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LIV-1, a high-affinity system that transports neutral, branched-chain amino acids into
Escherichia coli, has two components, LivG and LivF, that are homologous to the cystic
fibrosis (CF) transmembrane conductance regulator (CFTR). CF-associated muta-
tions of human CFTR were introduced into corresponding regions of LivG, and their
effects on leucine transport could be grouped into three classes. Mutations were found
that (i) abolished LIV-I-directed transport, (ii) retained about a quarter of wild-type
activity at the Michaelis-Menten constant (Ky,), and (iii) had minimal activity at the
K. A mutation equivalent to a benign polymorphism had no effect on transport. The
correlation of these mutational phenotypes in LivG and CFTR suggests that the LIV-I
prokaryotic transporter is functionally similar to the CF protein and that this similarity
can be exploited to clarify the properties of the nucleotide-binding fold in this

superfamily of proteins.

HE CLONING AND SEQUENCING OF
the CF (cystic fibrosis) gene (1-3),
together with recent complementa-
tion studies (4), provide the opportunity to
study the molecular basis for this common
genetic disease. The CF gene encodes a large
protein, CFTR (1480 amino acids), which
includes two NBF (nucleotide-binding fold)
domains. These structural elements are com-
mon to members of a superfamily of related
proteins from mammals, yeast, and prokar-
yotes (1, 5), most of which are known to
mediate transport processes. They share a
conserved motif involving amino acid simi-
larity over 200 residues, which suggests a
conservation of three-dimensional protein
structure. CFTR is involved in ion transport
(6) and may be a chloride channel (7), but
the precise functions of the protein and
nature of the CF defect are unknown.
Even in the absence of a crystallographic
structure determination, the wide repre-
sentation of the common structural motif
of the superfamily can be exploited to learn
more about the structure and function of
both CFTR and related proteins. Similar
approaches have permitted inferences
about the structures and functions of G
proteins.on the basis of the similarities to
EF-Tu and ras p21 (8) and have been used
in the design of mutagenesis studies of the
F,~adenosine triphosphatase (ATPase) of
E. coli (9) and mammalian multidrug resis-
tance protein (10) and in studies dissecting
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the multiple functions of a yeast DNA
repair enzyme (RAD3) (11). A growing
list of CFTR mutations with associated CF
phenotypes (12-21) suggests the possibili-
ty of investigating specific structure-func-
tion relationships by introducing similar
mutations into other members of the su-
perfamily in regions of common sequence.
This approach is particularly appealing in
prokaryotic -systems, in which powerful
methods of gene expression, mutagenesis,
and selection are readily available. In this
study, we introduced CF-associated muta-
tions into a CFTR-homologous compo-
nent of LIV-I of E. coli.

The LIV-I operon of E. coli encodes six
proteins that transport leucine, -isoleucine,
and valine into the cell (22). Two periplas-
mic binding proteins, Liv] and LivK, deliver
their amino acid substrates to a multicom-
ponent transporter complex in the mem-
brane. By analogy with other systems (23),
two integral membrane components, LivH
and LivM, are believed to form a transmem-
brane channel, whereas two associated pe-
ripheral membrane components, LivG and
LivF, provide energy for transport from
hydrolysis of nucleoside triphosphates.

Alignments of the amino acid sequences
of CFTR NBF domains with comparable
components of LIV-I and other transporters
show the conserved A and B motifs noted by
Walker et al. (24) for ATPases and kinases as
well as additional regions of similarity char-
acteristic of the protein superfamily (1, 3).
The inferred protein sequences of the two
NBF domains of CFTR were aligned with
the complete sequences of LivG and LivF by
the method of cluster linkage analysis de-
scribed by Higgins and Sharp (25) and
implemented as the CLUSTAL package of
programs. The alignment (Fig. 1) was cal-
culated with gap penalties set to the default
values and has not been adjusted manually.

The mutation AF508, reported to be pre-
sent in about 70% of human cystic fibrosis
patients, is marked by the rightmost A sym-
bol in the figure. This phenylalanine residue
is conserved as residue 92 in both LivF and
LivG. Leu®! of LivG and Val®! of LivF are
treated as conservative substitutions for
11e%°7 of CFTR.

The alignment permitted the quantitation
of the degrees of relatedness of the four
protein domains. Paired residues-of the two
CFTR NBF domains are 29% identical.
LivF and LivG share 31% identical residues.
The CFTR NH,-terminal NBF is 21%
identical to LivF and 19% identical to LivG.
The CFTR COOH-terminal NBF is 25%
identical to LivF and 20% identical to LivG.
We compared each pair of sequences using
the - logarithm-of-odds scoring matrix of
Dayhoff et al. (26), which estimates the
probability of a specific amino acid replace-
ment on the basis of comparisons of amino
acid sequences of closely related proteins.
The odds of relatedness of the most distantly
related pair of domains (CFTR-N and
LivG) is 1 x 108 (27).

Four benign polymorphisms of the NBF
domains of human CFTR have been discov-
ered on normal chromosomes: M470V
(16), I506V (28), V5621, and G576A (29).
Two of these allowable substitutions are
seen at the same positions in LivG (V89,
analogous to I506V of CFTR, and A182,
analogous to G576A of CFTR).

Differences between the amino acid se-
quences of human and murine CFTR (30)
are also allowable substitutions that may be
treated as polymorphisms. Comparison of
the mouse sequence to the multiple se-
quence alignment reveals additional residues
conserved in ‘the LIV-I proteins: three
found in LivG, six found in LivF, and three
found in both LivF and LivG (31).

Fourteen deletion or missense mutations
of the NBF domains of CFTR have been
described: AF508 (3); G551D and A559T
(13); G5518 (21); AIS07, A455E, S5491,
S549R, S549N, R560T, Y563N, and
P574H (16); G458V (17); and N1303K
(18). Twelve of these fourteen human mu-
tations are alterations of residues that are
conserved in LivG or LivF or both.
(A455E and Y563N are alterations of non-
conserved residues.) With the exception of
residue 507, all analogous residues are
identical, suggesting that these CFTR mu-
tations highlight residues that are essential
for the function of the common structural
motif.

We have introduced eight CF-associated
mutations and one benign polymorphism of
human CFTR (at positions boxed in Fig. 1)
into conserved regions of LivG by site-
directed mutagenesis (32). Mutagenesis was

REPORTS * 109



v
CFTR-N 424 - GDDSL----- FFSNFSLLGTPVLKDINFKIERGQLLAV. TGAGKTSLLMMIMGELE
CFTR-C 1206 SGGQM-TVKDLTAKYTEGGNAILENISFSISPGQRVGL TGSGKSTLLSAFL-RLL
LivF 1

LivG 1

MEKVMLSFDKVSAHYG--KIQALHEVSLHINQGEIVTL NGAGKTTLLGTLCGDPR
MSQPLLSVNGLMMRFG--GLLAVNNVNLELYPQEIVSLI] TVFNCLTGFYK
o~ ke Kk Lk _kkk kKK K kekeekkkk  _

AA K A motif
PSEGKIKHSG- —RISFCSQFSWIMP—GTIKENI%—VSY —————— DEYR---~-- YRSVIKACQLEEDIS

-~ Feee -

NTEGEIQIDGVSWDSITLQ-QWRKAFGVIPQKV. -GTFR --DPYEQWSDQEIWKVADEVGLRSVIE
ATSGRIVFDDKDITDWQTAKIMREAVAIVPEAG! RMTVE: AMG------- GFF-----==-=-~ AER
PTGGTILLRDQHLEGLPGQQIARMGVVRTFQHV EMTVI LVAQHQOLKTGLFSGLLKTPSFRRAQS
~% o0 o -* ~ L L IR TVl JNPVPUPEY DU JUs ~ ~

TT I

s

D
K------ommm- FAEKDNIVLGEGGITLS RARIS VYKDADLYLLDSPFGYLDVLTEKEIFESCV
Q-=mmmmm FPGKLDFVLVDGGCVLS KQLMC VLSKAKILLLDEPSAHLDPVTY-QIIRRTL
DQFQERIKWVYELFPRLHERRIQRAG-TMS QOMLAT LMSNPRLLLLDEPSLGLAPIIIQQIFDTIE

EALDRAATWLERI--GLLEHANRQAS-NLA QRRLEI EPAAGLNPKETKELDELIA

FiaFn an *Komn ~ * khkhkooNom~~o*

B motif

kKo mmmn ~ ~kkal o

C-KLMANKTRILVTSKMEHLKK-ADKILILHEGSSYFYGTFSELQNLQPDFSSKLMGC 647 CFTR-N
K-QAFADCTVILCEHRIEAMLE-CQQFLVIEENKVRQYDSIQKLLNERSLFRQAISPS 1444 CFTR-C
QLREQ-GMTIFLVEQNANQGLKLADRGYVLENGHVVLSDTGDALLANEAVRSAYLG-G 237 LivF
ELRNHHNTTILLIEHDMKLVMGISDRIYVVNQGTALANGTPEQIRNNPDVIRAYLGEA 255 LivG’

~~ o~ SR aa RalkR Lk

~kk

* ok

~—Fa ko

Fig. 1. Alignment of the nucleotide-binding portions of human CFTR with homologous regions of
LivF and LjvG. Numbers indicate beginning and ending residues. Dash (-) indicates a gap
introduced for alignment. Numbers of identical aligned residues at each position are denoted by ®
(a match across all sequences), * (three identical residues or two pairs of identical residues), and ~
(one pair of identical residues). Reported changes in the published sequences of CFTR, LivG, and
LivF are incorporated (46). Approximate Walker A and B motifs (24) are underlined, and aligned
residues altered in LivG for this study are boxed. Residues deleted from CFIR at positions 507 and
508 are marked with the A symbol. Missense mutations are indicated with V (Gly*5® of CFTR is
replaced by Val), K (Asn!'3%3 is replaced by Lys), D and S (Gly®*! of CFTR is replaced by Asp and
Ser), T (Ala®%® and Arg®®° are replaced by Thr), and I (a normal allele of CFTR may have Ile rather

than Val at position 562).

confirmed by DNA sequencing (33). The
CFTR mutations consist of the following:
the deletion of an isoleucine at residue 507
(AI507) (16) and of phenylalanine from
position 508 (AF508), G458V, G551D,
G551S, A559T, R560T, and N1303K.
Comparable mutations in LivG are AL91,
AF92, G38V, G157D, G157S, Al65T,
R166T, and N10OK, respectively. One of
the polymorphisms reported for human
CFTR (isoleucine instead of valine at posi-
tion 562) (29) was introduced at the analo-
gous position in LivG, replacing methionine
(M168I).

Mutant forms of LivG were subcloned
by digestion with Hind IIT and Eco RI

followed by ligation into pUCI19. A posi-
tive control plasmid expressing wild-type
LivG (pOX21) (34) consisted of the same
Hind III-Eco RI fragment cloned into
pUC9 (35). The pUC19 vector without
the livG gene served as the negative
control.

We tested the effects of these mutations in
LivG by transforming a livG strain, AE405
(34), with plasmid-borne alleles of livG and
observing leticine uptake (Fig. 2). About
17% of the total leucine uptake by the
positive control strain (at a ligand concen-
tration near the Ky, of transport, 0.1 pM) is
due to a low-affinity transporter, LIV-II
(36), and a small amount of nonsaturable

Fig. 2. Effects on leucine transport in E. coli due to the
introduction of known CFTR mutations into homol- £
ogous regions of livG. Plasmids carrying genes encod-

ing wild-type LivG and LivGs bearing site-directed 2os
mutations corresponding to CF-associated changes =
(G38V, AL91, AF92, G157D, GI157S, Al65T, E 04

R166T, and N100K) or a benign polymorphism of = 03
CFTR (M168I) were used to transform AE405, a livG e
strain of E. coli. Corresponding mutations of CFTR are
shown in parentheses. Initial-rate transport assays were g
performed as described (36). Plasmid-bearing strains 59
were cultured in Vogel-Bonner medium supplemented
with ampicillin, leucine, essential amino acids, thymine, (]
and thiamine. Mid-log cells were chilled and washed 3
three times in leucine-free medium. Cells (0.4 ml) were

mixed with an eqzual volume of medium containing 0.2

M leucine and *H-labeled leucine. After a 15-s incu-
bation at 37°C, cells were isolated by filtration onto
Millipore HA membranes. Excess radiolabeled medium

Negative control
Wild type
G38V (G458V)

AL92 (AI507)
AF92 (AF508)
G157D (G551D)
G157S (G551S)
A165T (A550T)
R166T (R560T)
N100K (N1303K)

M168l (V562l)

was removed by washing twice with phosphate buffer. Leucine uptake was determined by scintillation
counting. The range indicated on each bar represents the standard error of the mean (SEM) of

triplicates from two independent cultures of each plasmid-bearing strain.

110

transport. The deletion mutations (compa-
rable to AI507 and AF508) and most of the
tested missense mutations (analogous to
G458V, G551S, A559T, and N1303K)
failed to complement the transport defect.
Two missense mutations (comparable to
G551D and R560T) resulted in strains with
LIV-I-directed leucine uptake equal to 23%
and 35% of the uptake seen for the wild-
type strain, respectively. A control mutant

* (M168I, corresponding to the benign allele

V562I) transported leucine at a level corre-

-sponding to that observed for wild-type

LivG. Addition of isopropyl B-D-thiogalac-
topyranoside (IPTG), to induce increased
expression from genes following the lac pro-
moter on the pUC plasmids, had no effect
on the level of transport. The number of
LIV-I transporters in the membrane is lim-
ited by the levels of transmembrane compo-
nents (LivH and LivM) expressed from
chromosomal alleles and -is insensitive to
variations in expression of genes on the
high-copy plasmids. .

Kinetic studies of LIV-I-specific trans-
port in the four transformed mutant strains
at varying concentrations of leucine (Fig. 3)
show that the two deletion mutations were
completely defective in leucine transport ac-
tivity, even at high substrate concentrations.
Parameters of the transport kinetics for the
missense mutants were derived from dou-
ble-reciprocal plots. Wild-type LivG exhib-
ited a K, of 0.16 and maximum initial
velocity of transport (Vy,,,) of 2.18. Four
CF-associated missense mutations primari-
ly caused decreases in the V', of trans-
port. LIV-I complexes incorporating a
LivG corresponding to G551D had a Ky
of 0.16 and V', of 0.34 (16% of wild-
type capacity). LivG incorporating the
change analogous to R560T showed a Ky,
of 0.29 and V,,, of 0.97 (50% of wild-
type capacity). Similar experiments with
LivGs analogous to G551S and A559T
showed that these changes caused V7,
defects as well (37).

Thus, eight CF-associated mutations of
CFTR produced defective transport pheno-
types in the context of a related bacterial
transporter nucleotide-binding component,
whereas a polymorphism of CFIR intro-
duced nearby had no effect. These observa-
tions are consistent with the hypothesis that
members of the protein superfamily contain-
ing this conserved amino acid sequence very
likely share a conserved three-dimensional
structure.

Two groups have proposed models of the
structural motif common to the NBF do-
mains of CFTR and LivG and LivF (38) on
the basis of the known structure of adenylate
kinase (ADK) (39) and secondary structure
predictions for several proteins containing
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Fig. 3. Leucine transport kinetics of the strains
described in Fig. 2. Symbols (from top to bottom
on the plot) were used as follows: M, wild-type
LivG; A, RI166T (R560T); <, GI157D
(G551D); 4, AL91 (AI507); and [, AF92
(AF508). Transport assays were performed as
described in Fig. 2 except that the final leucine
concentration for each sample of cells was 0.05,
0.1, 0.5, or 2.5 uM. Uptake by four aliquots of a
single culture of each plasmid-bearing strain was
assayed at each ligand concentration. Transport
measured for the negative control culture has
been subtracted from total uptake by the other
strains. Each point represents the average of trip-
licate samples from a single culture of each plas-
mid-bearing strain. Vertical bars show the range
of expected value + SEM. Corresponding muta-
tions of CFTR are in parentheses.

the conserved motif. The G458V mutation
appears as the first invariant glycine in the
Walker A motif (GXXGXG). This feature,
found in ATPases and kinases, is believed
to form a glycine-rich flexible loop that
changes conformation to admit triphos-
phate nucleosides to a catalytic site. Gly-
cine is required at these positions for steric
reasons, and replacement of glycine with
the larger valine would impair mobility of
the loop (39, 40). A cluster of tested resi-
dues (AI507, AF508, and N1303) appears
in a poorly conserved region that is be-
lieved to have no counterpart in ADK (39).
Our results are consistent with an earlier
hypothesis (28) that residues 507 and 508
are found in an element (possibly in a
B-sheet conformation) (41) where the rel-
ative length of the polypeptide is more
important than the precise amino acid se-
quence. .
Invariant residues at positions 551 (Gly)
and 560 (Arg, part of the Walker B motif)
and a small residue (Ala or Gly) at 559 may
be important for positioning an essential
aspartic acid residue (position 572 in
CFTR) that is believed to coordinate with
the metal ion of the Mg-ATP substrate (42).
Our observation that two of the mutants of
LivG altered at these residues retain some
transport function was unexpected. Just as
either isoleucine or valine are tolerated in
the Walker B motif in CFTR (at position
562), the substitution of isoleucine for me-
thionine is tolerated perfectly at the compa-
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rable position in LivG.

The conserved components of bacterial
transporters provide energy from active
transport by hydrolysis of triphosphate nu-
cleosides (23). The functions of the corre-
sponding NBF domains of CFTR are less
clear. If CFTR is solely a chloride channel,
three of the protein’s five domains remain
unexplained (43). The architecture of the
conserved component might be capable of
accomplishing either ATPase or kinase re-
actions. The possibility.of an active trans-
port function for the protein in mammalian

- cells remains, although substrate and direc-

tion of that transport are unknown. There
are examples of proteins having nucleotide-
binding folds with distinct functions (cat-
alytic and regulatory) (44). Finally, there is
genetic evidence that the conserved com-
ponents of two bacterial transporters (the
spoOK and pst operons of Bacillus subtilis
and E. coli, respectively) (45) participate in
signal transduction. In both cases, a con-
served component similar to both LivG
and the NBF domains of CFTR is thought
to activate one or more histidine protein
kinases, which in turn control expression of
distant genes. CFTR may be a multifunc-
tional molecule, but the geometry of the
nucleotide-binding folds remains accessible
through studies of related proteins of
known function. It should be possible to
further examine structure-function rela-
tionships by genetic ‘selection of second-
site revertants in E. coli livG mutants. A
complementary approach to studies of the
common structural motif of this protein
superfamily can add to our understanding
of fundamental mechanisms of transport in
bacteria and the biochemical consequences
of human CF-associated defects.
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