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The rfaD gene encodes ADP-L-glycero-D-mannohepto e-6-epimera5e, an enzyme required for the biosynthesis
of the lipopolysaccharide precursor ADP-L-glycerol-D-mannoheptose. The precise loaliation of the raD gene
on a 1.3-kilobase SspI-HpaI fragment is reported. The rfaD gene and the flanking regins were completely
sequenced. The location of the raD gene on the physical map of the Escherichia coli chromosome was

determined. Primer extension studies were used to define the regulatory region of the rfaD gene. The cloned
raD gene directed the synthesis of a 37,000-dalton polypeptide in several in vivo and in vitro expression
systems. N-terminal analysis of purified ADP-L-glycero-D-mannohepto5e-6-epimerase confirmed the first 34-

amino-acid sequence deduced from the nucleotide sequence of the raD gene coding region. The primary
structure of the rfaD protein contains the sequence fingerprint for the ADP-binding et,B fold at the N terminus.

In previous reports, we characterized lipopolysaccharide
and barrier function mutants of Escherichia coli K-12 (10,
11) genetically, chemically, and biochemically. One of these
mutants was shown to have a genetic lesion at 81 minutes on
the E. coli K-12 chromosome, designated rfaD. Its pheno-
type included altered heptose (L-glycero-D-mannoheptose)
and lipopolysaccharide biosynthesis and increased outer
membrane permeability. These phenotypic changes were
shown to be directly related to the loss of the enzyme
ADP-L-glycero-D-mannoheptose-6-epimerase, required to
catalyze the conversion (Fig. 1) of ADP-D-glycero-D-man-
noheptose to ADP-L-glycero-D-mannoheptose (9). Although
we have previously described the enzymatic activity of the
rfaD gene product and the preliminary cloning of a large
RfaD+ DNA fragment into pBR322 (9, 10), the present
communication is the first report which clearly defines and
precisely locates the rfaD gene in terms of its nucleotide
sequence and its gene product in any gram-negative bacte-
rium.

MATERUILS AND METHODS
Materials. Restriction enzymes, T4 ligase, calf intestinal

phosphatase, phenylmethylsulfonyl fluoride, and pepstatin
A were obtained from commercial sources.

Bacterial strains, media, and plasmids. Bacterial strains
and plasmids used in this study are described in Table 1.
Bacteria were grown aerobically at 37°C in LB medium (27)
or in the minimal medium of Davis and Mingioli (12). For
solid medium, 1.5% agar was added. Strains containing the
temperature-inducible plasmid pGP1-3 were grown at 30°C.
When necessary, antibiotics were used at the following

concentrations (per milliliter): 50 utg of ampicillin, 20 p.g of
tetracycline, 400 jig of cycloserine, 200 jig of rifampin, and
30 and 60 ,ug of novobiocin.

Analytical and quantitative techniques. Plasmid DNA was
prepared by the procedure of Bimboim and Doly (3) fol-
lowed by purification by density gradient centrifugation (28).
DNA fragments were purified by agarose gel electrophoresis
followed by electroelution (37). RNA was purified from
strains CL510 and CL529 by the procedure described by

* Corresponding author.

Hyman et al. (20). DNA was estimated by A26, and protein
concentrations were determined by the Bradford procedures
(4, 32). A clones from the genomic library were screened as
indicated below. Samples (10 to 15 ,ul) of bacteriophage
lysates (104 to 107 PFU/ml) of selected phage clones from the
X-E. coli gene library of Kohara et al. (22) were applied to
seeded lawns and incubated at 37°C for 16 h. The plaques
were transferred to the Colony/Plaquescreen membrane
(E. I. du Pont de Nemours & Co., Inc., Wilmington, Del.)
and screened by hybridization. Nick translation, prehybrid-
ization, hybridization (65°C), and washing were performed
according to the instructions of the manufacturer (E. I. du
Pont de Nemours). The procedures for sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (25, 26), the T7
RNA polymerase-expression system (40, 41), and cell-free
coupled in vitro transcription and translation (5) were per-
formed as previously described. (Cells were radiolabeled
[exclusively the rfaD gene product)] as described by Tabor
and Richardson [41].) Amino acid composition was deter-
mined after hydrolysis of the protein sample (49 ,ug) in 6 N
HCI (16). The phenyl isothiocyanate-derivatized amino acids
and the Pierce amino acid standard H were analyzed by
reverse-phase column chromatography (4.6 by 150 mm;
IBM/Jones) in a 1090 Hewlett-Packard high-pressure liquid
chromatography system.
Assay conditions for the epimerase in crude extracts were

described by Coleman and Deshpande (9, 10) and by Kon-
trohr and Kocsis (24). High-pressure liquid chromatography
data were acquired and analyzed by the data collection
system described by Minton and Attri (30).

Plasmid constructions. The RfaD+ plasmid pCG50 (10)
(Fig. 2) was constructed by inserting a 9-kilobase (kb) PstI
fragment from the colicin E1-E. coli DNA hybrid plasmid
pLC32-45 (8) into pBR322. Restriction analyses of pLC32-45
showed that it contained one EcoRI and two SmaI sites.
Taking advantage of the single EcoRI site, we ligated EcoRI-
digested pLC32-45 with similarly restricted pBR322. The
resulting plasmid, pCK4 (Fig. 2) conferred colicin El, ampi-
cillin, and tetracycline resistance to transformants. The
pCK4 plasmid complemented strains carrying the rfaD mu-
tation. pCK4 was digested with PstI, resulting in four DNA
fragments designated A, B, C, and D (Fig. 2). PstI fragment
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isomerase

sedoheptul.ose-7-P ",. D-glycero-D-mannoheptose-7-P

mutase

D-glycero-D-mannoheptose-7-P -&D-glycero-D-mannoheptose-1-P

Refas. 13, 15

[2]

Refs. 13, 15

ADP-heptose synthetase

D-glycero-D-mannoheptose-1-P + ATP

ADP-D-glycero-D-mannoheptose + PPi [3]
Refs. 9,, 13, 15, 23

epimerase

ADP-D-glycero-D-mannoheptose ADP-L-glycero-D-mannoheptose
[4]

Refs. 9, 13, 15,, 21

FIG. 1. Formation of ADP-L-glycero-D-mannoheptose.

A (9 kb) was inserted into Pstl-restricted pBR322, resulting
in pCG50. Purified fragment A was subcloned in the vectors

pT7-i, pT7-5, and pUC19 (Fig. 3B and Table 1). Deletions

(Fig. 3B) were achieved by restriction endonuclease diges-
tion of selected regions of the fragment A insert.

Purification of ADP-L-glycero-D-mannoheptose-6-epime-

rase. The rfaD gene product was purified from strain CL627

(an E. coli K38 strain containing both pGPl-3 [40] and pCG6
[Table 1]) that exclusively expressed, after thermal induction

(42), the plasmid-borne rfaD gene. Unlabeled cells (25 g) and
2 g of [35S]methionine-radiolabeled cells were suspended in

25 ml ofTEM buffer (10 mM Tris hydrochloride [pH 8.0], 10

TABLE 1. Bacterial strains and plasmids
Strains or Genotype or characteristic Reference or sourceplasmid

E. coli K-12
JM1O9 F' traD36 proAB+ lacF' lacZAM15/recAl A(lac-proAB) endAl gyrA96 38

thi-J hsdRJ7 supE44 relAl mcrA
CL510 F- proA2 leuB6 thi-1 lacYl rpsL2O ara hsdS2O This studyCL515 F- proA2 leuB6 thi-J lacYl rpsL2O ara rfaD7O hsdS2O 9
CL529 CL515(pCG50) This laboratoryK38 HfrC phoA4 tonA22 garBJO ompF627 relAl pitlO spolO T2 (X) 31
K38(pGP1-3) Contains T7 polymerase gene, Tetr 35, 36

Plasmids
pBR322 Cloning vector, Amp' Tetr Bethesda Research Laboratories,

Inc., Gaithersburg, Md.pT7-1 Cloning and expression vector, T7 promoter, Ampr 36
pGPl-3 T7 gene 1, X promoter, cI857, Tetr 29
pT7-5' Cloning and expression vector, T7 promoter, AMpr S. Tabor
pUC19 Cloning and expression vector, AMpr 38
pLC32-45 Colicin El-E. coli DNA hybrid plasmid, ColElr 8, 9
pCK4 pLC32-45 in pBR322 10
pCG50 9.0-kb Pst fragment from pCG4 in pBR322, AMpr Tetr 9, 10
pCG19 Deletion plasmid of pCG50 This studypCG3 2.5-kb EcoRI-Smal fragment from pCG5O in p17-i This studypCG4 6.5-kb EcoRI-Smal fragment from pCG5O in pT7-1 This studypCG5 1.8-kb EcoRI-Nrul fragment from pCG50 in pT7-1 This studypCG6 2.5-kb EcoRI-Smal fragment from pCG5O in pT7-5 This studypCG13 1.3-kb Sspl-Hpal fragment from pCG5O in pUC19 This study
a pT1-5 is similar to p17-i except that the 13-lactamase gene is in an opposite orientation and is not under the control of the 17 promoter (S. Tabor, personalcommunication).
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FIG. 2. Construction of pCG50. Plasmid pLC32-45 was identified from the Clarke-Carbon (8) colony bank by its ability to complement
rfaD mutants. pLC3245 and pBR322 were restricted with EcoRl and ligated. The resulting plasmid, pCK4, was Ampr Tetr Coir rfaD. pCK4
was restricted with PstI to generate fragment A; this fragment was cloned into pBR322, and the recombinant was designated pCG50. Cells
transformed with fragment B were Tetr but RfaD-. Fragments C and D are colicin El fragments of 85 and 1,900 bp, respectively.

mM EDTA, 0.1 mM ,3-mercaptoethanol, 57 ,uM phenylmeth-
ylsulfonyl flouride, 14 p,M pepstatin A). Crude extract,
prepared as previously described (9), was treated with 0.6%
streptomycin sulfate and Whatman Cell Debris Remover.
The clarified cell extracts were subjected sequentially to 0 to
20% and 20 to 60% ammonium sulfate fractionation. The
majority of the enzyme activity was present in the 20 to 60%o
ammonium sulfate fraction. This fraction was suspended in
50 ml of TEM buffer and desalted by Sephadex G-25
chromatography (5- by 50-cm column equilibrated with TEM
buffer). The eluate was applied to a Beckman DEAE 5PW
high-pressure liquid chromatography column (21.5 by 150
mm) previously equilibrated in TEM buffer. The proteins
were eluted stepwise with a series of 0.3 M steps from 0 to
0.9 M KCI in TEM buffer. The fraction between 0.3 and 0.6
M KCI containing radioactivity and epimerase activity was
rechromatographed with the DEAE 5PW column. Proteins
were eluted with a linear gradient of 0.25 to 0.5 M KCI in
TEM buffer. Fractions with enzyme activity and radioactiv-
ity were pooled and chromatographed on a Beckman TSK

3000 SW gel filtration column (21.5 by 300 mm) with TEM
buffer (pH 7.4) containing 0.2 M NaCl. The final procedure
of gel ifitration on the TSK 3000 SW column yielded a
homogeneous fraction. Although the recovery of the epime-
rase was only 0.1% by these procedures, sufficient protein
was recovered for the analyses reported here. Samples were
analyzed for purity by polyacrylamide gel electrophoresis.
The purified protein was stored in TEM buffer containing
25% ethylene glycol in liquid nitrogen.
Nuleotide Ieqw d and N- emnal amino

acid amnysis. For nucleotide sequence analysis of the iaD
gene, the modified M13 phages, M13mpl8 and M13mp19 (29,
44) were utilized as cloning vectors for selected restriction
fragments shown in Fig. 4. Nucleotide sequences were
determined by the dideoxy-chain termination method of
Sanger et al. (36) as modified (42) for use with the Sequenase
enzyme (United States Biochemical Corp., Cleveland,
Ohio). Oligonucleotide primers (17-mers) for sequence anal-
ysis were synthesized with aDNA synthesizer (model 381A;
Applied Biosystems, Inc., Foster City, Calif.).

---
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FIG. 3. Schematic illustration of restriction endonuclease sites and rfaD plasmid constructs. (A) Restriction map of an RfaD+ EcoRI
restriction fragment (9.0 kb), designated fragment A. (B) Cloned fragments, vectors, and complementation phenotypes. Only restriction sites
relevant to plasmid construction are shown. Symbols: 1 , E. coli K-12 DNA; E pBR322 DNA; colicin El DNA; -, deletions;
and -, dA-dT homopolymer.

For N-terminal amino acid analysis, 10 jig of the purified
enzyme was subjected to automated Edman analysis (18)
with the Applied Biosystems model 477A protein sequena-
tor.
Primer extension analysis. A 37-mer oligonucleotide de-

signed to anneal to nucleotides 1029 to 1066 (Fig. 5) was
synthesized and used as primer in the primer extension
method described by Shelness and Williams (38). Resulting
primer extension products were applied on a DNA sequenc-
ing gel, and product size was determined by comparison with
an adjacent sequencing ladder (36) after autoradiography.

RESULTS

Localization of rfaD gene on fragment A and complementa-
tion studies. A physical map of the 9-kb EcoRI-restricted
fragment A is shown in Fig. 3A. Restriction of pCG50 with

HpaI-SnaBI removed the middle portion (5.2 kb) of frag-
ment A, leaving approximately 2.0 kb on each end (Fig. 3A
and B). After ligation, the resultant plasmid, pCG19, was
tested for its ability to complement rfaD mutants, and
complementation was observed. When the EcoRI-SmaI por-
tion of fragment A was removed (pCG4, Fig. 3B), comple-
mentation activity was abolished. Plasmid pCG6 containing
the 0- to 2.5-kb EcoRI-SmaI portion of fragment A and
pCG13 containing a 1.3-kb SspI-HpaI fragment both com-
plemented rfaD mutants. The complementation analyses
summarized in Fig. 3B indicated that the rfaD gene is located
between the SspI and HpaI restriction sites.

Identification of rfaD gene product. The rfaD gene product,
encoded by plasmids that complement the rfaD mutation
(Fig. 3B), was expressed in several in vivo and in vitro
expression systems in the presence of [35S]methionine. The
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FIG. 4. Sequencing strategy for the rfaD gene. Two DNA fragments (a 2,037-bp EcoRI-HpaI fragment and a 1,800-bp EcoRI-NruI

fragment) are shown schematically. The rfaD coding region is depicted by the boxed region. The arrows denote primers and sequencing
directions (o -, universal primer; >, specific oligonucleotide primers). Relevant restriction endonuclease sites are indicated.
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1 GAATTCTTTCCATTTATGCTGTGAACCAACAATTGCGCCCCCAATAATATATACATGATT
61 GCCAATCATGAAATCAAAAACCTGTTGTTGAGATGTGACAGTAAGCCCTTTTTTTATAGT

121 GAAAAGATGCATCTTACTTTCATCAAATGGGAAATCCCAAATTTTCAATCCTCGAGTTAC
181 ATTTGGCTTATGGCAATAGCCAAAATCTATCCACGCAACAAGAGGCGTTTTCACTAAGCC
241 CATGTTGATAGCTTTATTTACAAAATAGGCCTTAAGGTTACATACCAAAACATACTCTGG
301 TGACCAGTACTCTGGGTTTTTTAATTGTCGAGGCTCAAGTCTATTTGTAAACGACTCATC
361 TTTTTGAATTTTTTCGATACGACTTCTGATATATCTAAATTTCTTTTTTATATCGATAAC
421 GATAACCGTTGTTGGTTTTCCGTTGCGAATCGCTTCAACCCTTGGTTTCAAATCGGGAGA
481 AGTGAAAATAATCATCTCATTTTCAAGTGCGGCCAGACGCTCAAAGTAACTAAAATAAAC
541 ATCAACTGAACGAGCTAGTTTTTCACGGAACCCTTTATTAGCAGTCCAATCCCCTCTACC
601 AATGTCAAAATATGCAGTGATAATTGTGGTGGATGATTTCATTACTAATAAGACCATTAA

SapI

661 TATAAAAAAAGAATTATATCATAAATATTAATAGAATGTATACTGTATATTATCCATTCA
SpI

721 AATGCTTCCGTTATTTATCATACATCGGAAT'ATTGATACTAAAGCACTATTCACATGCAA
781 AACCAACATCCGCCATGAAGGACTAGCTAAAACCCAAACTAGTTTGTTGCAATTAGCATC

PI (-35) P1(-10) 1+

841 CTTGCACCTCTATGTAAAGGGtITGIA GGATTCGGATGTGATGGITATGATTACAGACATT

90 1

961

1021

1081

1141

1201

1261

1321

1381

1441

1501

1561

1621

1681

1741

1801

1861

1921
1981

CGTGTCTGAGATTGTCTCTGACTCCATAATTCGAAGGTTACAGTTATGATCATCGTTACCMetl.1lleVaIThr
GGCGGCGCGGGCTTTATCGGCAGCAACATCGTTAAAGCCCTGAATGATAAAGGCATCACC
GlyGlyAlaGlyPhOllOGlySerAsnil@VaILysAiaLouAsnAspLYsGlYlleThr
GATATTCTGGTGGTGGACAACCTGAAAGACGGCACCAAGTTTGTGAACCTGGTGGATCTG
AspiIOLeuVIVaIAspASnLouLysAspGlyThrLysPheValAsnLeuVaIAspLeu
AATATCGCAGACTATATGGATAAGGAAGACTTCCTGATCCAGATTATGGCTGGCGAAGAG
AsnIleAlaAspTyrMetAspLysGIuAspPheLeulleGInileMetAlaGlyGluGlu
TTCGGCGATGTCGAAGCGATTTTCCACGAAGGCGCGTGCTCTTCCACCACCGAGTGGGAC
PheGlyAspValGluAlallePheHisGluGlyAlaCysSerSerThrThrGluTrpAsp
GGCAAGTATATGATGGATAACAACTATCAATACTCCAAGGAGCTGCTGCACTACTGCCTG
GlyLysTyrMetMetAspAsnAsnTyrGIlnTyrSerLysGIuLeuLeuHisTyrCysLeu
GAGCGTGAAATCCCGTTCCTGTACGCTTCTTCCGCAGCCACCTACGGCGGACGCACCTCC
GluArgGluIleProPheLeuTyrAlaSerSerAlaAlaThrTyrGlyGlyArgThrSer
GACTTTATTGAATCCCGCGAGTACGAAAAACCGTTGAACGTCTACGGTTACTCAAAATTC
AspPhelleGluSerArgGluTyrGluLysProLeuAsnValTyrGlyTyrSerLysPhe
CTGTTTGATGAATATGTTCGTCAAATCCTGCCTGAAGCGAACTCGCAGATTGTTGGCTTC
LeuPheAspGluTyrValArgGInileLeuProGluAlaAsnSerGInlieValGlyPhe
CGTTATTTCAACGTTTATGGACCGCGTGAAGGCCATAAAGGCAGCATGGCGAGCGTCGCT
ArgTyrPheAsnVaITyrGlyProArgGluGlyHisLysGlySerMetAlaSerVaIAia
TTCCATCTCAACACCCAGCTTAACAACGGTGAATCACCGAAGCTGTTTGAAGGTAGCGAG
PheHisLeuAsnThrGInLeuAsnAsnGlyGluSerProLysLeuPheGiuGlySerGlu
AACTTCAAACGCGACTTCGTCTATGTGGGCGACGTGGCTGATGTGAATCTGTGGTTCCTG
AsnPheLysArgAspPheValTyrValGlyAspValAlaAspValAsnLeuTrpPheLeu
GAAAATGGCGTTTCCGGCATCTTCAATCTCGGTACTGGTCGTGCGGAATCCTTCCAGGCG
GluAsnGlyValSerGlyllePheAsnLeuGlyThrGlyArgAlaGiuSerPhoGinAla
GTAGCTGATGCTACGCTGGCTTATCACAAGAAAGGCCAGATCGAATACATTCCGTTCCCG
VaIAlaAspAlaThrLeuAlaTyrHisLysLysGlyGinileGluTyrileProPhoPro
GATAAACTGAAAGGCCGCTATCAGGCGTTCACTCAGGCAGATCTGACAAATCTGCGCGCG
AspLysLeuLysGlyArgTyrGInAlaPheThrGInAlaAspLeuThrAsnLeuArgAla
GCGGGTTACGACAAACCGTTCAAAACCGTTGCTGAAGGTGTAACGGAATACATGGCCTGG
AlaGlyTyrAspLysProPheLysThrVaIAlaGluGlyValThrGluTyrMetAlaTrp
CTGAATCGCGACGCATAAGAGCTCTGCATGAAAATACTGGTGATCGGCCCGTCTTGGGTT
LeuAsnArgAspAlaEnd
GGCGACATGATGTCGCAAGATCGCTATCGCACGCTCCAGGCGCGCTATCCCCAGGCGATA
ATCGATGTGATGGCACCGGCATGGTGCCGTCCATTATTATCGCGGATGCCGGAAGTT

J. BACTERIOL.
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FIG. 5. Nucleotide and deduced amino acid sequences of the rfaD and associated reading frames. DNA sequence (GenBank accession no.

M33577) of the sense strand of the rfaD gene is shown. Nucleotides are numbered starting with the 5' half of the EcoRI site. The complete
ORF includes nucleotides 946 to 1876. The amino acid residues determined by microsequence analysis are indicated by bold letters. The

tentative rfaD promoter sequence is designated P1.

expressed products were analyzed by polyacrylamide gel
electrophoresis and autoradiography. One of the in vivo
expression systems used was the T7 RNA polymerase-
promoter system described by Tabor and Richardson (41).
Typical experimental results are shown in Fig. 6. Lane 1
shows the results of the expression of a 1.8-kb EcoRI-NruI
fragment cloned into vector pT7-1, designated pCG5. Addi-
tional plasmids examined for expression include a 2.5-kb
EcoRI-SmaI rfaD+ fragment inserted into vectors pT7-1 and
pT7-5; the resulting plasmids were designated pCG3 and
pCG6, respectively (Fig. 6, lanes 2 and 5). The results
consistently showed that all RfaD+ plasmids expressed a

37,000-dalton polypeptide. Two major proteins, the ,B-lacta-
mase doublets and a 22,000-dalton protein, were expressed
by the pT7-1 vector (see the overexposed autoradiogram in
Fig. 6, lane 3). The pT7-5 vector (specially constructed by S.
Tabor) did not express the bla gene after thermal induction
(lane 4). Similar results showing the presence of the 37,000-
dalton polypeptide were obtained with RfaD+ plasmids and
linear RfaD+ fragments (data not shown) with a cell-free

transcription-translation system or RfaD+ plasmids ex-

pressed (data not shown) in minicells (1, 7, 31).
ADP-L-glycero-D-mannoheptose-6-epimerase activity. Bio-

chemical evidence that the RfaD+ plasmids contain the
sequences for the rfaD gene stemmed from the detection of
epimerase activity in crude extracts of RfaD+ strains. This
activity was restored in RfaD- strains which have been
complemented with RfaD+ plasmids. As previously reported
(9), very little if any epimerase was detected in the rfaD
mutant strain CL515. In contrast, RfaD+ strains and plas-
mid-complemented RfaD- strains contained significantly
higher levels of epimerase activity (Table 2). Further, it was
observed that cell-free protein expression reactions directed
by linear RfaD+ DNA likewise produced considerable epi-
merase activity.

Nucleotide sequence and deduced amino acid sequence of
ADP-L-glycero-D-mannoheptose-6-epimerase. The sequences
of a 2,037-base-pair (bp) EcoRI-HpaI fragment containing
the rfaD locus were determined for both strands. A detailed
restriction map and the specific DNA fragments used in
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FIG. 6. Autoradiogram of the expression product ([35S]methio-
nine radiolabeled) of the plasmid-borne rfaD gene in the T7 promot-
er-polymerase system. Lanes: 1, pCG5; 2, pCG3; 3, vector pT7-1; 4,
vector pT7-5; and 5, pCG6. Molecular weights were estimated with
14C-labeled protein standards (Bethesda Research Laboratories, Mr
14,300 to 200,000). K, x 103.

TABLE 3. Amino acid composition of ADP-
L-glycero-D-mannoheptose-6-epimerase

Residues
Amino acid

Observeda Deducedb

Asxc 35 40
Asp (21)
Asn (19)

GlxC 27 32
Glu (23)
Gln (9)

Serine 12 16
Glycine 26 28
Histidine 4 5
Threonine 13 14
Alanine 22 25
Arginine 10 11
Proline 6 8
Tyrosine 17 19
Valine 19 20
Methionine 6 7
Isoleucine 15 17
Leucine 23 24
Phenylalanine 17 21
Lysine 15 18
Cysteine 2
Tryptophan 3

a The tryptophan and cysteine residues were not determined. Calculated
number of residues for Mr = 37,000.

b Amino acid residues deduced from the nucleotide sequence.
Asx represents the summation of Asp and Asn, which were individually

deduced from the nucleotide sequence. Glx represents the summation of Glu
and Gln.

sequencing are shown in Fig. 3 and 4. Analyses of the DNA
sequence (Fig. 5) indicated one large opening reading frame
(ORF), and putative promoters were also identified upstream
of the ORF. This ORF corresponds to the region which
expresses the 37,000-dalton protein and that which comple-
ments the RfaD- phenotype. In addition, amino-terminal
sequence analysis of the purified ADP-L-glycero-D-manno-
heptose-6-epimerase confirmed the first 34 residues of the
deduced amino acid sequence (Fig. 5). Further, the prepon-
derance of acidic residues indicated by the deduced amino
acid sequence was confirmed by the amino acid composition
analyses (Table 3) and the pI (5.85) of the purified rfaD gene
product. There is significant concordance of the deduced

TABLE 2. ADP-L-glycero-D-mannoheptose-6-epimerase activities
in various strains with or without the rfaD genea

Strain Sp act (U/mg ofprotein)'
CL510 (rfaD+)c ................... ..................... 9.3
CL515 (rfaD) ............. ........................... <id
CL515(pCG50) ....................................... 23

CL515(pCG6) ....................................... 43

K38(pCG6, pGP1-3)e ....................................... 290

a Assay procedure (see Materials and Methods).
b One unit equals 1 nmol of ADP-L-glycero-D-mannoheptose produced in 30

min at 37°C. Samples of 40 p.g of crude extracts were assayed except in the
reactions with crude extracts (80 ,ug added per reaction) from CL515(pCG1)
and CL515(pCG4).

c CL510 is isogenic to CL515 except for the rfaD mutation.
d The limit of detection of this method is 1 nmol of nucleotide at 0.05

absorbance unit full scale.
e The epimerase was expressed in the T7 RNA polymerase expression

system (41). Samples of 4 ,ug of crude extracts were used in these assays.

amino acid composition with the experimentally determined
composition.
ADP-binding P fold within the RfaD protein. It has been

demonstrated in the families of flavin adenine dinucleotide
(FAD)-binding and NAD-binding proteins that a particular
Pap unit constituted the binding site for the ADP moiety of
the dinucleotides (33, 43). These ADP-binding folds are
situated near the amino termini, and all contain the finger-
print sequence Gly-X-Gly-X-X-Gly (43). In Table 4, the
region of ADP-L-glycero-D-mannoheptose-6-epimerase con-
taining the putative ADP-binding site is compared with
analogous regions of several FAD- and NAD-binding pro-

TABLE 4. ADP-binding ,13a fold of
ADP-L-glycero-D-mannoheptose-6-epimerase

Protein (peptide)a Sequenceb Reference

NH2 terminal
ADPHE (2) IIVGAGFIGSNIVK

LipDH (FAD) (10) VVLGAGPAGXSAAF 39
NADHDH (FAD) (8) VIVGGGAGGLEMAT 45
GLPDH (FAD) (6) IVIGGGINGAGIAA 6
GPDHC (NAD) (5) AINGFGRIGRLVRI 19
GPDHd (NAD) (7) GVNGFGRIGRLVTR 2
LDH (NAD) (25) TVVGVGAVGMACAI 14
Conserved residues * * *

a ADPHE, ADP-L-glycero-D-mannoheptose-6-epimerase; LipDH, lipoam-
ide dehydrogenase; NADHDH, NADH dehydrogenase; GLPDH, glycerol-
3-phosphate dehydrogenase; GPDH, glyceraldehyde-3-phosphate dehydroge-
nase; and LDH, lactate dehydrogenase.

b The number preceding the sequence is the residue number of the first
amino acid shown relative to the amino terminus of the protein.

c Source, yeasts.
d Source, human.
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FIG. 7. Primer extension of the rfaD transcript. An [a-32P]ATP-

end-labeled oligonucleotide primer corresponding to base positions

1029 through 1066 within the rfaD coding region was annealed to

total cellular RNA from strain CL529. It was extended with reverse

transcriptase, and the products (lanes 1 and 2) were analyzed on a

DNA sequencing gel. The lanes labeled C, 6, T, and A are the

dideoxy sequencing reactions of the identical primer and the rfaD

antisense strand cloned into Ml3mpl8 as a template. The numbers

on the left indicate the base position of the rfaD sequence. The

sequence between bases 912 and 883 is indicated on the right. The

symbol A indicates the transcriptional start site, and this position is

number +1. The 10 hexamer of the rfaD promoter is bracketed.

teins. Comparative analyses show that the highly conserved

fingerprint is present in ADP-L-glycero-D-mannoheptose-

6-epimerase.

Mapping of 5' end of rfaD mRNA. The rfaD transcriptional

start site was identified by determining the 5' end of the rfaD

mRNA by primer extension (38). A 37-mer primer designed

to anneal 83 nucleotides downstream of the ATG start codon

was annealed to total RNA extracted from the RfaD'

plasmid-containing strain, CL529. The mapping results of

the 5' end of rfaD mRNA are shown in Fig. 7. A single major

product was resolved by electrophoresis on a sequencing gel

simultaneously with the dideoxy-chain termination ladder

(36) produced with the identical primer and the rfaD an-

tisense strand of the 1.3-kb Sspl-Hpal RfaD' plasmid frag-

ment cloned into M13mp18. We concluded that the tran-

scription start site is at nucleotide 898. This result is also

consistent with our tentative assignment of the rfaD pro-

moter (see Discussion below).

Location of rfiaD gene on physical map of E. coli chromo-
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FIG. 8. Location of the rfiaD gene on the E. coli physical map.
The upper part of this figure shows the results of DNA-DNA
hybridization of the 1.3-kb Sspl-Hpal fragment from pCG13 to
selected X-E. coli clones (572 to 575) containing the region of the
chromosome located between 3,880 and 3,935 kilobase pairs. Clones
650 and 660 containing DNA from the chromosome kilobase pair
regions 4450 to 4460 and 4580 to 4590, respectively, were used as
controls. The lower portion of this figure shows the physical map of
the region of the E. coli map near the rfaD locus and the inserts in
various X phage tested in the hybridization experiment.

some. Figure 8 shows the results of hybridizing the 1,300-bp
SspI-HpaI RfaD' fragment to X phage clones from the
genomic library bank of Kohara et al. (22). Based on our
previous chromosomal location of the rfaD locus by P1
transductional analysis (10, 11), we chose library clones 572,
573, 574, and 575. These clones span the 3880- to 3935-kb
region of the E. coli chromosome. As controls, we chose
library member clones 650 and 660, which span the 4450- to
4460-kb region. The results shown in Fig. 8 indicate that only
clones 574 and 575 hybridized with the rfaD sequence probe.
These overlapping DNA clones indicate a chromosomal
location between 3916 and 3925 kb on the physical map of
Kohara et al. (22). In addition, using the new restriction
alignment software of Rudd et al. (34), a BglI restriction site
located 526 bp downstream of the rfaD ORF was located at
3916.8 kb on the E. coli physical map.

DISCUSSION

In the present study, we extended the earlier studies by
cloning and sequencing the rfaD gene and by purification and
initial characterization of the rfaD gene product. The rfaD
gene was located on the E. coli physical map by partial
analysis of the genomic library bank of Kohara et al. (22). By
5'-end mapping of the rfaD mRNA, we defined the transcrip-
tion start site and thus provided support for our tentative
assignment of the rfaD promoter region. The motif of the
putative rfaD promoter sequence shows consensus with an
extensive compilation and comparison of promoters for E.

J. BACTERIOL.



rfaD GENE OF E. COLI 4659

coli (17). The rfaD gene regulatory and coding regions are
located on a 1.3-kb SspI-HpaI fragment.
The rfaD gene encodes a functional enzyme, ADP-L-

glycero-D-mannoheptose-6-epimerase. As predicted from
the information obtained from the rfaD gene nucleotide
sequence and amino acid sequence of the N terminus of the
purified rfaD product, we defined the rfaD coding region.
Further analysis of the primary structure of the N terminus
of the RfaD protein suggested a possible ADP-binding site.
The amino acid fingerprint sequence (e.g., G-X-G-X-X-G)
and the predicted secondary structure of the N terminus of
the rfaD protein is consistent with the presence of the
ADP-binding ,Ba,B fold (43).
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