distal DNA, which was 0.2 kb longer in the hybrid
strain. We cloned the S.flexneri DNA from the chromosome
of the hybrid strain into a low-copy-number vector. We

TABLE 3. Induction of glpX::lacZ

P-Galactosidase
Strain Plasmid activitya Inductionfactorb

Uninduced Inducedc

MC4100 pTV46 0.9 4.4 5
MC4100 pVT47 1.0 2.0 2
TS100 (glpR) pVT46 11 NDd 12
TS100 (glpR) pVT47 3.2 ND 3.2
VT185 (supF) pVT47 1.1 5.5 5
TlGP (cls supF?)e pVT47 0.8 5.2 6.5
TlOGP (cls+ supF?)e pTV47 0.7 3.9 5.6

a The P-galactosidase activity (in nanomoles per minute x milligrams of
protein) was measured in permeabilized cells from overnight cultures, as
described by Miller (31).

b Cells in the logarithmic phase of growth exhibited the same factors of
induction but at levels three- to fourfold higher than those given.

c Glycerol (5 mM) or G3P was added as inducer.
d ND, not determined.
I These strains were described as supE, not supF (39).

VOL. 174, 1992

GlpXao.- ow Idol*,



6988 TRUNIGER ET AL.

IBamHI I->glpF . . . C

CTTCAGGATCCGATTArGAGTCAACATCAACCTTGAAAGGCCAGTGCATTGCTGAATTCCTCGGTACCGGGTTGTTGATTTTTTTCGGTGTGGGTTGCG

. . Q. ...

TTGCAGCACTAAAAGTCGCTGTGCGTCTTTTGGTCAGTGGGAAATCAGTGTCATTTGGGGACTGGGGGTGGCAATGGCCATCTTACCGACCGCAGGGGT

. . . ...

TTCCGGCGCGCATCTTAATCCCGCTGTTACCATTGCATTGTGGCTGTTTGCCTGTTTCGACAAGCGCAAAGTTATTCCTTTTATCGTTTCACAAGTTGCC
. T

IZoV . . . .H.n.I.I.-IGGCCTTCTGCTGCTGCAGGCTTAGTTTCACGGGCTCTTACTACAATTATTTTTCGACTTGAGCGCTACCA861GGCACTGAAT

TTGATCTGGCTGGCACTTTCTCTACTTACCCTAATCCTCATATCAATTTTGTGCAGGCTTTCGCAGTTGAGATGGTGATTACCGCTATTCTGATGGGGCT
(T Muramatsu).

GATCCTGGCGTTAACGGACGATGGCAACGGTGTACCACGCGGCCCTTTGGCTCCCTTGCTGATTGGTCTACTGATTGCGGTCATTGGCGCATCTATGGGC

CCATTGACAGGTTTTGCCATGAACCCAGCGCGTGACTTCGGTCCGAAAGTCTTTGCCrACCTGGCGGGCTGGGGCAATGTCGCCTTTACCGGCGGCAGAG

ACATTCCTTACTTCCTGGTGCCGCTTTTCAGCCCTATCGTTGGCGCGATTGTAGGTGCATTTGCCTACCGCAAACTGATTGGTCGCCATTTGCCTTGCGA
S¢oRV . . . . HindIII _

TATCTGTGTTGTGGAAGAAAAGGAAACCACAACTCCTTCAGAACAAAAAGCTTCGCTGrAA 8 61

100

200
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FIG. 7. The glpF sequence from S. flexnei contains an amber mutation. The S. flexneri and the E. coli glpF were sequenced up to the
EcoRV site. Shown is the sequence of S. flexneri. Indicated in boldface are the nucleotides that are different in the two sequences. The
sequence distal to the EcoRV site is taken from the E. coli glpF sequence (35). The A in position 518 was reported to be a T.

subcloned and sequenced the DNA distal toglpK, the region
containing the difference between S. flexneri and E. coli.
Since we expected the relevant alteration of the mutant to be
distal to glpK, we first focused our attention on this region.
AluI cuts 128 nucleotides before the glpK stop codon (37).
The S. flexneri and E. coli 'glpK sequences in this area were
identical, with one exception: in S. flexneri, the last nude-
otide before the stop codon was G, not A, without changing
the C-terminal glutamic acid. The glpK stop codons were
followed by the 3 identical nucleotides, TGT, and then by
completely different sequences (Fig. 4). After 44 nucleotides
in E. coli and 138 in S. fle-xneri, the DNA sequences were
again identical starting with CGT; 416 nucleotides with only
two differences followed. This common sequence contained
glpX. Thus, the region of nonhomology between S. flexneri
and E. coli was limited to a segment directly distal to glpK,
which was 94 nucleotides longer in S. flexneri. Comparison
of the S. flexneri DNA sequence with those of the EMBL
library revealed that it contained two REP sequences. These
extragenic palindromic sequences (approximately 35 bp) are
highly conserved inverted repeats with hundreds of copies in
the E. coli chromosome (8). These sequences are also
present in Shigella sonnei and Shigella boydii (10). As can be
seen in Fig. 4, the two REP sequences have opposite
orientation. REP1 agrees with the consensus sequence (49,
57), and REP2 differs in 1 nucleotide. Cloning the REP
sequences behind the E. coliglpFK operon revealed that the
glycerol transport-negative phenotype as well as the general
membrane permeability properties of the hybrid strain (53)
were not due to the difference in the DNA distal toglpK but
were present in the S. flexneri glpF DNA. We therefore
sequenced the S. flexneri glpF gene.

First, the E. coli glpF sequence was compared with those
of Muramatsu and Mizuno (35) and Weissenborn et al. (56).
Ours agreed with the latter, differing in one nucleotide from
the former. Nucleotide 518 is an A, not a T, translating into
aspartate instead of valine. The sequence from S. flemeri
(Fig. 7) differed in four nucleotides from the E. coli se-
quence: the two differences at positions 84 and 312 did not
change the amino acid sequence, whereas the one at 730
yielded serine instead of glycine. The fourth was an amber
mutation at nucleotide 659 in the S. flexneri glpF gene.

In pulse-chase labeling experiments with minicells, the
truncated GlpF protein of S. flexneri was detectable. It can
be seen in Fig. 8 that E. coli GlpF, encoded by pVT20, was
stable during the 20-min chase. When programmed by

pVT28 (S. flexneri), no GIpF was synthesized even at 0-min
chase time. Expressed from pVT28 was a faint band at 20
kDa, too small for GlpF, which disappeared after 20 min.
This must be the truncated S. flexneri glpF(Am) gene
product, the polypeptide up to the amber stop codon (calcu-
lated molecular weight, 22,565). This polypeptide was less
stable than GlpF and not active in glycerol transport.

Suppression of the amber mutation in glpF. We had previ-
ously observed that introduction of a cls mutation (reduced
cardiolipin synthesis) into the hybrid strains restored glyc-
erol transport (53). The source of the cls mutation was strain
TlGP, derived from PA3092, which was described as supE
(38). On the E. coli linkage map (3), supE is located at 15 min
while supF is located at 27 min, near cls. Possibly, strain
PA3092, used as the cls donor, carried, instead ofsupE or in
addition to supE, a supF mutation that was cotransduced
with cls. Introducing an authentic supF mutation from a cls+
strain into a strain with the S. flexneri glpF also yielded a
glycerol transport-positive phenotype (VT185; Table 4).

"W'4* _WV -_04*woONM"M --GIpK

-.4GlpF

201.1 5 0 0 5

U ~_

2OkD _

20 15 10 5; 2 0 20 10 5 0
min min

-pVT28 pVT20
FIG. 8. TheglpF from S.flexneri produces a truncated protein in

minicells. Minicells programmed with pVT20 [E. coli glpF+) and
pVT28 (S. flexnei glpF(Am)] were pulse-labeled for 2 min with
[3S]methionine and chased with unlabeled methionine for the
indicated times. The reactions were stopped with 12% trichloroace-
tic acid. The amounts of minicells were always the same, but
difficulties in resuspending the trichloroacetic acid pellet led to
differences in the amounts of protein applied to the gel.
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TABLE 4. Suppression of glycerol uptake in a glpF(Am) strain
by supE and supF

Straina Relevant genotype Glyceroluptake"
MC4100c Wild type 70
VT57 glpF(Am) (S. flexneri) 0.3
VT55 glpF(Am) (S. flexnen) cls supF 40
VT185 glpF(Am) (S. flxneri) cIs+ supF 42
VT4 glpF(Am) (S. flepneri) supE 0.3
VT132 glpF (E. coli) cls supF 0.2
MC4100C pVT28 plasmid glpF(Am) (S. flener) 28
Ra2 (supE)c pVT28 plasmid glpF(Am) (S. flemneri) 40

a Strains were grown overnight in MMA with 0.4% Casamino Acids.
Strains without plasmids were induced with 5 mM G3P.

b Glycerol (in picomoles) taken up per 109 cells at a substrate concentration
of 0.1 PM.

c The strains are chromosomally glpF+.

Also, when the original cls strain, TlGP, was transformed
with a plasmid containing a glpX-lacZ fusion distal to the
glpF(Am) from S. fleneri under its own promoter control,
suppression of 3-galactosidase activity was observed,
whereas the same plasmid in a supF+ strain exhibited polar
effects on the expression of 3-galactosidase activity (Table
3).

In a supE background, the transport ability was not
regained (VT4; Table 4) and only small amounts of GlpF
were made (data not shown).

Thus, it became clear that the previously observed supres-
sion of glycerol transport in the glpF mutation from S.
flexneri was not due to a cls mutation but to a supF mutation
located next to cls.

DISCUSSION

We have identified glpX, a new glp gene, and determined
its DNA sequence (1,011 bp, 337 amino acids). glpX is
located directly downstream of the glpFK operon, at 88 min
on the E. coli chromosome. Expression of glpX, measured
as P-galactosidase activity of a glpX::lacZ gene fusion
present on a low-copy-number plasmid, was induced fivefold
by glycerol or G3P and 12-fold in aglpR mutant. GlpX has an
apparent molecular weight of 40,000 on SDS-polyacrylamide
gels. A rho-independent terminator is located after the glpX
stop codon. glpX is the third gene in the glpFK operon. The
S. flexneri glpF amber mutation was shown to reduce glpX
expression by a factor of three (Table 3). In a suppressor
mutant (supF), the plasmid-encoded S.flexneiglpX expres-
sion increased to wild-type levels (Table 3). This demon-
strated that glpX is part of a glpFKX operon. Surprisingly,
the insertion of a polar omega interposon (40) inglpK did not
abolish expression of glpX in minicells. Therefore, it is
plausible that glpX is preceded by an additional promoter
that is active under certain conditions.
The function of GlpX is not yet known. It is possible that

some of the chromosomal TnS insertions isolated by Lupski
et al. (25) were located inglpX. They described mutants with
reduced growth on glycerol despite wild-type glycerol kinase
activity and no glycerol transport defect. The phenotype was
complemented by plasmids containing glpK plus down-
stream DNA (37) that would include glpX. Therefore, GlpX
may not be required for growth on glycerol but may increase
its utilization, although the establishedglp-mediated glycerol
metabolic pathway does not offer an explanation. From this
pathway there is no need for an additional enzyme, and

therefore, glpX mutants are not expected to have a Glp-
phenotype. Yet, an alternative pathway for glycerol dissim-
ilation in the E. coli mutant has been reported: the oxidation
of glycerol to dihydroxyacetone by the NAD+-linked glyc-
erol dehydrogenase (2), which was reported to be weakly
expressed in the wild-type strain. No genetic characteriza-
tion was described. The enzyme was partially purified from
a wild-type strain by Asnis and Brodie (2) and later from a
glpKglpD glpR mutant (29) that had regained the ability to
grow on glycerol (52). Kelley and Dekker (17) showed that
the D-1-amino-2-propanol:NAD' oxireductase from wild-
type E. coli was identical to the glycerol dehydrogenase from
the mutant. Glycerol dehydrogenase had an apparent molec-
ular weight of 39,000 (52), similar to the 40-kDa size ob-
served for GlpX. It will be necessary to construct a mutant
that expresses GlpX in the absence of glycerol kinase in
order to test for the role of this protein in glycerol metabo-
lism.
We found three open reading frames downstream of the

glpK gene, in the order glpX, orfl, and orf2. ORF1, not
GlpX, is identical to the MvrA protein as reported by
Morimyo (33). He isolated mutants sensitive to MV and
characterized an mvrA mutation. Plasmid pMV1-4-2, con-
structed by Morimyo, complemented the MVr phenotype.
This plasmid contains theglpFKXorfl orf2 region described
in this paper. Although the mvrA mutation was mapped at 7
min on the E. coli chromosome, the complementing DNA
fragment originated from the 88-min region.
Comparing theglpFKX sequence of E. coli with that from

S.flexcneri revealed a high degree of identity. This homology
was interrupted in the region between glpK and glpX. Two
REP sequences (8, 49) were found in the hybrid strain, while
in E. coli only small remnants of this sequence were ob-
served (Fig. 4). The presence of these REP sequences had no
apparent effect on glycerol transport activity or growth on
glycerol. This was clear from results of experiments in which
the plasmid-borne glpF(Am) was replaced by the wild-type
E. coli glpF gene.

ACKNOWLEDGMENTS

We thank B. Bachmann, E. C. C. Lin, P. Overath, and B. L.
Wanner for bacterial strains.

This work was supported by the Deutsche Forschungsgemein-
schaft (SFB156) and by the Fonds der Chemischen Industrie. V.
Truniger was the recipient of fellowships from Ciba-Geigy AG and
the Roche Research Foundation, Hoffmann-La Roche & Co. Ltd.,
Basel, Switzerland.

REFERENCES
1. Alefounder, P. R., and R N. Perham. 1989. Identification,

molecular cloning and sequence analysis of a gene cluster
encoding the class II fructose-1.6-biphosphate aldolase, 3-phos-
phoglycerate kinase and a putative second glyceraldehyde-3-
phosphate dehydrogenase of Eschenchia coli. Mol. Microbiol.
3:723-732.

2. Asnis, R., and A. Brodie. 1952. A glycerol dehydrogenase from
Eschenchia coli. J. Biol. Chem. 203:153-159.

3. Bachmann, B. J. 1990. Linkage map of Eschenichia coli K-12,
edition 8. Microbiol. Rev. 54:130-197.

4. Bolivar, F., R. L. Rodriguez, P. J. Greene, M. C. Betlach, H. L.
Heyneker, H. W. Boyer, J. H. Crosa, and S. Falkow. 1977.
Construction and characterization of new cloning vehicles. II. A
multiple cloning system. Gene 2:95-113.

5. Bulawa, C. E., and C. R. H. Raetz. 1984. Isolation and charac-
terization of Escherichia coli strains defective in CDP-diglycer-
ide-hydrolase. J. Biochem. 259:11257-11264.

6. Carter, P., H. Bedonelle, and G. Winter. 1985. Improved oligo-
nucleotide site directed mutagenesis using M13 vectors. Nucleic

VOL. 174, 1992



6990 TRUNIGER ET AL.

Acids Res. 13:4431-4443.
7. Casadaban, M. J. 1976. Transposition and fusion of the lac

genes to selected promoters in Escherichia coli using bacterio-
phages lambda and mu. J. Mol. Biol. 104:541-555.

8. Dimri, P. D., K. Rudd, M. K. Morgan, H. Bayat, and G. F.-L.
Ames. 1992. Physical mapping of repetitive extragenic palindro-
mic sequences in Escherichia coli and phylogenetic distribution
among Eschenchia coli strains and other bacteria. J. Bacteriol.
174:4583-4593.

9. Fuchs, R., P. Stoehr, P. Rice, R. Omond, and G. Cameron. 1990.
New services of the EMBL data library. Nucleic Acids Res.
18:4319-4323.

10. Gilson, E., S. Bacheilier, S. Perrin, D. Perrmn, P. Grimont, F.
Grimont, and M. Hofalung. 1990. Palindromic unit highly repet-
itive DNA sequences exhibit species specificity within Entero-
bacteriaceae. Res. Microbiol. 141:1103-1116.

11. Gold, L. 1988. Posttranscriptional regulatory mechanisms in
Eschenichia coli. Annu. Rev. Biochem. 57:199-233.

12. Gough, J., and N. Murray. 1983. Sequence diversity among
related genes for recognition of specific targets in DNA mole-
cules. J. Mol. Biol. 166:1-19.

13. Hayashi, S. I., and E. C. C. [in. 1965. Capture of glycerol by
cells of Eschenchia coli. Biochim. Biophys. Acta 94:479-487.

14. Hazelbauer, G. L. 1975. The maltose chemoreceptor of Esche-
richia coli. J. Bacteriol. 122:206-214.

15. Helier, K. B., E. C. C. Lin, and T. H. Wdlson. 1980. Substrate
specifity and transport properties of the glycerol facilitator of
Eschenichia coli. J. Bacteriol. 144:274-278.

16. Hwang, Y., R Engel, and B. Tropp. 1984. Correlation of
3,4-dihydroxybutyl-1-phosphonate resistance with a defect in
cardiolipin synthesis in Eschenichia coli. J. Bacteriol. 157:846-
856.

17. Kelley, J. J., and E. E. Dekker. 1985. Identity ofEscherichia coli
D-1-amino-2-propanol:NAD' oxireductase with E. coli glycerol
dehydrogenase but not with Neisseria gonorrhoeae 1,2-pro-
panediol:NAD+ oxireductase. J. Bacteriol. 162:170-175.

18. Kim, R., and L. Corwin. 1974. Mutation in Shigella flexnen
resulting in less ability to penetrate HeLa cells and loss of
glycerol kinase activity. Infect. Immun. 9:916-923.

19. Kohara, Y., K. Akiyama, and K. Isono. 1987. The physical map
of the whole Escherichia coli chromosome: application of a new
strategy for rapid analysis and sorting of a large genomic library.
Gene 50:495-508.

20. Kyte, J., and F. R. Doolittle. 1982. A simple method for
displaying the hydropathic character of a protein. J. Mol. Biol.
157:105-132.

21. Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-685.

22. Levinson, G., and G. Gutman. 1987. Slipped-stranded mispair-
ing: a major mechanism for DNA sequence evolution. Mol.
Biol. Evol. 4:203-221.

23. Lin, E. C. C. 1987. Dissimilatory pathways for sugars, polyols,
and carboxylates, p. 244-284. In F. C. Neidhardt, J. L. In-
graham, K. B. Low, B. Magasanik, M. Schaechter, and H. E.
Umbarger (ed.), Escherichia coli and Salmonella typhimurium:
cellular and molecular biology, vol. 1. American Society for
Microbiology, Washington, D.C.

24. Low, B. 1973. Rapid mapping of conditional and auxotrophic
mutations in Escherichia coli K-12. J. Bacteriol. 113:798-812.

25. Lupski, J., Y. H. Zhang, M. Rieger, M. Minter, B. Hsu, B. G.
Ooi, T. Koeuth, and E. McCabe. 1990. Mutational analysis of the
Escherichia coli glpFK region with TnS mutagenesis and the
polymerase chain reaction. J. Bacteriol. 172:6129-6134.

26. Maegher, R. B., R. Tait, M. Betlach, and H. W. Boyer. 1977.
Protein expression in Eschenchia coli minicells by recombinant
plasmids. Cell 10:521-536.

27. Maniatis, T., E. F. Fritsch, and J. Sambrook 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

28. Marcus, R., F. Latshaw, S. P. Steup, and K. Gerbling. 1989.
Partial amino acid sequence of fructose-1,6-biphosphatase. Pro-
tein Sequences Data Anal. 2:391-393.

29. Martin, E., W. Freedberg, and E. C. C. Lin. 1977. Kinase
replacement by a dehydrogenase for Escherichia coli glycerol
utilization. J. Bacteriol. 131:1026-1028.

30. Messing, J. B., B. Muller-Hill, and P. H. Hofschneider. 1977.
Filamentous coliphage M13 as a cloning vehicle: insertion of a
HindIII fragment of the lac regulatory region in M13 replicative
form in vitro. Proc. Natl. Acad. Sci. USA 74:3642-3646.

31. Miller, J. H. 1972. Experiments in molecular genetics. Cold
Spring Harbor Laboratory, Cold Spring Harbor, N.Y.

32. Minton, N. P. 1984. Improved plasmid vectors for the isolation
of translational lac gene fusions. Gene 31:269-273.

33. Morimyo, M. 1988. Isolation and characterization of methyl
viologen-sensitive mutants of Escherichia coli. J. Bacteriol.
170:2136-2142.

33a.Morimyo, M. 1991. Personal communication.
34. Mulligan, M. E., D. K. Hawley, R. Entriken, and W. R.

McClure. 1984. Escherichia coli promoter sequence predicts in
vitro RNA polymerase selectivity. Nucleic Acids Res. 12:789-
797.

35. Muramatsu, S., and T. Mizuno. 1989. Nucleotide sequence of
the region encompassing the glpFK operon and its upstream
region containing a bent DNA sequence of Escherichia coli.
Nucleic Acids Res. 17:4378.

36. Pearson, W., and D. Lipman. 1988. Improved tools for biologi-
cal sequence comparison. Proc. Natl. Acad. Sci. USA 85:2444-
2448.

36a.Perham, P. R., and S. P. Steup. 1991. Personal communication.
37. Pettigrew, D., D. P. Ma, C. Conrad, and J. Johnson. 1988.

Eschenichia coli glycerol kinase: cloning and sequencing of the
glpK gene and the primary structure of the enzyme. J. Biol.
Chem. 263:135-139.

38. Pluschke, G., Y. Hirota, and P. Overath. 1978. Function of
phospholipids in Escherichia coli: characterization of a mutant
deficient in cardiolipin-synthesis. J. Biol. Chem. 253:5048-5055.

39. Pluschke, G., and P. Overath. 1981. Function of phospholipids
in Escherichia coli: influence of changes in polar head group
composition on the lipid phase transition and characterization of
a mutant containing only saturated phospholipid acyl chains. J.
Biol. Chem. 256:3207-3212.

40. Prentki, P., and H. Krisch. 1984. In vitro insertional mutagen-
esis with a selectable DNA fragment. Gene 29:303-313.

41. Richey, D. P., and E. C. C. Un. 1972. Importance of facilitated
diffusion for effective utilization of glycerol by Escherichia coli.
J. Bacteriol. 112:784-790.

42. Rosenberg, M., and D. Court. 1979. Regulatory sequences
involved in the promotion and termination of RNA transcrip-
tion. Annu. Rev. Genet. 13:319-353.

43. Russel, M., and P. Model. 1982. Filamentous phage precoat is an
integral membrane protein: analysis by a new method of mem-
brane preparation. Cell 78:177-184.

44. Sanger, F., S. Niclden, and A. R. Coulson. 1977. DNA sequenc-
ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5467.

45. Sanno, Y., T. H. Wilson, and E. C. C. Lin. 1968. Control of
permeation to glycerol in cells of Escherichia coli. Biochem.
Biophys. Res. Commun. 32:344-349.

46. Schweizer, H., W. Boos, and T. J. Larson. 1985. Repressor for
the sn-glycerol-3-phosphate regulon of Eschenichia ccli K-12:
cloning of the glpR gene and identification of its product. J.
Bacteriol. 161:563-566.

47. Schweizer, H., G. Sweet, and T. Larson. 1986. Physical and
genetic structure of the glpD-malT interval of the Escherichia
coli K-12 chromosome. Mol. Gen. Genet. 202:488-492.

48. Silhavy, T. J., M. L. Berman, and L. W. Enquist. 1984.
Experiments with gene fusions. Cold Spring Harbor Labora-
tory, Cold Spring Harbor, N.Y.

49. Stern, M. J., G. Ferro-Luzzi Ames, N. H. Smith, E. C. Robinson,
and C. F. Higgins. 1984. Repetitive extragenic palindromic
sequences: a major component of the bacterial genome. Cell
37:1015-1026.

50. Sweet, G., C. Gandor, R. Voegele, N. Wittekindt, J. Beuerle, V.
Truniger, E. C. C. [in, and W. Boos. 1990. Glycerol facilitator
ofEscherichia coli: cloning ofglpFand identification of theglpF

J. BACTERIOL.



VOL. 174, 1992 E. COLI glpX 6991

product. J. Bacteriol. 172:424-430.
51. Takeshita, S., M. Sato, M. Toba, W. Masahashi, and T. Hashi-

moto-Gotoh. 1987. High-copy-number and low-copy-number
plasmid vectors for a lacZ a-complementation and chloram-
phenicol- or kanamycin-resistance selection. Gene 61:63-74.

52. Tang, C.-T., F. E. Ruch, Jr., and E. C. C. Lin. 1979. Purification
and properties of a nicotinamide adenine dinucleotide-linked
dehydrogenase that serves an Eschenichia coli mutant for glyc-
erol catabolism. J. Bacteriol. 140:182-187.

53. Truniger, V., W. Boos, and G. Sweet. Unpublished observa-
tions.

54. United States Biochemical Corp. 1990. Step-by-step protocols for
DNA sequencing with Sequenase version 2.0, 4th ed. United
States Biochemical Corp., Cleveland.

55. Wanner, B. L. 1986. Novel regulatory mutants of phosphate
regulon in Escherichia coli K-12. J. Mol. Biol. 191:39-58.

56. Weissenborn, D., N. Wittekindt, and T. Larson. 1992. Structure
and regulation of the glpFK operon encoding glycerol diffusion
facilitator and glycerol kinase of Eschenchia coli K12. J. Biol.
Chem. 267:6122-6131.

57. Yang, Y., and G. Ferro-Luzzi Ames. 1990. The family of
repetitive extragenic palindromic sequences: interaction with
DNA gyrase and histonelike protein HU, p. 211-225. In K.
Drlica and M. Riley (ed.), The bacterial chromosome. American
Society for Microbiology, Washington, D.C.

58. Yanisch-Perron, C., J. Vieira, and J. Messing. 1985. Improved
M13 phage cloning vectors and host strains: nucleotide se-
quences of the M13mpl8 and pUC19 vectors. Gene 33:103-119.


