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Aerobic sn-glycerol 3-phosphate dehydrogenase, encoded by the glpD gene of Escherichia coli, is a

cytoplasmic membrane-associated respiratory enzyme. The nucleotide sequence of glpD was determined. An
open reading frame of 501 codons was preceded by a consensus Shine-Dalgarno sequence. The proposed
translational start and reading frame ofglpD were confirmed by determining the nucleotide sequence across the
fusion joint of a glpD-lacZ translational fusion. The predicted molecular weight, 56,750, corresponds well with
the reported value of 58,000 for purified sn-glycerol 3-phosphate dehydrogenase. The flavin-binding domain,
located at the amino terminus, was identified by comparison with the amino acid sequences of other
flavoproteins from E. coli. Repetitive extragenic palindromic sequences were identified downstream of the glpD
coding region. The site for transcription termination was located between 87 and 216 bp downstream of the
translation stop codon.

Escherichia coli is capable of utilizing glycerol, sn-glyc-
erol 3-phosphate (glycerol-P), and glycerophosphodiesters
as carbon sources and as precursors for phospholipid bio-
synthesis. The dissimilation of glycerol-P and its precursors

is catalyzed by proteins encoded by the genes of the glp
regulon (17, 18). This metabolic system acts essentially as a

salvage pathway for utilization of glycerol and glycerol-P
derived from the breakdown of phospholipids and triacyl-
glycerol. The regulon is induced by glycerol-P. The glp
genes, under negative genetic regulation by the glpR-en-
coded repressor protein (16, 17), have been mapped to three
separate regions on the E. coli chromosome and are arranged
in at least five different operons (17).
The glpQ gene encodes a periplasmic glycerophosphodi-

esterase that catalyzes hydrolysis of glycerophosphodiesters
to glycerol-P and an alcohol (17). Glycerol-P is actively
transported into the cytoplasm by the glpT-encoded per-

mease (17). The glpTQ operon is located at min 49 on the
linkage map of E. coli. It is adjacent to, and is transcribed
divergently from, the glpACB (also called glpABC [7]) op-
eron encoding the three subunits of anaerobic glycerol-P
dehydrogenase (8, 17, 18). The glpFK operon (19, 35) is
located near min 88. The glpF gene encodes a cytoplasmic
membrane protein responsible for facilitating the diffusion of
glycerol across the membrane (17). The glpK gene codes for
glycerol kinase (21). Phosphorylation of glycerol traps glyc-
erol-P in the cytoplasm.
The glpD gene encodes aerobic glycerol-P dehydrogenase

and maps near min 75 (17). The glpD gene is transcribed
divergently from the adjacent gipE, glpG, and glpR genes (6,
31-33). Aerobic glycerol-P dehydrogenase is expressed max-

imally under aerobic growth conditions (17). Anaerobic
repression of glpD expression is mediated by the two-
component regulatory system encoded by arcA and arcB
(13, 14). Glycerol-P dehydrogenase is associated with the

* Corresponding author.

cytoplasmic membrane and is a primary dehydrogenase in
the respiratory chain. It catalyzes the oxidation of glycerol-P
to dihydroxyacetone phosphate, with concurrent reduction
of flavin adenine dinucleotide (FAD) to FADH. FADH
passes electrons on to ubiquinone and ultimately to oxygen
or nitrate (17, 24). The purified enzyme exists in the native
state as a dimer of identical 58-kDa subunits (30).

Previous work from this laboratory has established the
physical location and direction of transcription of the glpD
gene on cloned DNA fragments (31-33). Also, the promoter-
operator region has been characterized and a portion of the
glpD gene encoding the amino-terminal end of aerobic
glycerol-P dehydrogenase has been sequenced (38). The
objective of this study was to obtain the remainder of the
nucleotide sequence of the glpD gene. While this work was
in progress, a nucleotide sequence for the glpD gene was

published (5). We found several discrepancies between our

sequence and the published sequence (5) which significantly
change the predicted amino acid sequence of the dehydro-
genase. Also, we present data which establish the transla-
tional start site and reading frame, and the approximate
location for transcription termination, for the glpD gene.
Finally, amino acid sequence similarity between GlpD,
GlpA, and triosephosphate isomerase (TPI) was discovered
which allowed prediction of the glycerol-P-binding domain
of the dehydrogenases.

MATERIALS AND METHODS

Bacterial strains, phages, and plasmids. E. coli DH5otF'
[recAl endAl hsdRI 7 A(lacZYA-argF) U169 480d lacZ/M15
supE44 thi-J gyrA96 relAl] was used as the host strain for
preparation of plasmid and phage M13 DNA. DNA frag-
ments of sizes amenable for sequencing were cloned into
pBluescript KS+ (Stratagene), M13mpl8, or M13mpl9 (37).
The plasmids used or constructed are described in Table 1.
The site of transcription termination was estimated by clon-
ing of fragments from pSH60 into pCB267 (29).
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TABLE 1. Plasmids constructed or used in this study

Plasmida Insert Source Position insequence

pSylOb RsaI-BglIll pSH79 -120-54
pSY12b BglII-EcoRI pSH79 55-220
pDA1101 EcoRI-HindIll pSH60 221-2645
pDA1104 EcoRI-EcoRV pDA1101 221-606
pDA1103 EcoRV-EcoRV pDA1101 607-966
pDA1102 EcoRV-HindIII pDA1101 967-2645
pDA701 RsaI-RsaI pDA1101 498-865
pDA20 BamHI-StuI pSH60 - 120+-1634c
pDA21 BamHI-AseI pSH60 -120+-1840

a The vector in each case, with the exceptions of pDA20 and pDA21 (Fig.
2), was pBluescript KS+ (Stratagene).

b Sequence determined by Ye and Larson (38).
c The BamHI site of pSH60 is that present in a TnlOOO insertion in the

adjacent, divergently transcribed glpE gene (32). -120+ indicates that the
exact point of insertion of TnlOOO in pSH60 has not been determined.

Media, enzymes, and reagents. LB culture medium (1%
tryptone, 0.5% yeast extract [Difco Laboratories], 1% NaCi)
was used for growth of E. coli. Strains transformed with
plasmid DNA were grown in LB fortified with glucose
(0.4%) plus 200 ,ug of ampicillin (Sigma) per ml. Screening
for the expression of the alpha fragment of ,B-galactosidase
was carried out on LB agar plates containing 40 ,ug of X-Gal
(5-bromo-4-chloro-3-indolyl-i-D-galactopyranoside; United
States Biochemical Corp.) per ml. Screening for the expres-
sion of alkaline phosphatase was carried out on LB agar
plates containing 0.4% glycerol and 40 ,ug of 5-bromo-4-
chloro-3-indolylphosphate per ml. Restriction endonu-
cleases and T4 DNA ligase were purchased from New
England BioLabs, United States Biochemical Corp., and
Boehringer Mannheim.

Isolation of DNA. Plasmid DNA was isolated by an alka-
line detergent lysis method (27). Cells transfected with M13
were grown in H broth (1% tryptone, 0.8% NaCl), and
single-stranded DNA was isolated as described previously
(10).

Sequencing of DNA. A DNA sequencing kit containing
Sequenase, a modified T4 DNA polymerase, was purchased
from United States Biochemical Corp. [ot-35S]dATP was
purchased from DuPont/New England Nuclear Corp. Both
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double-stranded plasmid DNA and single-stranded M13
DNA were sequenced by the dideoxy-chain termination
method (28). Synthetic oligonucleotides were used as prim-
ers to sequence DNA downstream of glpD. Their sequences
and relative positions were GAGAAAAATAGCATTAA
(1826 to 1842), AATTTTTATGCTGCGCT (1867 to 1850),
TGCCCCTTCTGGACACT (2085 to 2101), TCACCAATAA
ATAGAAC (2160 to 2144), TGAAGAACTGCGTCGTC
(2511 to 2495), and ACCTGATGCAGCTCCTC (2443 to
2459). The primers were purified, after addition of sodium
acetate (pH 4.6) to 0.3 M, by phenol extraction followed by
a phenol-chloroform (50:50) extraction and ethanol precipi-
tation.

Sequence analysis programs. PC/GENE microcomputer
software from IntelliGenetics and the Pustell sequence anal-
ysis programs from IBI were used for analysis of protein and
nucleic acid sequences.

Nucleotide sequence accession number. The sequence data
reported here have been submitted to GenBank and assigned
accession number M55989.

RESULTS AND DISCUSSION

Nucleotide sequence of the glpD gene. Previous studies (32,
38) indicated that the glpD operator consists of tandemly
repeated repressor-binding sites located just upstream of the
BglII site at nucleotide 55 (Fig. 1 and 2). It has been shown
that the glpD gene is transcribed from the BgIII restriction
site (32) toward the EcoRI site (nucleotide 220; Fig. 1 and 2),
and the transcription start (+1) site has been identified (38).
To obtain the remaining nucleotide sequence of glpD, the
2,430-bp EcoRI-HindIII fragment from pSH60 (32) was
ligated to pBluescript KS+, creating pDA1101. Clones ap-
propriate for sequencing of glpD were generated (Table 1
and Fig. 1). Sequence data for one strand were confirmed by
generating sequence data for the entire complementary
strand. The sequence across all restriction sites, used for
creation of subclones, was obtained by sequencing overlap-
ping clones (Fig. 1).
An open reading frame of 501 codons beginning with an

ATG start codon was identified (Fig. 2). The translated
sequence of glpD encodes a protein of molecular weight 56,
750. The previously published nucleotide sequence of glpD

1634

Alu I

RsaI
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FIG. 1. Strategy for sequencing of the glpD gene. The extent and direction of sequencing are indicated by arrows. Arrows with open
circles represent sequence data obtained from M13 clones by using primers that hybridize to the vector. Arrows with closed circles represent
sequence data obtained from M13 clones by using chemically synthesized oligonucleotide primers. The remaining arrows represent sequence
data obtained from plasmid DNA. The nucleotide sequence at the 5' end, from AsuII to EcoRI, was determined previously (38).
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CGCATCCGGCATGAACAAAGCGCACTTTGTCAAAAATCTAACCTAT TTAATTCAGGG 1758
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TCGCCCCGAGAAAAATAGCATTAATGCGCCCAGCGCCAGCATAAAAATTTTGAGCAGAAG

CAGCATGGCAATAACCACCGCCAAAAATTGCGCCAGTATGGGGATGCCGAAAAAAGTCAT

1818
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TACCAGcGAGGTCAAAATCCATTTCTGTTTTGCATTATTCTTTCACTrTG 2058

GTGAAATTATACTCCCCGAGTCCCCTTGCCCCTTCTGGACACTTTTCCGAAATGATGGCG 2118

GAAAAAAACGGGACCCTTTGGCCCCGTTCTATTTATTCGTGAAC ACAATCTCACCGGA 2178

TCGATATGCCAGATATGATCGGCGTACTCTTTGATAGTACGGTCAGAAGAGAAGTAGCCC

ATATTGGCAATGTTCAGCATCGCTTTTGCGGTCCACTCTTCCTGAAGCTCGTAGAGTTCA

TCGACTTTATCCTGACAATCGACATACTGCCATAATCCCAGTACCTCCTACTCATCC

CCGAAGTTGATCAGCGAATCAACCAGATCGCGATAGCGACCCGGATCTTCCGGACTGAAT

ACACCGCTGCCGATTTGCGTCAGCACCTGATGCAGCTCCTCATCTCCTAGTATTCA

CGCGGTTTGTAGCCCTGACGACGCAGTTCTTCCACTTCTTCCGCTGTGTTACCAAAAATA

AAGATATTGTCAGCACCGACATGATCCAGCATCTCGACATTCGCACCGTCCAACGTACCG
MindIII

ATAGTCAGCGCACCGTTAAGCGCAAACTTCATGTTACTGGTGCCGGAAGCTT
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FIG. 2. Nucleotide sequence and corresponding amino acid sequence of the aerobic glycerol-P dehydrogenase gene (glpD). The control
region for glpD (38) contains promoter and operator sequences (solid and dashed underlining, respectively) comparable to those of other glp
genes of E. coli. The transcription start site is designated + 1. The flavin-binding domain is bracketed. The position of the fusion joint in the
glpD-lacZ translational fusion present in pSH85 (32, 33) is indicated by the vertical arrow between nucleotides 73 and 74. The nucleotide
sequence (from A placMu) in pSH85 following the fusion joint was TG AAG CGG CGC ACG AAA with the indicated reading frame (3). REP
sequences identified in the 3'-flanking DNA (nucleotides 1611 through 1709) are indicated by the long dashed arrows over the sequence. A
potential transcription terminator for glpD is indicated by the short dashed arrows (nucleotides 1713 to 1728). The reported rho-independent
transcription terminator (dashed arrows) and translation termination codon (underlined) for the convergent glgP gene (4, 39) are centered at
bases 2136 and 2164, respectively.

(5) reports an open reading frame of 504 codons encoding a
protein of molecular weight 56,131. The published sequences
of the glpD (5) and glgP (4, 39) genes were compared with
the nucleotide sequence presented in this report. The glgP
gene, encoding a-glucan phosphorylase, is located down-
stream ofglpD and is transcribed convergently toward glpD.
The termination codon for glgP is centered at 2164 (Fig. 2).
Four areas of sequence discrepancy in the glpD coding
region, one in the intergenic region, and one in the coding
region for the glgP gene were located (Table 2). After careful
examination of the autoradiograms, we have determined that
for both strands of each region in question, the sequence
presented here is in complete agreement with our data.
The proposed reading frame for glpD was confirmed by

determination of the nucleotide sequence of a glpD-IacZ
translational fusion. A universal primer complementary to
the 5' end of lacZ was hybridized to the gene fusion in

pSH85 (32, 33), and nucleotide sequence data were gener-
ated according to the Sequenase protocol. The results indi-
cated that the proposed reading frame is correct. Further-
more, the location of the fusion joint very near the 5' end of
the gene (Fig. 2, vertical arrow) proves that the proposed
translational start site is correct. There were only three
possible start codons between the 5' end of the glpD mRNA
and the fusion joint (GTG, ATG, and GTG, located at
nucleotides 28, 43, and 64, respectively; Fig. 2). There is no
likely ribosome-binding site preceding the first GTG. The
second GTG (at position 64), closest to the fusion joint, is
located in the flavin-binding domain and therefore could not
be the start codon for glpD. The ATG codon (position 43) is
preceded by a good Shine-Dalgarno sequence and is in the
correct reading frame. It is therefore likely to be the trans-
lational start site for the glpD mRNA.
The deduced amino acid composition was compared with
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TABLE 2. Discrepancies between previously reported nucleotide
sequences and the nucleotide sequence of glpD

reported in this study

Sequence Result of

This study Previously reported error

CCGCTGG (110) CCGGTGGb (substitution) Substitution
GCAGGCT GCACGTb (deletion and Frameshift

(1026-1028) inversion)
GGCGGTA (1100) GGCGGCTAb (insertion) Frameshift
CGACGAC (1433) CGCACGACb (insertion) Frameshift
AGTCCCC (2080) AGTGCCCC (substitution) None
ACCGCTG ACCCGTGC (inversion) Substitution

(2424-2425)
a Numbers in parentheses give the position of the discrepancy within the

nucleotide sequence of glpD (Fig. 2).
b Sequence reported by Choi et al. (5).
c Sequence reported by Yu et al. (39).

the amino acid composition reported for the purified protein
(30). There is very good agreement, with minor differences,
between the predicted and chemically determined composi-
tions (Table 3).
A search for possible secondary structures in the nucleo-

tide sequence flanking the coding region for glpD revealed
the presence of two palindromes that begin approximately 60
bp downstream of the termination codon (Fig. 2). These
palindromes were identified as repetitive extragenic palin-
dromic (REP) sequences and are tandemly repeated, in-
verted with respect to each other, a typical arrangement
found for REP sequences (12). They are nearly identical (85
and 94%, respectively) to the following consensus for REP
sequences (12): GCCKGATGGCGRCGY.... .RCGYCT

TATCMGGCCTAC, where K is G or T, R is A or G, Y is C
or T, and M is C or A.

Experimental data generated in vitro as well as in vivo
indicate that REP sequences, present in mRNA, will orient
themselves to form the most stable secondary structure
possible, with AG values near -51 kcal (ca. -213 kJ)/mol
(12). A potential secondary structure for the glpD mRNA in
this region having a AG value of -57 kcal (ca. 238 kJ)/mol
was predicted by using the RNA fold program.
There are at least 1,000 copies of REP sequences on the E.

coli chromosome (12). In many cases, REP sequences are

located between genes within polycistronic operons and
mediate differential expression of the genes by stabilizing
upstream mRNA, possibly by protecting against 3'-5' exo-

nuclease activity (12). The possibility of additional open

reading frames downstream of glpD was suggested by the
presence of REP sequences. However, analysis of this DNA
revealed no open reading frames of any significance between
the end of REP and the end of the convergent glgP gene (4,
39). Furthermore, the 3' end of glpD was localized to within
100 bp of the end of the REP sequences, as discussed below.

It has been proposed that REP sequences may be the
physiological sites of DNA gyrase action (36). Action of
DNA gyrase at the REP sequences between the convergent
glpD and glgP genes might be important for relief of positive
supercoils generated when both genes are transcribed. An-
other example ofREP sequences occurring between conver-

gently transcribed genes, rcsB and rcsC, has been reported
recently (34).

Estimation of the transcription termination point. To rule
out the possibility of genes located downstream of glpD in
the same operon, the approximate position of the 3' end of

TABLE 3. Comparison of deduced and chemically determined
(30) amino acid compositions of glycerol 3-P dehydrogenase

No. of codons
Amino acid

Proteina DNAb DNAC

Gly 42.6 41 42
Ala 43.6 41 45
Val 32.0 30 36
Leu 53.3 53 47
ILe 25.2 26 28
Pro 17.4 20 22
Phe 15.5 15 15
Tyr 20.3 22 22
Trp 7.7 12 9
Met 12.6 10 13
Ser 31.0 30 30
Thr 28.1 25 24
Cys 3.9 3 7
Asp/Asn 43.6 45 38
Glu/Gln 46.5 49 42
Lys 26.2 25 27
Arg 36.8 39 39
His 14.5 15 18

Total 500.8 501 504

a Values have been corrected to 501 codons.
b Predicted by the nucleotide sequence shown in Fig. 2.
c Predicted by the nucleotide sequence reported by Choi et al. (5).

the glpD mRNA was determined. This was done by cloning
of fragments containing the 5' region of glpD truncated
either at Stul (1635) or AseI (1840; Fig. 1 and 2; Table 1) into
the promoter probe vector pCB267 (29). This vector contains
promoterless, divergently arranged lacZ and phoA genes
separated by a multiple cloning site. If transcription of glpD
proceeds across the StuI or Asel restriction site, an active
glpD-phoA transcriptional fusion would be created. An
active glpE-lacZ transcriptional fusion was created in either
case, because each fragment also contained the divergent
gipE promoter (6, 33, 38). When the Stul site (pDA20) was
ligated to the promoterless phoA gene in pCB267, PhoA+
LacZ+ transformants of DH5aF' were obtained. When the
AseI site was used (pDA21), the LacZ+ transformants were
PhoA-. These results indicate that the transcript generated
from pDA20 continued through StuI into phoA whereas the
transcript generated from pDA21 was terminated before the
AseI site. Therefore, the glpD transcript must terminate
between these two restriction sites.

Evaluation of the nucleotide sequence between 1635 (Stul)
and 1840 (AseI) revealed one possible rho-independent ter-
minator (23) consisting of a string of thymine residues at 1745
preceded by a weak putative stem loop. A possible rho-
dependent terminator (23) also exists in this region, how-
ever, with a 50% G+C-rich stem loop centered on 1720
followed by five adenine residues. This proposed terminator
is situated such that the first base in the stem-loop is one
base removed from the end of the REP sequences.

Characteristics of the amino acid sequence of GlpD. Glyc-
erol-P dehydrogenase is a primary dehydrogenase in the
electron transport chain. It functions in vitro only when
associated with the cytoplasmic membrane. The enzyme has
been purified from the membrane fraction after solubilization
with deoxycholate (30). To elucidate how this enzyme may
be associated with the membrane, the program designed by
Rao and Argos (25) was used to search for potential trans-
membrane helices in the deduced amino acid sequence. Only
one possible transmembrane helix, spanning residues 6 to
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32, was located. Because this is the flavin-binding domain
(see below), it is unlikely to be involved in localization of the
enzyme to the membrane. The hydropathy plot, generated
by the method of Kyte and Doolittle (15), indicated that the
protein has a hydrophobic amino terminus but is overall
sufficiently hydrophilic to exist as a cytosolic protein. It is
possible that GlpD becomes associated with the membrane
by interaction with a membrane-anchoring subunit(s), as is
the case for other respiratory enzymes such as succinate
dehydrogenase, anaerobic glycerol-P dehydrogenase, and
fumarate reductase (17, 18, 24). However, in each of these
cases, the catalytic and membrane-anchoring subunits are
encoded by genes present in a polycistronic operon. There
are no genes in the immediate vicinity of glpD, either
upstream (32) or downstream, that are needed for aerobic
glycerol-P dehydrogenase function. Thus, it is likely that
GlpD is similar to NADH dehydrogenase and D-lactate
dehydrogenase of E. coli, which are each encoded by single
genes. Both enzymes are overall hydrophilic but are tightly
membrane associated (24). Recent studies regarding the
topography of membrane proteins have indicated that hydro-
phobicity analysis is insufficient as a sole means of predict-
ing membrane association and that beta structures, contain-
ing as few as six residues, are capable of spanning the
membrane in proteins virtually devoid of alpha-helical struc-
ture (20).
The hybrid protein encoded by the glpD-lacZ fusion of

pSH85 has an apparent molecular weight only slightly larger
than that of ,-galactosidase, sediments with the particulate
fraction, and can be solubilized by Triton X-100 (32). These
results were interpreted to mean that the extreme amino-
terminal region of GlpD is sufficient for membrane localiza-
tion. In fact, the hybrid protein contains only 10 amino acids
from GlpD (Fig. 2) and 38 amino acids encoded by Mu DNA
(From X placMu). Thus, the interpretation presented above
may be incorrect.
A flavin-binding domain, exhibiting 77% similarity with

the binding site present in the glpA-encoded dehydrogenase,
was found between residues 5 and 30 of GlpD. A comparison
of the flavin-binding sites within selected flavoproteins with
those of GlpD, GlpA, and GlpC is presented in Fig. 3.
Although the overall similarities vary from 37 to 77%, the
characteristic residues and spacing of the consensus se-
quence are conserved.

Unlike anaerobic glycerol-P dehydrogenase, consisting of
three distinct subunits, one of which is an iron-sulfur protein
possibly involved in electron transport (7), a scan of the
amino acid sequence of GlpD revealed no clustering of
cysteines typical of iron-sulfur proteins.
Comparison of the predicted GlpD polypeptide sequence

with bacterial and plant sequences in GenBank (2) revealed
one sequence, GlpA (7; GenBank accession number
M20938), that displayed significant sequence similarity to
GlpD. Alignment of the amino acid sequences of GlpD and
GlpA (Fig. 4) revealed 80% identity in the amino-terminal
regions with periodicities of substantial homology else-
where, particularly in the carboxy-terminal regions. Overall,
the two polypeptides were 25% identical and 46% similar.
The region displaying the most sequence similarity be-

tween GlpD and GlpA is the FAD-binding site. The other
region exhibiting a high degree of sequence similarity (resi-
dues 264 to 370) could be the glycerol-P-binding site of the
dehydrogenase enzymes. To investigate this possibility, this
region of GlpD was used as the query sequence to search
GenBank for similar amino acid sequences. The results
revealed significant amino acid sequence similarity between

Amino acid sequence

GXGXXGXXXAXXXXXXGXXXX

DLIVIGGGINGAGIAADAAGRGLSVLMLEA

DVIIIGGGATGAGIARDCALRGLRVILVER

DTVIMGGGLAGLLCGLQLQKHGLRCAIVTR

DYIAIGGGSGGIASINRAAMYGQKCALIEA

DYLVIGGGSGGLASARRAAELGARAAVVES

DLAIVGAGGAGLRAAIAAAQANAKIALISK

KIVIVGGGAGGLEMATQLGHKKAKITLVDR

KLLILGSGPAGYTAAVYAARANLQPVKITG

QVVVLGAGPAGYSAAFRCADLGLETVIVER

DVTVIGSGPGGYVAAIKAAQLGFKTVCIEK

DVTVIGSGPGGYVAAIKAAQLGFKRVCIEK

DAVVIGAGGAGIARLAQISQSGQTCALLSK

QICVVGSGPAGFYTAQHLLKHHSRAHVDIY

QICVVGSGPAGFYTAQHLLKHP-QAHVDIY

QVAVIGSGGAAMAAALKAVEQGAQVTLIER

DNVIVGTGLAGVEVAFGLRASGWEGNIRLV

Origin Z Similarity

GlpD

GlpA

G1pB

GR-E.

GR-H

FrdA

NDH

T rxB

LPD-E.

LPD-H

LPD-P

SdhA

AdrR-B

AdrR-H

MerR-P.

PutR

(1 0 0)

77

53

50

57

47

57

53

60

50

50

53

37

3 7

53

47

FIG. 3. Comparison of the amino acid sequences of proposed
flavin-binding domains in GlpD (aerobic glycerol-P dehydrogenase),
GIpA and GlpB (anaerobic glycerol-P dehydrogenase from E. coli)
(7), GR-E. (glutathione reductase from E. coli) (11), GR-H (human
glutathione reductase) (11), FrdA (fumarate reductase from E. coli)
(7), NDH (NADH dehydrogenase from E. coli) (7), TrxB (thiore-
doxin reductase from E. coli) (11), LPD-E. (lipoamide dehydroge-
nase from E. coli) (7), LPD-H (human lipoamide dehydrogenase)
(11), LPD-P (porcine lipoamide dehydrogenase) (11), SdhA (succi-
nate dehydrogenase from E. coli) (7), AdrR-B (bovine adrenodoxin
reductase) (11), AdrR-H (human adrenodoxin reductase) (11),
MerR-P. (mercuric reductase from Pseudomonas sp.) (11), and PutR
(putidaredoxin reductase from Pseudomonas putida (11). Percent
similarity reflects the degree of similarity that each protein exhibits
with respect to the GlpD sequence. For comparison, amino acids
were grouped according to chemical similarity (GASTP, QNED,
FYW, ILVM, HRK, C).

this region of GlpD and TPIs (from yeast cells [1] and E. coli
[22]; GenBank accession numbers J01366 and X00617). The
alignment of the GlpD and GlpA sequences with that of E.
coli TPI is shown in Fig. 4. It is reasonable to propose that
the glycerol-P-binding site of glycerol-P dehydrogenase re-
sembles the substrate-binding site of TPI in that the product
of the glycerol-P dehydrogenase reaction (dihydroxyacetone
phosphate) is the substrate for the reaction catalyzed by TPI.
It is known that residues 168 to 177, 209 to 212, and 232 to
234 are highly conserved among known TPI sequences (1,
22) and that these residues are involved in phosphate bind-
ing. Residues 168 to 172 form a flexible loop that folds down
on the phosphate end of the substrate (1); the phosphate is
held in place by hydrogen bonds from the main chain of two
glycine-containing loops (residues 209 to 212 and 232 to 234
[1]; overlined in Fig. 4). It is interesting that the correspond-
ing regions of GlpD and GIpA contain highly conserved
sequences that could function in an analogous manner. We
also noticed that a portion of GlpC, the other catalytic
subunit of the anaerobic glycerol-P dehydrogenase, exhib-
ited sequence similarity to GlpA and GlpD in this region
(Fig. 4). It has been pointed out that residues 74 to 90 of
GlpC may be involved in catalysis (7). All of these observa-
tions suggest that the glycerol-P-binding site for glycerol-P
dehydrogenase encompasses, at least in part, residues 300 to
390. The similarity between GlpD and TPI provides a basis
for experimental identification of residues critical for sub-
strate binding and enzyme activity.
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GlpD
METKDLIVIGGGINGAGIAADAAGRGLSVLMLEAQDLACATSSASSKLIHGGLRYLEHYEFRLVSEALAEREVLLKMAPHIAFPMRFRLPHRPHL

GlpA ** :*:*:::: ::::: ::: :***: :*: **** :*:*: :: * **: **: **:
MKTRDSQSSDVIIIGGGATGAGIARDCALRGLRVILVERHDIATGATGRNHGLLHSGARY-AVTDAESARECISENQILKRIARHCVEPTNGLFITLPED

95

99

RPAWMIRIGLFMYDHIGKRTSLPGSTGLRFGANSVLKPEIKRGFEYSDCWVDDARLVLANAQMVVRKGGEVLTRTRATSARRENG-LWIVEAEDIDTGKK 194
** * * :* * : ** *: * * *: : :::: *:* *:: :* :: * * : * :

DLSFQAT-FIRACEEAGISAEAIDPQQAR-IIEPAVNPALIGAVKVPDGTVDPFRLTAANMLDAKEHGAVILTAHEVTGLIREGATVCGVRVRNHLTGET 197

YSWQARGLVNATGPWVKQFFDDGMHLPSPYGIRLIKGSHIWPRVHTQKQAYILQNEDKRIVFVIPWMDEFSIIGTT--DVEYKGDPKAVKIEESEINYL 292
* :*::*: : : * : ::: ******* .*:: **: * ** :**:

QALHAPVVVNAAGIWG-QHIAEYADLRIR-MF-PAKGSLLIMDH-RINQHVINRCRKPSDADILVP-GDTISLIGTTSLRIDY-NEIDDNRVTAEEVDIL 291

I -- - -- - - - - - - -- - --2
TPI (160) AVIAYEPVWAIGTGKSATPAQAQAVHKFI-RDHIA-KVDANIAEQVIIQ-YGGSVNASNAAELFAQPDIDGALVGGASLKADAFAVIVKA 242

* * ::: ** ** ****** * :: * :: * * ** *:: * * * : * * : : *** * : * :
LNVYNTHFKKQLSRDDIVWTYSGVRPLCDDESDSP-QAITRDYTLDIHDEN-GKAPLLSVFGGKLTTYRKLAEHALEKLTPYYQGIGPAWTKESVLPGGA 389
: * *** : * *::::: *:** ** : : : . * *** .:: ::*.:: **:: * :::

LR-EGEKLAPVMAKTRILRAYSGVRPLVASDDDPSGRNVSRGIVLLDHAERDGLDGFITITGGKLMTYRLMAEWATDAVCRKLGNTRPCTTADLALPGS- 389
: * **:: * :*: *: * * * ** * * *: :* *:* *: ** *:**: * * **

GlpC (66) SLRQQAPAHPYSLLEPQRVLDLACQAQALIAESGAQLQGSVELAHQRVTPLGTLRSTWLSSPEVPVWPLPAKKICVVGISGL . . . (149)

AEAAKQA 249 TPI
:* **

IEGDRDDYAARLRRRYPFLTESLARHYARTYGSNSELLLGNAGTVSDLGEDFGHEFYEAELKCYLVDHEWVRRADDALWRRTKQGM-WLNADQQSP.VSQWL 487
:* * *: :* * :* *: :* :*** :* *:* : :* : : : :::*: *** * *:

QEP--AE-VT-LRKVIS-LPAPLRGSAVYRHGDRTPAWLSEGRLHRSLVCE-CEAVTAGEVQYAVENLNVNSLLD-LRRRTRVGMGTCQGELCACRAAGL 480

VEYTQQRLSLAS 501 GlpD
** * ::
LQRFNVTTSAQSIEQLSTFLNERWKGVQPIAWGDALRESEFTRWVYQGLCGLEKEQKDAL 542 GlpA

FIG. 4. Alignment of the GlpD, GlpA, GlpC, and TPI amino acid sequences. Amino acid identities are indicated by colons. Conservative
amino acid substitutions (asterisks) are defined in the legend to Fig. 3. Where TPI and GIpC are compared, the identities or similarities are
indicated with respect to either GlpD or GlpA. Dashed overlining above the TPI sequence indicates residues 168 to 177, 209 to 212, and 232
to 234, which interact with phosphate of the substrate (1). Active site E165 of TPI is indicated by the vertical line. The numbering system for
TPI is that used for the yeast sequence (1).

Sequence and structural similarities between enzymes
catalyzing sequential steps of the glycolytic pathway have
been sought (9). Phosphoglycerate mutase and diphospho-
glycerate mutase are clearly related and probably have
evolved following a gene duplication event. Glyceraldehyde
3-phosphate dehydrogenase and phosphoglycerate kinase
also appear to be distantly related. The TPI/glycerol-P
dehydrogenase pair represents another example for which
sequence similarity is observed; the similarity is likely to be
the result of convergent evolution, however, because glyc-
erol-P dehydrogenase is very different from TPI in size,
subcellular location, and function.
There are many reports describing enzymes with active-

site arginyl residues that act as positively charged receptors
for anionic substrates (26). Most of the glycolytic enzymes,
all of which have phosphorylated substrates or cofactors,
contain active-site arginyl residues (26). The region of sub-
stantial sequence identity in the glycerol-P dehydrogenase
(Fig. 4) contains conserved arginyl residues that may aid in
the binding of glycerol-P or dihydroxyacetone phosphate. It
should be pointed out, however, that cationic side chains are
generally used for phosphate binding when the phosphate is
hydrolyzed or transferred and not when phosphate is simply
bound by an enzyme during catalysis (1).
The observed similarity between the sequences of GlpD,

GlpA, and GlpC suggests that the genes encoding these
proteins evolved from a common ancestral gene. Thus, GlpD
acquired the ability to associate with the membrane and the
aerobic electron transport chain. It functions as a ho-
modimer. The anaerobic glycerol-P dehydrogenase func-
tions as a heterodimer of related subunits (GlpA and GlpC)
and requires a third subunit (GlpB) for interaction with the

membrane and with the anaerobic electron transport chain.
The control regions for the operons diverged such that each
enzyme is expressed under the appropriate environmental
condition.
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