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Pantothenate permease, the product of the panF gene, catalyzes the sodium-dependent uptake of extracel-
lular pantothenate. The panF gene was isolated from an Escherichia coli genomic DNA library and subcloned
into multicopy plasmids. Increased copy number of the panF+ allele resulted in increased rates of pantothenate
uptake and a significant increase in the steady-state intracellular pantothenate concentration. Despite the
higher levels of pantothenate, the utilization of pantothenate for coenzyme A formation was not elevated,
indicating that pantothenate kinase activity is the dominant regulator of coenzyme A biosynthesis. DNA
sequencing of the panF gene revealed the presence of a single open reading frame that encoded a hydrophobic
protein with a molecular weight of 51,992. Sequence analysis predicts that pantothenate permease is an integral
membrane protein possessing 12 hydrophobic membrane-spanning domains connected by short hydrophilic
sequences. The predicted topological profile of pantothenate permease is similar to that of other membrane
carriers that catalyze cation-dependent symport.

Coenzyme A (CoA) is the predominant acyl group carrier
in living systems. Nearly 100 enzymes require CoA (1), and
this cofactor also modulates the activity of several key
enzymes of intermediary metabolism (for reviews, see ref-
erences 1, 6, and 17), suggesting that control over the
intracellular CoA concentration is an important aspect of
metabolic regulation. CoA is formed by a universal series of
reactions beginning with the phosphorylation of the vitamin
pantothenic acid (1). Escherichia coli produces its own
abundant supply of this vitamin (9) from the condensation of
,-alanine and pantoic acid (3). The level of intracellular CoA
is modulated by control over pantothenate phosphorylation
and by the degradation of CoA and acyl carrier protein
(ACP) to 4'-phosphopantetheine (20, 21). Physiological, bio-
chemical, and genetic evidence points to feedback inhibition
of pantothenate kinase primarily by CoA and secondarily by
CoA thioesters as a key regulated step in the biosynthetic
pathway (20, 21). Pantothenate, the kinase substrate, is
derived from either de novo biosynthesis from 1-alanine or
by uptake from the extracellular medium. The intracellular
pantothenate pool is small (<1 ,uM [9, 22]), and excess
endogenous pantothenate is efficiently effluxed from the cell
(9, 22). These observations suggest that the maintenance of
low substrate levels may be required for optimal kinetic
control of pantothenate phosphorylation. The rate of pan-
tothenate uptake from the medium is determined by the
activity of pantothenate permease (22), the product of the
panF gene (23). The pantothenate carrier is an inner mem-
brane protein that concentrates the vitamin by a sodium
cotransport mechanism (22). Although the transport system
has a high affinity for pantothenate, the maximum velocity is
100-fold less than that of typical amino acid transport pro-
cesses, indicating that the permease is not an abundant
protein (22).
The goal of the present work was to evaluate the role of

the pantothenate transport system by cloning the permease
structural gene and overproducing the carrier in vivo to
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determine whether elevated uptake activity increases the
steady-state intracellular concentration of pantothenate and
subsequently elevates the level of cellular CoA.

MATERIALS AND METHODS
Chemicals and supplies. Sources for supplies were: Amer-

sham Corp., L-[355]methionine (specific activity, 1,174 Ci/
mmol), ACS scintillation solution, and 14C-methylated pro-
tein standards; Analabs Inc., 250-,um Silica Gel H plates;
Boehringer Mannheim Biochemicals, restriction endonu-
cleases, T4 DNA ligase, and yeast tRNA; Difco Laborato-
ries, BiTek agar, Bacto-tryptone, and Bacto-yeast extract;
Du Pont NEN Research Products, P-[3-3H]alanine (specific
activity, 120 Ci/mmol), D-[1-14C]pantothenic acid (specific
activity, 55 Ci/mol), and En3Hance; FMC Corp., SeaKem
agarose; Pharmacia P-L Biochemicals, ATP; Research Or-
ganics, Inc., dithiothreitol; Sigma Chemical Co., P-alanine,
D-pantothenate, lysozyme, and amino acids. All other chem-
icals were reagent grade or better.

Bacterial strains and plasmids. All strains used in this
study were derivatives of E. coli K-12 and are listed in Table
1. Strains defective in pantothenate permease (panFII) did
not exhibit a mutant growth phenotype in the absence of a
Pan- background, which was provided by the presence of
the panD2 mutation. For the physiological experiments, an
isogenic series of strains were constructed starting with
strain C600 (Table 1). The panD2 (9), panFII (23),
coaA14(Ts) (20), and recAl alleles were sequentially intro-
duced into strain C600 by P1 phage-mediated transduction
by using closely linked transposon TnJO elements for selec-
tion. Cells were grown in minimal medium E (24) supple-
mented with glucose (0.4%), leucine (0.01%), threonine
(0.01%), and either ,-alanine (4 ,uM) or pantothenate (4 p.M)
unless otherwise indicated. Antibiotics were as follows:
ampicillin, 50 ,ugIml; chloramphenicol, 40 p.g/ml; and tetra-
cycline hydrochloride, 10 ,ug/ml. Cell number was deter-
mined with a Klett-Summerson colorimeter with a blue filter
calibrated for strain C600 or strain SJ148, a recAl derivative
of strain C600. The number of viable bacteria was deter-
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TABLE 1. Bacterial strains used in this study

Strain Relevant genotype Construction or source

C600 thr-J leuB6 lacYl thi-J supE44 B. Bachman (CGSC)'
tonA21 X- F-

DV49 gitA fabE22(Ts) panD2 panFl Pl(DV11) x DV44
Ict mtl xyl ara tsx galK thi (21)
lac Y zhc-9: :TnlO (A)

MB1986 fabE22(Ts) zhc46::TnJO 2
prmA3 A-

SJ148 thr-J leuB6 lacYl thi-l supE44 This study
tonA21 recAl zfi::TnJO A- F-

SJ177 thr-J leuB6 lacYl thi-J supE44 This study
tonA21 panD2 coaAJ4(Ts)
recA::TnlO (cml) X- F-

SJ180 thr-l leuB6 lacYl thi-J supE44 This study
tonA21 panD2 panFI I recAl
zfi::TnJO X- F-

SJ207 thr-J leuB6 lacYl thi-J supE44 This study
tonA21 panD2 recAl
zfi::TnJO A- F-

a CGSC, E. coli Genetic Stock Center, Yale University, New Haven,
Conn.

mined by plating samples from growing cultures, and these
values were plotted as a function of the colorimeter readings.

Pantothenate transport assays. Pantothenate uptake assays
were performed and initial rates were determined as de-
scribed previously (22) with 20 ,uM extracellular [1-
"4C]pantothenate. Initial transport rates were determined by
calculating the slope of the uptake with 15-s time points
within the first minute of the assay. Initial rates were

expressed as picomoles per minute per 108 cells. Cell num-
bers were measured for each transport experiment by deter-
mining the number of CFU per milliliter immediately before
chloramphenicol was added. Rates were calculated from
duplicate determinations made on two separate occasions.
Intracellular volume was assumed to be 0.437 RI per 5 x 106
cells or, equivalently, 2.5 ,u/mg (dry weight) (18).

Metabolic labeling experiments. Strains SJ207 and
SJ207(pSJ2) were grown in minimal medium E containing
glucose (0.4%), leucine (0.01%), threonine (0.01%), and
[1-14C]pantothenate (25 p.M). Cells were harvested in the
late logarithmic stage of growth at a density of 109 cells per
ml. The cells were separated from the medium by centrifu-
gation, and the labeled metabolites were extracted as de-
scribed previously (9). Cell extracts were treated with dithio-
threitol to convert thioesters and disulfides to free sulfhydryl
forms and analyzed by thin-layer chromatography on Silica
Gel H layers developed with either ethanol-28% ammonium
hydroxide (4:1) or butanol-acetic acid-water (5:2:4) to 14 cm
above the origin. The distribution of radioactivity on the
chromatogram was determined by using a Bioscan Imaging
Detector.

Cloning of the panF gene. An E. coli genomic library was

kindly provided by J. Lupski. The library was constructed
by the partial digestion of chromosomal DNA with Sau3AI
and ligation of these fragments into the BamHI cloning sites
in X phage Charon 28 (12). Lysogens of recombinant plus
wild-type helper phages were then selected at 42°C after
infection of strain MB1986 [fabE22(Ts)] as described previ-
ously (2). A total of 75 thermoresistant lysogens were

identified, and X phage lysates were prepared by UV light
induction. Recombinant phage plaques were purified and
tested again for the correction of the fabE22(Ts) mutation.
The isolated (fabE22+) transducing phages were then used
to infect strain DV49 [panD2 panFl fabE22(Ts)]. A total of

58 of the 75 transductants that grew at 42°C also exhibited
the Pan' growth phenotype, indicating that they carried the
panF gene. One of these phages, XFA6, that contained both
the panF and fabE genes was chosen for subcloning and
sequencing (2). Overlapping segments of both strands were
subcloned into M13 mpl8 and mpl9 and sequenced with the
Applied Biosystems Automated Sequencer operated by the
St. Jude Molecular Resource Center. The panF sequence
was submitted to the Genetic Sequence Data Bank (Gen-
Bank) and was assigned accession number M30953.

RESULTS

Isolation of the panF gene. First, recombinant X trans-
ducing phages were isolated that corrected both the
fabE22(Ts) and panFII growth phenotypes (see Materials
and Methods). One of these phages (AFA6) was selected for
further study, and the 16-kilobase (kb) chromosomal insert
was cleaved with BamHI into three fragments of 6, 5.5, and
4.4 kb. Each of these was subcloned into the BamHI site of
pBR322, and strain DV49 was transformed with the recom-
binant plasmids. Transformants were selected for ampicillin
resistance and tested for correction of the panFIl and
fabE22(Ts) growth phenotypes. Both phenotypes were com-
plemented by the 6-kb BamHI fragment, and the plasmid
carrying this insert was designated pFA (2). With this
plasmid (Fig. 1), a restriction enzyme map of the chromo-
somal insert was prepared, and the DNA fragments were
subcloned into pBR322 to prepare a series of plasmids with
different portions of the original 6-kb insert. These plasmids
were transformed into strain SJ180 (panFlI panD2) and
scored for their ability to grow on pantothenate or ,B-alanine
(Fig. 1). These experiments localized the panF gene within
the 1.5-kb fragment between the BamHI and EcoRV sites of
plasmid pFD5 (Fig. 1).
The initial rates of pantothenate transport were deter-

mined in strain SJ180 (panF) harboring each of these recom-
binant plasmids (Table 2). The wild-type (single-copy) rate of
pantothenate uptake was 0.4 pmol/min per 108 cells in strain
SJ207, whereas pantothenate uptake was not detected in
strain SJ180 (panF). In strain SJ180 harboring either the
pFA, pSJ2, or pFE2, the initial rate of pantothenate accu-
mulation averaged 5.9 pmol/min per 108 cells, a 10-fold
increase in permease activity. Interestingly, the pFD5 plas-
mid was able to correct the growth phenotype of strain SJ180
on pantothenate (Fig. 1); however, the initial rate of pantoth-
enate transport in strain SJ180 containing plasmid pFD5 was
the same as the wild-type transport rate (Table 2). Since
there was no difference in the recovery of plasmid DNA
from these strains, this result suggested that pFD5 did not
contain the complete pantothenate permease gene and/or
regulatory elements.

Elevated pantothenate transport activity results in higher
intracellular concentrations of pantothenate. We determined
whether enhanced uptake activity was associated with a
significant increase in the steady-state intracellular concen-
tration of pantothenate (Fig. 2). For this experiment, we
used strain SJ177 [coaA(Ts)], which had a temperature-
sensitive pantothenate kinase activity, blocking the phos-
phorylation and further metabolism of pantothenate at the
nonpermissive temperature (42°C). Cells were grown to
mid-logarithmic phase at 30°C in medium containing 1 ,uM
pantothenate to minimize the intracellular pantothenate pool
before the transport measurement was made. The cells were
then washed free of pantothenate and incubated at 42°C for
20 min in medium without pantothenate to ensure complete
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FIG. 1. Restriction endonuclease maps of inserts into pBR322. The location of restriction enzyme cleavage sites, plasmid designations,
and the ability of the plasmids to correct the panF growth phenotype when transformed into strain SJ180 are indicated. In all cases the
fragments shown were subcloned into the corresponding unique restriction sites in plasmid pBR322. The insert present in plasmid pFA was
the 6.0-kb BamHI fragment obtained from the digestion of the original recombinant XFA6 phage that corrected both the panF and the
fabE22(Ts) phenotypes. Plasmids pSJ2 and pSJ3 are the same as plasmids pFH and pFI, respectively (2).

pSJ8

depletion of the normally undetectable intracellular pool and
to inactivate the kinase. Transport measurements were made
during the initial uptake period and continued until the
uptake rate decreased to zero, representing the equilibration
of influx and efflux rates. Strain SJ177 possessed wild-type
pantothenate permease activity at 42°C (0.5 pmol/min per 108
cells) and accumulated pantothenate to an estimated intra-
cellular concentration of 20 ,uM in the presence of 1 ,uM
extracellular pantothenate at 42°C (Fig. 2). In contrast, strain
SJ177(pSJ2) accumulated pantothenate to a constant con-
centration of approximately 85 ,uM at 42°C. These data
illustrate that the pantothenate pool was not strictly regu-
lated and that the pantothenate efflux system did not effec-
tively compete with increased pantothenate uptake activity,
resulting in an elevated intracellular pantothenate concen-
tration in strains that overexpressed the permease.

Interrelationships between pantothenate transport activity
and CoA content. We examined whether the intracellular
CoA level had an effect on the rate of pantothenate uptake,
both in the wild-type strain SJ177 and in strain SJ177(pSJ2),
which overexpresses the permease protein and exhibits at
least a 10-fold-higher pantothenate transport rate. Strain
SJ177 contained the panD2 and coaAJ4(Ts) defects. These

TABLE 2. Pantothenate transport activity in strain SJ180 (panF)
harboring recombinant plasmidsa

Transport activity
Strain (pmoUlmin per

10' cells)

SJ207 (pan') .................................................. 0.4
SJ180 (panF) .................................................. 0.0
SJ180(pBR322) ....................................... 0.0
SJ180(pFA) ....................................... 5.5
SJ180(pSJ2) ................. ...................... 6.1
SJ180(pSJ3) ...................................... 0.0
SJ180(pFD5) ....................................... 0.4
SJ180(pFE2) ...................................... 6.2

a Initial rates were calculated from pantothenate transport assays per-
formed with 10 pM extracellular pantothenate as described in Materials and
Methods.

mutations allowed regulation of the intracellular CoA level
by varying the amount of input ,-alanine (9) and the segre-
gation of transport from further metabolism of the vitamin by
eliminating pantothenate phosphorylation at the nonpermis-
sive temperature (21). Cells were grown at 30°C to mid-
logarithmic phase in either 1 or 100 puM ,B-alanine, yielding
intracellular CoA levels of 6 and 40 pmol/108 cells, respec-
tively. The cells were harvested and washed, and the pan-
tothenate uptake activity was measured at 42°C and at 30°C.
At 30°C, strain SJ177 demonstrated an average transport rate
of 0.14 pmol/min per 108 cells at the high CoA level and 0.4
pmol/min per 108 cells at the low CoA concentration. The
influence of CoA on pantothenate uptake was similar in
strain SJ177(pSJ2) assayed at 30°C: 3.84 pmol/min per 108
cells after growth on 1 puM ,B-alanine and 8.2 pmol/min per
108 cells following growth on 100 ,uM P-alanine. These
results could be interpreted as an effect of CoA on pantoth-

100
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FIG. 2. Accumulation of intracellular pantothenate in a strain
that overexpresses pantothenate transport activity. The pantothen-
ate content per 108 cells was determined by using the standard
pantothenate transport method with 1 ,uM extracellular [14C]panto-
thenate as described in Materials and Methods. Intracellular pan-
tothenate concentrations were estimated by assuming a cell volume
0.437 p.l per 5 x 10" cells (18).
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TABLE 3. Levels of pantothenate-derived metabolites in strains
SJ207 and SJ207(pSJ2) grown in the presence of 25 ,uM

extracellular pantothenatea

Concn (pmol/108 cells)
Metabolite

SJ207 SJ207(pSJ2)

CoA 30.4 34.6
ACP 5.1 6.0
Pantothenate NDb 2.3

a Strains were grown on glucose minimal medium containing [1-14C]panto-
thenate to a density of i09 cells per ml. Cells were harvested and extracted,
and the distribution of label among the intracellular metabolites was deter-
mined by thin-layer chromatography as described in Materials and Methods.

b ND, Not detected.

enate transport, but might instead reflect the influence of
CoA on the pantothenate kinase activity and the rate of
pantothenate incorporation into CoA.
To test this point, transport assays were also performed at

42°C. There was no significant difference between the initial
rates of transport at 42°C at either high or low intracellular
CoA levels. Strain SJ177 had a rate that averaged 0.8
pmol/min per 108 cells and strains SJ177(pSJ2) averaged 9.6
pmol/min per 108 cells under both CoA conditions. Thus, in

tI.o. 70
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the absence of pantothenate incorporation into CoA and
further metabolism, the initial pantothenate transport rate
was unaffected by the intracellular CoA concentration.
We next determined whether transmembrane pantothen-

ate flux played a role in the overall regulation of CoA
production by measuring the effect of a larger pantothenate
pool on the production of CoA. Strains SJ207 and
SJ207(pSJ2) were grown in the presence of 25 ,uM iD-
[1-14C]pantothenate (specific activity, 55 Ci/mol) to cell
densities of 3 x 108, 4.5 x 108 and 8 x 108 cells per ml, and
the cells were harvested. The amount of each pantothenate-
derived metabolite in the cultures was determined by thin-
layer chromatography and scintillation counting (Table 3).
Strain SJ207 (panD2) and its derivatives were used because
this strain was not able to synthesize pantothenate due to a

defect in aspartate-1-decarboxylase. In strain SJ207, the
CoA content was 30.4 pmol/108 cells, and intracellular
pantothenate was not present in detectable quantities. Al-
though strain SJ207(pSJ2) had a significant intracellular
pantothenate pool (2.3 pmoL/108 cells; 26 p.M), the cellular
CoA content was not appreciably different from that in the
isogenic strain that did not harbor the pSJ2 plasmid. The
ACP level was also not affected by the presence of a large
intracellular pantothenate pool. Thus, regulation of CoA
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AC IT 0M LCC ATC GAT CCC CIT LOC CA 0CC GOT04i GAT
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ATO 0C4 CTC 0CC ITA OCT OCC CCCBTE ATO CCC GAT CIT HTA CCC

NET His Leu Ala Gly Ala Leu Gly Arg Ala Val Ile Pro Asp Leu His Val Pro
1349 1358 1367 1376 1385 1394

UTR ATO CCLaCC TTA ATOC M CTC 0C CCC COT 0C
Asp Leu Val Ile Pro Thr Leu NET Val Lyas Val Leu Pro Pro Ph. Ala Ala Gly

1403 1412 1421 1439 1448

ATC ITOE 0C CTC CC CTCT AT TAA0 CAL cTC
Ile Ph. Lou Ala Ala Pro NET Ala Ala Il NeT Sr Thr Ile Mn Ala Gln Leu

1457 1446 1475 1484 1493 1502

0M LOT TOO GOT 4CC ATC LTT AM GAT 0T0 TAT ALT ATO OCT CCCB T

Leu Gln Ear SEr Ala Thr II1 Ile Lys Asp Leu Tyr Leu Asn Ile Arg Pro Asp
1511 1520 1529 1538 1547 1556

CAL ATO MC AOC OCT ALO OCC ATO TCC ITT LCO ITA ITT
Cln NET Gln Asn Clu Thr Arg Leu Lys Arg NET SEr Ala Val I1. Thr Leu Val

1565 1574 1583 1592 1601 1610

0CC ITO BET TOO LAG CCC ATO ATC ATC TOC

Lau Gly Ala Leu Leu Leu Leu Ala Ala Trp Lys Pro Pro Clu NET II* Ii- Trp
1619 1628 1637 1646 1655 1664

MT ITO ITO CCC ITO OCT CCC CIT TO C0TC TOC CC0CTC CTC
Lau Asn Leu Leu Ala Ph. Gly Gly Lau Glu Ala Val Ph. Leu Trp Pro Leu Val

1673 1682 1691 1700 1709 1718
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0TT OC OCC CTC CTC TAT OTA 0CC ACC MT LTT CLO TAOC OCC
Val Oly Gly Val Leu Tyr Ala Val Leu Ala Thr Leu Asn Ile Gln Tyr Lau Gly

1781 1790 1799 1808 1817 1826

ITC Coc ZI CTC CCC TCC ITA CTA LOT IsCTO ITO

Ph. His Pro Ile Val Pro Sr Leu Len Lnu SEr Lea Leu Ala Ph. Leu Val Gly
1835 184 1853 1862 1871 1880

ACA TOC CEa ACC LCOT LOT AL
Asun Arg Ph. Oly Thr Ser Val Pro Gln Ala Thr Val Lau Thr Thr Asp Lys oes

1891 -AMR
AGAGnT2TCCLATOCCTTGGATcC

FIG. 3. Nucleotide sequence and predicted amino acid sequence of panF. Numbering of the DNA sequence starts from the 5' end at the
PstI site and proceeds to the BamHI site. The -35 and -10 promoter regions and the Shine-Dalgarno ribosome-binding sequence (RBS) are
boxed. The three dots under the TAA at position 1876 indicate the termination codon. Relevant restriction endonuclease sites are indicated.
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TABLE 4. Predicted amino acid composition of
pantothenate permeasea

Amino acid No. of residues % of total

Nonpolar
Leu 74 15.3
Ala 62 12.7
Gly 41 8.5
Val 39 8.1
Ile 36 7.5
Phe 22 4.6
Pro 21 4.4
Met 17 3.5
Tyr 16 3.3
Trp 10 2.1
Cys 5 1.0

Total 343 71.2
Polar
Thr 27 5.6
Ser 26 5.4
Arg 20 4.1
Gln 14 2.9
Lys 12 2.5
Asp 12 2.5
Asn 11 2.3
Glu 9 1.9
His 8 1.7

Total 139 28.8

a Summarized from data in Fig. 3.

biosynthesis at the pantothenate kinase step is the most
important determinant of pantothenate utilization. Increased
intracellular pantothenate had no influence on CoA content,
indicating that efflux of the vitamin did not have a regulatory
role in the scheme of CoA biosynthesis.

Nucleotide sequence of the panF gene. The region between
the BamHI site and the distal PstI site was selected for
subcloning into M13 and sequenced (Fig. 3). The 1,904 base
pairs (bp) that were sequenced contained a single open
reading frame beginning at position 432 and ending at 1880
with a TAA stop codon. At 6 bp upstream of the ATG start
site was the GAGGA consensus sequence for ribosome
binding (Shine-Dalgarno sequence). A second ATG start site
was located 6 bp upstream of the ATG initiation site at 432
(Fig. 3); however, this ATG constituted part of the GAGGA
ribosome-binding site, suggesting that translation is initiated
at the downstream ATG at position 432. A sequence corre-
sponding to the Pribnow box (TACAAT) was located at
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FIG. 4. Hydropathy profile of pantothenate permease. Hydrop-
athy was calculated by the method of Kyte and Doolittle (11) with a

span of six residues. The portions of the protein sequence above the
midpoint line indicate predicted hydrophobic regions, and the por-
tions below the line indicate predicted hydrophilic regions.
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FIG. 5. Topological model of pantothenate permease. Pantoth-
enate permease is predicted to consist of 12 hydrophobic transmem-
brane domains (shown as rectangles) connected by short hydrophilic
domains.

position 164, with a -35 sequence (GATCGACAA) located
at 144. Although these regions exhibited a high degree of
homology with consensus E. coli promoter motifs, additional
experiments will be required to confirm the promoter activ-
ity of these sequences. No information on the panF termi-
nator located downstream of the BamHI site is available
because this region was not cloned into the original XFA6
(Fig. 1).

Plasmid pFD5 was capable or correcting the panF growth
defect (Fig. 1) but did not overproduce pantothenate per-
mease transport activity (Table 2). The EcoRV-BamHI
fragment contains the entire coding sequence for pantothen-
ate permease, but the promoter elements have been removed
(Fig. 3). Since only low levels of pantothenate transport
activity are required to supply pantothenate for CoA biosyn-
thesis, diminished panF expression due to removal of the
promoter elements accounts for the correction of the panF
growth phenotype and for the low rate of pantothenate
transport activity exhibited by strains transformed with
plasmid pFD5.
Deduced amino acid sequence of pantothenate permease.

The amino acid sequence of pantothenate permease pre-
dicted from the nucleotide sequence is presented in Fig. 3.
The sequence predicts a protein product of Mr 51,922,
consisting of 482 amino acid residues that begins at the ATG
found at 432 and terminates at the TAA codon located at
1878 (Fig. 3). The permease contained a very high proportion
(71.2%) of hydrophobic amino acids (Table 4). Leucine was
the most abundant amino acid (74 of 482 residues). Pantoth-
enate permease was predicted to be a basic protein because
it contains 21 acidic amino acid residues and 32 basic
residues, giving an excess of 11 positive charges at neutral
pH. The frequency of optimal codon usage calculated by the
method of Ikemura (8) was 0.64. This value was consistent
with the low abundance of pantothenate permease (22) and
was similar to those of other E. coli permeases, such as lacY
(0.62), putP (0.66), and melB (0.57).
The hydropathy (hydrophilicity and hydrophobicity) of

the pantothenate carrier was calculated along the amino acid
sequence by the method of Kyte and Doolittle (11) with a
six-residue span (Fig. 4). The pantothenate permease con-
tained 12 predicted hydrophobic segments flanked by short
hydrophilic regions. Like melB (25), lacY (4, 7), and putP
(16), the panF sequence (Fig. 3) did not have the hallmarks
of a signal sequence at the amino-terminal end, suggesting
that, like other bacterial carriers, the panF gene product was
not synthesized in a precursor form. The 12 hydrophobic
segments had a mean length of 23.6 residues, which is
characteristic of the membrane-spanning, a-helical domains
found in integral membrane proteins such as the lactose
carrier (7). Foster et al. (7) reported that the length of a
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24-residue a-helical peptide is about 3.6 nm, corresponding
to the thickness of the hydrophobic core of the membrane.
Kyte and Doolittle (11) suggest that if the average hydropa-
thy of a given 19-residue span is greater than + 1.6, there is
a high probability that it composes a membrane-spanning
region of the molecule. In pantothenate permease, 11 of the
12 proposed transmembrane domains had average hydropa-
thies greater than +1.6. The second hydrophobic region in
the protein had an average value of +1.4, which is higher
than that for proposed membrane-spanning domains of other
bacterial permeases (7, 16). The longest hydrophilic stretch
of amino acids occurred between membrane-spanning seg-
ments 5 and 6. Whether this hydrophilic loop is intracellular
or exposed to the periplasmic space is unknown. Therefore,
analysis of the predicted amino acid sequence of pantothen-
ate permease suggests that it is an integral membrane protein
with 12 hydophobic, transmembrane a-helical motifs (Fig.
5).

DISCUSSION

Analysis of the panF sequence reveals that pantothenate
permease has a predicted structure that places it in the same
category as other integral membrane cation-dependent sym-
port systems. A topological model for pantothenate per-
mease based on the hydropathy profile of the predicted
amino acid sequence is shown in Fig. 5. The permease has 12
membrane-spanning hydrophobic regions separated by short
hydrophilic segments. This topological motif is found in
other cation-dependent membrane carriers. This list includes
the putP (16), lacY(4, 7), melB (25), xyJE (13), and araE (14)
genes of E. coli, the yeast GAL2 (19) and SNF3 (5) hexose
carriers, the murine anion-exchange protein (10), and the
human glucose transporter (15). Despite the similarity in
amino acid composition and the strong topological resem-
blance of panF to other carriers, the protein or nucleic acid
sequence of panF does not contain regions that are signifi-
cantly homologous to any of these transporters. This in-
cludes the putP (16), lacY (4, 7), melB (25), xyJE (13), and
araE (14) genes of E. coli. In contrast, bacterial, yeast, and
mammalian hexose transport systems do have areas of
sequence homology (19), suggesting a common origin for
these genes distinct from panF.
Our physiological experiments argue against a significant

role for pantothenate permease in the regulation of CoA
content. Cells harboring hybrid plasmids containing the
panF gene showed significantly increased rates of pantoth-
enate uptake (Table 2) and had higher intracellular concen-
trations of pantothenate (Fig. 2, Table 3). However, this
dramatic increase in the supply of the vitamin did not
translate into increased amounts of CoA (Table 3). These
data clearly point to the phosphorylation of pantothenate by
pantothenate kinase as the key regulated step in controlling
the flux of pantothenate through the CoA-biosynthetic path-
way. This conclusion is consistent with other biochemical
and genetic evidence suggesting that feedback regulation of
pantothenate kinase by CoA and its thioesters is a major
determinant of CoA levels in E. coli. Whereas pantothenate
permease functions to accumulate the extracellular vitamin,
alterations in the activity of this transport system do not
influence the pattern of pantothenate utilization.
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