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The nucleotide sequence of the glpEGR operon of Escherichia coli was determined. The translational reading
frame at the beginning, middle, and end of each gene was verified. The glpE gene encodes an acidic, cytoplasmic
protein of 108 amino acids with a molecular weight of 12,082. The glpG gene encodes a basic, cytoplasmic
membrane-associated protein of 276 amino acids with a molecular weight of 31,278. The functions of GlpE and
GlpG are unknown. The glpR gene encodes the repressor for the glycerol 3-phosphate regulon, a protein
predicted to contain 252 amino acids with a calculated molecular weight of 28,048. The amino acid sequence
of the glp repressor was similar to several repressors of carbohydrate catabolic systems, including those of the
glucitol (GutR), fucose (FucR), and deoxyribonucleoside (DeoR) systems of E. coli, as well as those of the
lactose (LacR) and inositol (IolR) systems of gram-positive bacteria and agrocinopine (AccR) system of
Agrobacterium tumefaciens. These repressors constitute a family of related proteins, all of which contain
approximately 250 amino acids, possess a helix-turn-helix DNA-binding motif near the amino terminus, and
bind a sugar phosphate molecule as the inducing signal. The DNA recognition helix of the glp repressor and
the nucleotide sequence of the glp operator were very similar to those of the deo system. The presumptive
recognition helix of the glp repressor was changed by site-directed mutagenesis to match that of the deo
repressor or, in a separate construct, to abolish DNA binding. Neither altered form of the glp repressor
recognized the glp or deo operator, either in vivo or in vitro. However, both altered forms of the glp repressor
were negatively dominant to the wild-type glp repressor, indicating that the inability to bind DNA with high
affinity was due to alteration of the DNA-binding domain, not to an inability to oligomerize or instability of the
altered repressors. For the first time, analysis of repressors with altered DNA-binding domains has verified the
assignment of the helix-turn-helix motif of the transcriptional regulators in the deoR family.

The genes of the glp regulon of Escherichia coli encode the
proteins needed for the dissimilation of sn-glycerol 3-phos-
phate (glycerol-P) and its precursors, glycerol and glycerophos-
phodiesters (27, 28). The five operons that constitute the glp
regulon are located at three different positions on the chromo-
some. Transcription of the glp operons is subject to multiple
controls, including catabolite repression mediated by cyclic
AMP-CRP and respiratory control mediated by the FNR and
ArcA/ArcB systems (19, 28). In addition, each of the operons
is negatively controlled by a repressor specific for the regulon,
the glp repressor. The extent of repression is different for each
operon. Repression is relieved in the presence of the inducer
for the regulon, glycerol-P (28).
The glpTQ and glpACB operons, located near 51 min of the

linkagemap,encodetheglycerol-Ppermease/glycerophospho-
diesterase and the subunits of the anaerobic glycerol-P de-
hydrogenase, respectively (10, 13, 14, 47). These operons are
transcribed divergently from a common control region that con-
tains five operator sites for binding of the glp repressor. Con-
trol of these operons by the glp repressor appears to be de-
pendent upon repressor-mediated DNA loop formation (23).
The glpD operon (2), encoding aerobic glycerol-P dehydro-

genase, is located near 77 min, and the glpFKX operon (45, 48),
encoding glycerol diffusion facilitator and glycerol kinase, is
located near 89 min. These operons are relatively tightly con-
trolled by cooperative binding of the glp repressor to tandem
operator sites which overlap the promoters (52, 56, 60). Com-
parison of operator sequences and determination of the bind-
ing of the glp repressor to operator variants in vivo have re-
vealed the operator consensus half site of WATKYTCGWW,
where W is A or T, K is G or T, and Y is C or T (60).
The glpE, glpG, and glpR genes (41) are transcribed diver-

gently from the adjacent glpD gene. The glpE and glpG genes
encode proteins of unknown function, and the glpR gene en-
codes the glp repressor. The glpR gene was cloned in an ex-
pression vector which facilitated overproduction and purifica-
tion of the glp repressor (25). The purified repressor exhibits a
subunit molecular weight of 30,000 and exists as a tetramer
under nondenaturing conditions. The purified repressor spe-
cifically binds glycerol-P, the inducer (Kd 5 31 mM), or DNA
fragments harboring operator sites. The binding to operator
DNA is diminished in the presence of glycerol-P.
In order to obtain molecular details concerning the structure

and function of the glp repressor, the nucleotide sequence of
the glpEGR operon was determined in the present work. On
the basis of sequence similarity to other prokaryotic repressors,
the helix-turn-helix DNA-binding motif of the glp repressor has
been identified. Both in vivo and in vitro evidence confirming
the identity of the DNA-binding motif was obtained by char-
acterization of glp repressor variants with altered DNA recog-
nition helices.
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MATERIALS AND METHODS
Materials. Restriction endonucleases, T4 DNA ligase, polynucleotide kinase,

and reagents for DNA sequencing and PCR were obtained from Stratagene,
Perkin-Elmer Cetus, U.S. Biochemical Corporation, Boehringer Mannheim,
Promega, or New England Biolabs. Other chemicals were obtained from Sigma
Chemical Co. or Fisher Scientific. Oligonucleotide primers were synthesized on
an Applied Biosystems 381A synthesizer and purified by OPC (Applied Biosys-
tems), as recommended by the manufacturer. DuPont/NEN supplied a-35S-
dATP and [g-32P]ATP.
Bacterial strains and growth media. The strains of E. coli K-12 used in this

study are described in Table 1. Bacteria were routinely grown in Luria-Bertani
medium (32) supplemented with the appropriate antibiotics at the following
concentrations: ampicillin, 100 mg/ml; chloramphenicol, 30 mg/ml; kanamycin, 50
mg/ml; and tetracycline, 12.5 mg/ml. Glucose, glycerol, or maltose (0.2%) was
provided as a carbon source in various experiments, as described in the text. For
minimal medium, the A and B salts of Clark and Maaløe (9) were supplemented
with 0.2% maltose, 0.2% Casamino Acids, and 2 mg of thiamine per ml.
Construction of recombinant phage and plasmids. The plasmids used or

constructed in this study are listed in Table 2. Plasmid pSH79 contains a 3-kb
EcoRI-SalI fragment with the entire glpEGR operon cloned downstream of the
phage T7 promoter of pBluescript KS1 (56) and was used as the source of DNA
fragments for sequencing and mutagenesis.
To determine the start codon of glpE, two PCR primers, each bearing an NdeI

site (italicized), were made on the basis of the two potential start codons of glpE.
They were GAAAGAGAGACATATGGATCAGTTCG and AAAGAGCATAT
GCTGGTCGATATTCGCG (the first underlined ATG is at positions 373 to 375
[see Fig. 1], and the second is changed from the GTG at positions 436 to 438).
A downstream primer bearing a HindIII site (italicized) with its sequence com-
plementary to the glpE stop codon (underlined), TAAAAGCTTACGCGCCGT
ACGCCAC, was also made. PCR products from each of the primer pairs were
cloned separately between the NdeI and HindIII site of the expression vector
pT7-7 (46). Plasmids containing the first and second start codons were named
pGZ105 and pGZ106, respectively. The plasmids were transformed into strain
BL21(DE3). Induction of GlpE expression with IPTG (isopropyl-b-D-thiogalac-
topyranoside) was performed by the method of Maniatis et al. (31).
An expression vector with a multiple cloning site inserted downstream of the

tac promoter of pKK223-3 (Pharmacia) (5) and a resident lacIq gene was con-
structed and used for controlled overexpression of the glpEGR operon. First,
pKK223-3 was digested with PstI and HindIII, and complementary synthetic
oligonucleotides (59-AGCTTGATATCATCGATCTAGAGGCCTCGAGAGA
TCTGCA-39 and 59-GATCTCTCGAGGCCTCTAGATCGATGATATCA-39)
were ligated into these sites in order to introduce EcoRV, ClaI, XbaI, StuI, XhoI,
and BglII restriction cleavage sites. The resulting plasmid was named pDA223.
Next, a 1,300-bp EcoRI-HindIII fragment from pMJR1560 (43) containing the
lacIq gene was blunt ended and cloned into the NruI site of pDA223. In the
resulting plasmid (pSY223), the lacIq gene was oriented so that its transcription
was opposite that of the bla gene.
Sequencing of DNA. Sequence information was obtained using the dideoxy-

chain termination technique (39). Templates were generated by direct cloning of
appropriate restriction fragments into pBluescript KS1 (Stratagene). The flank-
ing SK, KS, T3 or T7 primers were used to generate sequence data. Additional
sequence information was obtained from two series of unidirectional exonucle-
ase III deletions (17), generated by using two derivatives of M13mp18 RF DNA
in which a BglII fragment carrying the glpEGR operon was inserted in opposite
orientations. Finally, synthetic oligonucleotides were used as primers to obtain
the remaining sequence information. Both strands of DNA were sequenced
completely by multiple sequencing reactions.
Overexpression of GlpG and N-terminal amino acid sequence analysis. A

PCR product containing glpEGR (nucleotides 373 to 2524 [see Fig. 1]) was
cloned between the NdeI and SalI site of expression vector pT7-7. The plasmid
thus constructed was named pGZ126. The transformation and induction proce-
dures were the same as those used above for production of GlpE. The cytoplas-
mic membrane fraction from strain BL21(DE3)(pGZ126) was obtained by su-
crose gradient sedimentation as described by Larson et al. (24). GlpG was
purified further by using a preparative sodium dodecyl sulfate (SDS)-polyacryl-
amide gel. The region containing GlpG was excised and subjected to electroelu-
tion by using an Elutrap (Schleicher & Schuell). About 100 pmol of the final
product was analyzed with an ABI amino acid microsequencer. GlpR was puri-
fied as previously described (25) and subjected to N-terminal sequence analysis.
Oligonucleotide-directed mutagenesis. The technique of Kunkel et al. (22) was

used for making specific alterations in the nucleotide sequence of the glpR gene.
For this purpose, the 3-kb EcoRI-SalI DNA fragment from pSH79 encoding the
glpEGR operon was cloned into M13mp19. Templates containing uracil were
generated in strain RZ1032 (dut-1 ung-1). The mutagenic oligonucleotides used
(mismatches are italicized) were TTCTCCGTCAGCGAGATGACTATTCG
CCG (P33E and Q34M) and GACTATTCGCGCCGACCTCAATG (R38A).
After mutagenesis, 694-bp NsiI-EcoRV fragments harboring the desired alter-
ations were recloned back into pSH79 as cassettes. The nucleotide sequence of
the glpR gene to the EcoRV site was verified in each case. BglII DNA restriction
fragments encoding the wild-type and variant repressors were cloned into the
BglII site of the expression vector pSY223 for analysis of function (pSY2-C
[GlpR1], pSY2-IX [GlpRP33E,Q34M], and pSY2-A9 [GlpRR38A] [Table 2]).
Assay of b-galactosidase. Enzyme activity was determined with cells perme-

abilized with chloroform and SDS (32). Specific activities were expressed in
Miller units, and data are the averages of duplicate or triplicate determinations.
Assay of operator binding. Gel mobility shift assays were used to assess the

binding of repressor variants to the glp and deo operators in vitro. PCR primers
ACGACTCACTATAGGGCGAATTCG and GAATACTCAAGCTTGCATG
CCTGC were used to amplify the consensus single glp and deo operators cloned
in vector pGEM3Z (60). PCR products containing the glp or deo operator were
radiolabeled by using T4 polynucleotide kinase and [g-32P]ATP. Bio-spin 30
columns (Bio-Rad) were used to separate operator DNA from unincorporated
ATP. Purified operator DNA was incubated with extract containing GlpR (or a
variant) at 308C for 30 min. The association buffer used was that previously
described (25). Samples were analyzed on 8% polyacrylamide gels containing
one-half strength Tris-borate-EDTA buffer (pH 8.3). Electrophoresis was per-
formed at 160 V and 48C.
Nucleotide sequence accession number. The nucleotide sequence reported in

this paper is found in the GenBank database under accession number M96795.

TABLE 1. Strains of E. coli K-12 used in this study

Strain Genotype Derivation, source,
or reference

MC4100 F2 araD139 D(argF-lac)U169 rpsL150
deoC1 relA1 rbsR ptsF25 flbB5301

6

SH305 MC4100 DglpD102 recA1 srl::Tn10 40
GD2 MC4100 glpR2 zih-730::Tn10 F(glpK-

lacZ)(Hyb) lplacMu
40

GD6 MC4100 glpR2 F(glpD-lacZ)(Hyb)
lplacMu

41

GD31 MC4100 F(glpK-lacZ)(Hyb) lplacMu P1(GD2) 3 MC4100
Lac1 Tets selection

SY102 MC4100 glpR2 F(glpD-lacZ)(Hyb)
lplacMu recA1 srl::Tn10

P1(SH305) 3 GD6
Tetr UVs selection

SY105 MC4100 F(glpK-lacZ)(Hyb) lplacMu
recA1 srl::Tn10

P1(SH305) 3 GD31
Tetr UVs selection

KH682 deoR lac F(deoC-lacZ)(Hyb) thi udp
upp ton

K. Hammer

RZ1032 HfrK116 PO/45 [lysA(61-62)] dut-1
ung-1 thi-1 relA1 zbd-279::Tn10
supE44

22

DH5aF9 (F9 f80dlacZDM15) endA1 recA1
hsdR17 supE44 thi-1 gyrA relA1
D(lacZYA-argF)U169

29

BL21(DE3) hsdS gal (lcIts857 ind1 Sam7nin5
lacUV5-T7gene1)

44

TABLE 2. Plasmids used or constructed in this study

Plasmid Description Reference

pKH31 pBR322 derivative carrying deoR 12
pSH79 pBluescript KS1 derivative carrying glpEGR 56
pSY2-A pSH79 derivative encoding the P33E and

Q34M GlpR variant
This work

pSY2-9 pSH79 derivative encoding the R38A GlpR
variant

This work

pDA223 pKK223-3 with expanded multiple cloning site This work
pSY223 pDA223 with lacIq This work
pSY2-C pSY223 with glpEGR (167–2895) This work
pSY2-IX pSY2-C derivative encoding the P33E and

Q34M GlpR variant
This work

pSY2-A9 pSY2-C derivative encoding the R38A GlpR
variant

This work

pGZ105 pT7-7 derivative carrying glpE (373–703) This work
pGZ106 pT7-7 derivative carrying glpE (436–703) This work
pGZ125 pGEM3Z (Promega) derivative carrying glpG

(679–1578) on a BglII-HindIII fragment
cloned downstream of the T7 promoter

This work

pGZ126 pT7-7 derivative carrying glpEGR (373–2524) This work
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RESULTS

Nucleotide sequence of the glpEGR operon. To obtain de-
tailed information about the structures of the glpE, glpG, and
glpR genes, including their promoters and operators, the nu-
cleotide sequence of the DNA between an upstream EcoRI
site within the glpD gene (2) and a BglII site downstream of the
glpR gene was determined (Fig. 1). This region contained 2,895
bp, including glpE, glpG, and glpR, which are transcribed di-
vergently from glpD (41). Potential signals for transcription
initiation and termination of the glpEGR operon are indicated
in Fig. 1. The point of initiation of transcription has previously
been determined by Choi et al. (8). There is a region of hy-
phenated dyad symmetry downstream of glpR that may serve as
a transcription termination signal (Fig. 1). Recent results have
revealed that glpE, glpG, and glpR are all expressed from the
glpE promoter and are therefore in the same operon (55).
The positions of the initiation codons and verification of the

reading frames for glpE, glpG, and glpR were determined as
follows. Previous work had established that the glpE gene is
promoter proximal and that its product is a protein of 13 kDa
(40, 41). The following two possible start codons were located
in the region corresponding to glpE, the AUG at positions 373
to 375 and the GUG at positions 436 to 438 (Fig. 1). To
determine which of these initiation codons is used, the sizes of
the proteins encoded by pGZ105 and pGZ106, which produce
GlpE proteins by using the two potential start codons (see
Materials and Methods) were determined. The apparent mo-
lecular weight of GlpE encoded by pGZ105 was 12,700 (AUG
codon at 373), while that encoded by pGZ106 was only 10,200
(GUG at 436), as determined by SDS-polyacrylamide gel elec-
trophoresis (data not shown). The first initiation codon is
therefore likely to be used for translation of glpE. Translation
initiated at position 373 would continue for 108 codons and
yield a GlpE protein with a predicted molecular weight of
12,082. The reading frame in the C-terminal coding region of
glpE was verified by construction of a translational fusion with
the lacZ gene. A hybrid protein with b-galactosidase activity
contained the GlpE portion encoded by nucleotides 373 to 690,
with in-frame fusion to the lacZ gene. The reading frame

agrees with that predicted by its nucleotide sequence. The
predicted GlpE polypeptide is relatively hydrophilic (56% po-
lar and charged residues) and acidic (calculated pI 5 4.3).
An open reading frame corresponding to glpG was found

downstream of glpE (Fig. 1). There are several potential initi-
ation codons in this region, none of which is preceded by a
good ribosome binding site. To determine which initiation
codon is utilized, the N-terminal amino acid sequence of GlpG
encoded by pGZ126 was determined (see Materials and Meth-
ods). The results (Table 3) indicate that the start codon for
glpG is the AUG at positions 744 to 746 (Fig. 1). The reading
frame in the middle of the gene (to position 1238) was con-
firmed by construction of a glpG-lacZ translational fusion, as
described above for GlpE. The GlpG protein contains 276
amino acids and has a calculated molecular weight of 31,278.
The apparent molecular weight, as determined by SDS-poly-
acrylamide gel electrophoresis of GlpG encoded by pGZ125 or
pGZ126 or synthesized in minicells or maxicells, is 26,000 (40,
41). The discrepancy between the predicted and apparent mo-

FIG. 2. Overexpression and subcellular localization of GlpG. Extracts from
strain BL21(DE3) harboring vector pGEM3Z (V) or pGZ125 (G) were frac-
tionated and analyzed on an SDS–15% polyacrylamide gel. A cytoplasmic mem-
brane protein of about 26 kDa was overexpressed in BL21(DE3) cells carrying
pGZ125 (inset arrow). The N terminus of the protein was sequenced, and the
protein was identified as GlpG. Abbreviations: CEX, crude extract; Mem, total
membrane fraction; IM, inner membrane fraction; OM, outer membrane frac-
tion; MW, molecular mass standards (in kilodaltons [kD]).

TABLE 3. N-terminal amino acid sequence analysis
of GlpG and GlpRa

Cycle
no.

GlpG GlpR

Amino acid
identified

Amt detected
(pmol)

Amino acid
identified

Amt detected
(pmol)

1 M 31 M 206
2 L 33 K 137
3 M 30 Q 142
4 I 27 T 129
5 T 20 Q 127
6 S 10 R 50
7 F 23 NDb ND
8 A 21 ND ND

a About 100 pmol of GlpG and 800 pmol of GlpR were subjected to Edman
degradation to determine the N-terminal amino acid sequences.
b ND, not determined.

FIG. 1. Nucleotide sequences of the glpE, glpG, and glpR genes and the deduced amino acid sequences. The sequence beginning at the EcoRI site within the 59 end
of the glpD gene is shown. The restriction sites referred to in the text are indicated. Sequences resembling the consensus sequences for the 210 and 235 regions and
for ribosome binding are indicated by solid underlining. The transcription initiation sites for the glpD (56) and glpE (8) genes are indicated by 11. OD1 and OD2 are
the operator sites for the glpD gene, and CRP is the interaction site for CRP (dashed underlining) (56). Inverted repeat sequences are signified by the converging dashed
arrows below the sequence downstream of glpR. The amino acid sequences at the amino termini of GlpG and GlpR were determined (underlining) (Table 3). The
helix-turn-helix motif of GlpR is in boldface type.
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lecular weights of GlpG may be due to anomalous binding of
SDS to this relatively hydrophobic (47% hydrophobic residues)
membrane protein. GlpG protein contains at least six potential
transmembrane segments, and the protein fractionates with
the cytoplasmic membrane (Fig. 2). Another noteworthy fea-
ture of GlpG is its basic nature (calculated pI 5 9.3).
The predicted initiation codon for glpR was confirmed by

N-terminal sequence analysis of the purified glp repressor (Ta-
ble 3). Translation of glpR is initiated at the AUG codon
located 16 bp downstream from the termination codon for
glpG (Fig. 1). The sequence that follows contains 252 codons
and would be translated into a protein with a calculated mo-
lecular weight of 28,048. The predicted molecular weight
agrees reasonably well with the apparent molecular weight of
the purified repressor (Mr 5 30,000) (25). The pI was pre-
dicted to be 5.7 and agreed well with that determined by
isoelectric focusing (pI 5 6.0). The reading frame in the mid-
dle of the glpR gene was verified by determination of the
nucleotide sequence across the fusion joint of the glpR-lacZ
translational fusion in pSH53 (41). This fusion was constructed
by ligation of the 59 end of the glpEGR operon (the 1,883-bp
EcoRI-EcoRV fragment) to pMC1403 (7) cleaved with EcoRI
and SmaI. The nucleotide sequence at the EcoRV-SmaI fusion
joint was TTT ATC GAT P GGG GAT CCC, with the indi-
cated reading frames for glpR and lacZ. The C-terminal resi-

due of GlpR is predicted to be Cys, the sole Cys residue in the
protein. Purified, reduced, and dialyzed repressors were ti-
trated with 5,59-dithiobis-2-(nitrobenzoic acid). The results
were consistent with the prediction of one Cys per repressor
monomer (data not shown). In addition, a translational fusion
at this point in the predicted reading frame to a DNA segment
encoding a thrombin cleavage site yielded a fusion protein that
was cleavable by thrombin (58).
Comparison of GlpE, GlpG, and GlpR sequences with other

protein sequences. The amino acid sequences of GlpE, GlpG,
and GlpR were compared with the translated sequences in the
GenBank database (3). The best matches to GlpE and GlpG
were the corresponding proteins from Haemophilus influenzae
(Fig. 3), whose entire sequence was reported recently (15). H.
influenzae has all of the glp genes except for glpD, including
glpE, glpG, and glpR. However, the arrangement of glpE, glpG,
and glpR is different from that of E. coli. A 59 truncated version
of glpG is immediately upstream of glpR, whereas glpE is at
another location, adjacent to tpiA, encoding triose phosphate
isomerase (15). Similarities between GlpG or GlpE and other
polypeptides in the GenBank database were significantly less
compared with the examples mentioned above.
Eighteen proteins displayed significant sequence similarity

with the glp repressor (Fig. 3C and Table 4). The glp repressor
was most closely related to what is likely to be the glp repressor

FIG. 3. Alignment of the amino acid sequences of GlpE, GlpG, and GlpR with those of related proteins. Alignment of the GlpE (A) and GlpG (B) proteins of
E. coli and H. influenzae (Hin) and selected repressor sequences (C). The amino acid sequences were aligned by using the CLUSTAL program of PC/GENE. The
position of the helix-turn-helix motif (Helix-t-Helix) is indicated at the top of panel C. Positions conserved in all sequences are indicated by asterisks, positions highly
conserved are indicated by plus signs, and well conserved positions are indicated by dots. GlpR, GutR, FucR, and DeoR are the repressors of the glp, gut (54), fuc (30),
and deo (49) systems of E. coli, respectively. R_YIHW is a hypothetical repressor protein from E. coli that is closely related to GlpR (36). GlpR_Hin is the presumptive
repressor of the glp system of H. influenzae (15). LacR_Lla is the lac repressor of L. lactis (50). AccR is the acc repressor of A. tumefaciens (51). IolR_Bsu is the
presumptive repressor for the inositol utilization operon of B. subtilis (57). Dashes indicate gaps introduced in order to maximize sequence alignment.
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of H. influenzae (15) and to the hypothetical transcriptional
regulatory protein YIHW of E. coli (36). The glp repressor of
E. coli was also closely related to the gut (54), fuc (30), gat (21),
aga (37), and deo (49) repressors of E. coli as well as the lac
repressors of the gram-positive bacteria Lactococcus lactis
(50), Staphylococcus aureus (34), and Streptococcus mutans
(38). The amino acid sequence of the glp repressor was also
similar to that of the iol repressor of Bacillus subtilis (57) and
the acc repressor of Agrobacterium tumefaciens (51). The sizes
of these proteins are similar, ranging from 242 to 257 amino
acids. One of the most highly conserved regions in this family
of repressors is found in the amino-terminal region (Fig. 3C).
This region is likely to be the helix-turn-helix DNA-binding
motif, based on the sequence similarities found in this region

of the gut, gal, lac, and other repressors. Thus, the helix-turn-
helix motif of the glp repressor was proposed to lie between
residues 22 and 41 (Fig. 1 and 3C).
Identification of the DNA recognition helix of the glp repres-

sor. The second helix of the helix-turn-helix motif, the so-
called recognition helix, is strikingly well conserved among the
repressors listed in Fig. 3C. The first two residues of the rec-
ognition helix differ among the repressors and are likely to be
critical for DNA sequence binding specificity (26). Of the re-
pressors listed in Fig. 3C, the corresponding operator se-
quences are known for the glp and deo repressors (16, 60). The
two operator sequences are very similar, with the only major
difference being the base pair at position 4 (with respect to the
center of operator symmetry), where a C-G base pair is present

FIG. 3—Continued.
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in the glp consensus operator and an A-T base pair is present
in the deo consensus operator. It is likely that the amino acyl
residues present at positions 1 and 2 of the recognition helices
play a role in the recognition of the operator base pair at
position 4.
To provide evidence for a role of amino acyl residues 1 and

2 in discriminating between the glp and deo operators and
furthermore to prove that this region of the glp repressor is in
fact the recognition helix, altered forms of the glp repressor
were generated by directed mutagenesis. In the first construct,
residues 1 and 2 of the presumptive recognition helix of the glp
repressor were changed so that the entire recognition helix
would be identical to that of the deo repressor (P33E and
Q34M). It was anticipated that this altered form of glp repres-
sor might change its recognition specificity to that of the deo
repressor. Changes in specificity have been generated in the
case of several DNA-binding proteins, including the lac repres-
sor (20), bacteriophage lambda and 434 repressors (18, 53),
and CRP and FNR proteins (42). In another construct, which
served as a negative control, residue 6 of the recognition helix
of the glp repressor was changed from arginine to alanine
(R38A). It was anticipated that this change would greatly de-
crease the affinity of the glp repressor for its operator. Arginine
is highly conserved at this position in the DeoR family of
transcriptional regulators. Arginine is also present at the cor-
responding position of the helix-turn-helix motif of the lac
repressor, is critical for high-affinity binding to the lac opera-
tor, and is thought to interact specifically with the G-C base
pair of the TGT operator motif (20).
The functions of the wild-type and variant repressors were

tested both in vivo and in vitro. For in vivo experiments, the
corresponding genes were introduced into pSY223, in which
the glpEGR operon was placed downstream of the tac pro-
moter. The resulting plasmids were introduced into strains
SY102 (glpR glpD-lacZ) and KH682 (deoR deoC-lacZ). The
efficacies of the repressor variants were assessed by measuring
b-galactosidase activities in cells growing in minimal medium
with or without IPTG, the inducer of the tac promoter (Table
5). Induction of the synthesis of the wild-type glp repressor
resulted in a 10-fold increase in repression of the glpD-lacZ
fusion (from 46 to 550; Table 5). Neither of the glp repressor
variants exerted significant repression on either fusion, with or
without induction by IPTG (Table 5). These results suggest
that neither the P33E and Q34M nor R38A repressor variant
was able to bind either the glp or deo operator with high affinity
in vivo.
To rule out the possibility that lack of repression by the

repressor variants is due to instability or defects in oligomer-
ization, the ability of the repressor variants to interfere with
normal repressor function was tested. Both the P33E and
Q34M repressor variant and R38A repressor variant were
found to be negatively dominant to the wild-type repressor
(Table 6), which indicates that these forms of the repressor are
stable and are able to oligomerize with the normal repressor,
thereby interfering with the ability of the normal repressor to
bind the operator. Further evidence in support of the conclu-
sion that the above amino acid substitutions affected only the
DNA-binding function and not the overall structure of the
repressor was obtained by measuring the specific activity of
inducer ([3H]glycerol-P) binding in crude extracts of IPTG-
induced strains. The specific activities for the variant repres-
sors were similar to those obtained for the wild-type repressor
(values ranged from 80 to 120 pmol of [3H]glycerol-P bound
per mg of protein).
For in vitro experiments, the repressor variants were over-

expressed in strain BL21(DE3). The relative amount of repres-
sor produced by each strain was determined by SDS-polyacryl-
amide gel electrophoresis (Fig. 4). Although expressed at high
levels, each repressor variant was soluble and in a native con-
formation, as assessed by inducer-binding assays (data not
shown). To compare the affinities of wild-type and mutant
repressors for both glp and deo operators, gel mobility shift
assays were performed. As shown in Fig. 5, only the wild-type
glp repressor bound the glp operator when approximately 100
nM repressor tetramer was used. Neither P33E and Q34M nor
R38A altered repressor bound either the glp or deo operator.
These findings agree with those obtained in vivo for repression
of the glpD-lacZ or deoC-lacZ fusion. These results, along with
the observation that the repressor variants exerted a negative-
dominant phenotype, provide the first published experimental
data indicating that the proposed region of the glp-deo repres-
sor family is indeed the helix-turn-helix DNA-binding motif.

DISCUSSION

Here we have reported the nucleotide sequence of the
glpEGR operon of E. coli. Three open reading frames corre-
sponding to glpE, glpG, and glpR have been identified and
verified. The glpR gene encodes the repressor for the glycer-
ol-P regulon. The glpE and glpG genes are promoter proximal
to glpR in the same operon. The biochemical functions of GlpE
and GlpG are unknown.
The glp repressor is a member of the DeoR family of tran-

scriptional regulators, which at present contains 19 members

TABLE 4. Pairwise comparison of GlpR with related transcriptional regulatorsa

Protein
Identity (%)

GlpR_Hin R_YIHW Accr GutR FucR FucR_Hin DeoR LacR_Lla LacR_Smu LacR_Sau IolR_Bsu

GlpR 61 44 32 29 28 25 26 27 29 30 26
GlpR_Hin 39 31 24 28 26 23 24 24 25 21
R_YIHW 26 26 28 22 21 28 30 31 25
AccR 31 28 29 19 26 24 24 26
GutR 27 31 22 29 26 23 30
FucR 34 15 26 24 21 26
FucR_Hin 21 26 28 28 29
DeoR 25 25 24 24
LacR_Lla 42 41 26
LacR_Smu 63 26
LacR_Sau 26

a Sequences were aligned by using the PALIGN program of PC/GENE. Abbreviations are as defined in the legend to Fig. 3. In addition, the FucR protein from H.
influenzae (FucR_Hin) and the LacR proteins from Streptococcus mutans (LacR_Smu) and Staphylococcus aureus (LacR_Sau) are compared.
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on the basis of similarity searches of the databases. The mem-
bers of this protein family are present in a variety of bacterial
organisms. E. coli contains 10 members, 6 of which have de-
fined functions (Table 4). The genome ofH. influenzae encodes
three family members, including those corresponding to GlpR
and FucR of E. coli (15). Family members are also found in
gram-positive organisms and include the LacR repressors from
lactose-utilizing bacteria and the inositol repressor IolR from
B. subtilis. Finally, one member (PIR locus S48604) is from
Mycoplasma capricolum, an organism with a relatively small,
AT-rich genome.
Features common to the members of the DeoR family have

been pointed out by van Rooijen and de Vos (50) and by
Reizer et al. (37). All of these proteins contain about 250
amino acid residues. In many cases, the effector molecule that
interacts with the transcriptional regulator in order to achieve
induction is a phosphorylated sugar (DeoR, GlpR, LacR, and
AccR). The proteins contain several highly conserved regions,
one of which is the second helix of the helix-turn-helix motif.
Other conserved regions distal to the DNA-binding motif may
be involved in oligomerization or in binding of the inducer.

The DeoR and GlpR proteins have been purified and charac-
terized in some detail (1, 25, 33). Both DeoR and GlpR form
higher-order oligomers under native conditions (octamers and
tetramers, respectively) and achieve repression by simulta-
neous binding of repressor to widely separated operator sites,
with the intervening DNA forming a loop (1, 11, 12, 16, 23).
Among the repressors, GlpR and DeoR were found to have

striking similarities in the recognition helices and correspond-
ing operator sites (16, 60). The first two residues of the recog-
nition helix are not conserved among the DeoR family mem-
bers and are therefore thought to confer DNA sequence
specificity for repressor binding to the operator. Therefore, it
was surprising that the operator binding specificity of GlpR
was not changed to that of DeoR when these two residues of
GlpR were changed to match those of DeoR. The P33E and
Q34M form of the glp repressor did not bind either the glp or
deo operator in vivo or in vitro. The same results were obtained
with a Q34M singly substituted variant and with a E23K, P33E,
and Q34M triply substituted variant of the glp repressor (59).
These results suggest that not only is the recognition helix
important for determining binding specificity for the DeoR
family members but that the supporting structure also must
play a role in DNA sequence binding specificity. There is very
little sequence conservation within the first helix of the helix-

FIG. 4. Overexpression of the glp repressor and its variants. Induction of
expression was carried out as described for GlpE in Materials and Methods. Cells
were lysed by using a French pressure cell, and crude extracts were prepared
(25). The same amount of protein (25 mg), as determined by the method of
Bradford with bovine serum albumin as the standard (4), was loaded in each
lane. Lanes 1 to 4 contained extracts from strains BL21(DE3) with pBluescript,
wild-type GlpR encoded by pSH79, GlpRP33E,Q34M encoded by pSY2-A, and
GlpRR38A encoded by pSY2-9, respectively. Lane M, molecular mass standards
(in kilodaltons [K]).

TABLE 5. Repression in vivo of F(glpD-lacZ) and F(deoC-lacZ) by
the wild-type glp repressor and glp repressor variants

Strain and repressor
encoded by plasmid

b-Galactosidase
sp act Repressiona

2IPTG 1IPTGb 2IPTG 1IPTG

SY102 [glpR2 F(glpD-lacZ)]
Nonec 5,500 5,500
Wild type 120 10 46 550
P33E and Q34M 3,500 1,600 2 3
R38A 5,700 2,900 1 2

KH682 [deoR F(deoC-lacZ)]
Noned 240 290
Wild type 250 220 1 1.3
P33E and Q34M 240 130 1 2.3
R38A 260 140 1 2.1
DeoRe 8 ND f 30 ND

a Repression was defined as the specific activity of b-galactosidase in the
absence of repressor divided by the specific activity of b-galactosidase in the
presence of the glp repressor or a variant.
b IPTG (0.2 mM) was added (1) to the maltose minimal medium as indicated.
c b-Galactosidase activity was determined for strain SY102(pSY223).
d b-Galactosidase activity was determined for strain KH682(pSY223).
e b-Galactosidase activity was determined for strain KH682(pKH31).
f ND, not determined.

TABLE 6. Negative dominance of the P33E and Q34M glp
repressor and the R38A glp repressor

Plasmid
(repressor variant)

b-Galactosidase sp acta

2Glycerol-P 1Glycerol-P

pSY223 (None) 7.4 75
pSY2-C (wild type) 0.5 15
pSY2-IX (P33E and Q34M) 1,020 1,120
pSY2-A9 (R38A) 380 1,000

a Strains constructed by transformation of GD31 [glpR1 F(glpK-lacZ)] with
the indicated plasmids were grown on maltose minimal medium containing 0.25
mM IPTG and 1 mM glycerol-P (1) as indicated. Cells were harvested during log
phase, and the b-galactosidase specific activity was determined.
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turn-helix DNA-binding motif; therefore, the different amino
acid sequences could confer some sequence specificity to DNA
binding and/or could specifically support different recognition
helices. The aliphatic residues in this region that are conserved
among family members are likely to be buried within the re-
pressor structure and thus would not be expected to contribute
directly to sequence-specific binding of DNA. The inability of
the glp repressor variants to bind the deo operator may be due
to loss of a stabilizing interaction that occurs between the two
helices of the normal glp repressor. Loss of such an interaction
could result in an alteration of the angle between the two
helices and an inability to bind the deo operator. For example,
a critical hydrogen bond may exist between Q-34 and one of
the glutamic acid residues of the first helix of the glp repressor.
The loss of such a bond may destabilize the helix-turn-helix
DNA-binding motif. Such a hydrogen bond occurs between a
glutamine at the start of the recognition helix and a glutamine
in the first helix of lambda and 434 repressors (35). An alter-
nate explanation for the apparent lack of binding of GlpR
variants to the deo operator is that the operator arrangements
for the glp and deo systems are fundamentally different. In the
deo system, the repressor binds to multiple operators that are
widely separated (12). In contrast, the glp repressor binds with
highest affinity to adjacent, tandemly arranged operators (60).
However, we found that the P33E and Q34M glp repressor
variant was unable to bind tandemly arranged deo operators in
vitro (data not shown).
Generation of a GlpR variant with altered DNA sequence

binding specificity would provide direct information concern-
ing amino acid residues that contact the operator. Although we
were unable to generate a glp repressor variant with deo oper-
ator binding specificity, the fact that all amino acid substitu-
tions within the second helix of the proposed helix-turn-helix
motif conferred a negative-dominant phenotype, along with
the observed high degree of sequence similarity of this region

to the helix-turn-helix motif of other transcriptional regulators,
provides the first experimental evidence for the assignment of
this region of GlpR and other family members as the helix-
turn-helix DNA-binding motif. Details of the interactions oc-
curring between the DNA-binding domain and the operator
await further structural characterization.
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