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ABSTRACT A mutant of Escherichia coli with increased
Na*/H* antiport activity was isolated and found by other
workers to harbor two mutations [Niiya, S., Yamasaki, K.,
Wilson, T. H. & Tsuchiya, T. (1982) J. Biol. Chem. 257,
8902-8906]. The mutation that leads to increased Na*/H*
antiport (antup) has now been separated and mapped. antup
maps in the vicinity of 0.5 min on the E. coli map, and the
presence of this mutation alone in an isogenic pair raises
antiport activity (V,a) by =4-fold. We also characterized cells
bearing plasmids containing fragments of a 15-kilobase-pair
segment of DNA between carA and dnaJ. A wild-type gene
located within 2 kilobase pairs counterclockwise of rpsT in-
creases the Na* /H* antiport activity when present in multiple
copies.

In Escherichia coli, as in certain other bacteria, the Na*/H*
antiporter is the only known system for Na* extrusion (1-3).
In E. coli, it maintains a Na* gradient (Na;; < Nag,,) over a
wide range of external Na* concentrations (4). The antiporter
exchanges H* for Na* in a stoichiometry that is as yet
undetermined but is most likely electrogenic (i.e., H*/Na* is
probably >1) (5-7). Thus, in growing cells, Na* efflux is
driven by the electrochemical proton gradient generated by
the primary proton pumps (1-7).

The resulting Na* gradient (directed inward) drives trans-
port systems that catalyze Na™/substrate symport (3). In E.
coli, three such symporters are known—melibiose (8), glu-
tamate (9), and proline (10). Na* symporters are common in
halophiles and alkalophiles, and in the latter, the flagellar
motor is driven by a Na™ gradient as well (3). Since in many
bacteria the Na™* gradient is in steady-state equilibrium with
the proton gradient, it may well serve as an energy buffer for
the cell (5, 11). Thus, it is apparent that the Na*/H*
antiporter may play an important role in the bioenergetics of
the prokaryotic cell.

In addition to its bioenergetic function, it has been sug-
gested that the antiporter plays a role in pH homeostasis of
bacterial cells in an alkaline environment (3, §, 12, 13). In the
alkalophilic bacterium Bacillus alcalophilus, it has been
shown that a mutant lacking Na*/H™* antiporter activity lost
its capacity to regulate its intracellular pH (pH;) and to grow
at alkaline pH (3). Another alkalophilic species that has an
antiporter with high K, for Na* requires Na* for growth and
pH; homeostasis. In the former strain, a Na* requirement for
growth can only be demonstrated by rigorous exclusion of
Na* (14). It was suggested that the rate of the antiporter
activity, which has a low K, for Na*, is sufficiently high at
the Na* concentrations contaminating the medium (3, 14).

An E. coli mutant that cannot regulate pH; and therefore
does not grow at alkaline pH,, has been isolated (15). Partial

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked ‘‘advertisement’
in accordance with 18 U.S.C. §1734 solely to indicate this fact.

inhibition of the capacity to extrude Na* has been demon-
strated in intact cells but not in isolated membrane vesicles
of the mutant (15, 16). Since the mutation has been mapped
in the a subunit of RNA polymerase, its relationship to
Na*/H* antiport activity and to regulation of pH; is not yet
clear (17).

Another E. coli mutant capable of growing on melibiose at
levels of Li* toxic to the wild type was isolated and
characterized by Niiya et al. (18). They mapped one mutation
in this mutant in melB and presented evidence for a second
mutation affecting Na*/H* antiport activity (18, 19). Our
interest in the Na*/H™* antiporter and its role in pH homeo-
stasis of E. coli led us to study the second mutation, which
we have designated antup. As shown here, the antup locus
maps near carA (at =0.5 min on the E. coli map). Further-
more, transformation of appropriate cells with a plasmid
carrying a wild-type chromosomal segment of the region
substantially increases the Na*/H* antiport activity.

EXPERIMENTAL PROCEDURES

Bacterial Strains. For construction of the conjugal donor
and recipient, we obtained E. coli K-12 strain W3133-2 (20)
and RA11/Tnl0 from T. H. Wilson, W3133-2S from T.
Tsuchiya, RV/F’'MS1054 (21) from M. Malamy, and MS
(Beckwith collection) from J. Lopilato. All W3133 deriva-
tives (including RA11) are prototrophic, streptomycin resist-
ant (Sm%), and AlacZY. RV is prototrophic, antibiotic sen-
sitive, and AlacIZYA. MS1054 is lacZ*AY. M5 is leu::Tn5. In
RA11/Tnl10, tetracycline resistance is 85-90% linked to mel
(T. H. Wilson, personal communication; unpublished exper-
iments).

Phage Strains. P1 vir was obtained from J. Lopilato.
Pl.Leu::Tnl0 is a P1 lysate of E. coli MS5.

Plasmids. All the pBR322 plasmids with their respective
inserts have been described (22, 23) except for pGM42, -36,
-39, and -69. Structure 1 illustrates the DNA segments
included in each plasmid used. Nucleotide sequences in
pGM7 and pGMS8 are given in ref. 24.

Media. Cells were grown on L broth or in AK medium,
which is minimal medium A (25) without sodium citrate
supplemented with 0.6% glucose or 0.5% glycerol or melibi-
ose, as required. Where indicated, sterile Li* or Na* was also
added to yield 100 mM, unless stated otherwise. For plates,
1.5% Difco agar was added. LK broth uses KCl instead of
NacCl. For selections and screenings, we used kanamycin or
streptomycin (50 ug/ml) tetracycline (15 ug/ml), nalidixic
acid (40 ug/ml), uracil (40 ug/ml), amino acids (40-50 ug/ml)
(leucine, threonine, and arginine).
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Transduction. Cells were transduced with P1 vir phage
essentially as described (26). After incubation, colonies were
picked and streaked with toothpicks on additional screening
plates.

Conjugation. For matings, a 20:1 ratio of midlogarithmic
phase recipient to donor cells was mixed essentially as
described (26). Atintervals, 0.1 ml of mixture was diluted into
10 ml of AK buffer containing 50 ug of nalidixic acid per ml,
mixed, and stored on ice. As controls, donor and recipient
cultures (0.1 ml each) were treated similarly. An aliquot (0.1
ml) of each diluted sample was mixed with 3 ml of AK soft
agar containing 0.8 mM S5-bromo-4-chloro-3-indolyl a-D-
galactoside and 0.33 mM isopropyl a-D-thiogalactopyrano-
side and poured onto selection plates. The plates were
incubated at 37°C for 36-48 hr.

Everted Membrane Vesicles. Everted membrane vesicles
were prepared essentially as described by Rosen and co-
workers (27, 28). Cells were grown in AK medium with 0.5%
glycerol to logarithmic phase (200 Klett units; filter 42),
washed, and concentrated =200-fold (4 ml/g wet weight) in
TSCD (10 mM Tris-HCI, pH 7.5/140 mM choline chloride/
0.25 M sucrose/0.5 mM dithiothreitol) at 4°C. DNase was
added to 5 ug/ml and cells were lysed twice in a French
pressure cell at 4000 psi (1 psi = 6.89 kPa). Unbroken cells
were sedimented for 10 min at 12,000 X g. The supernatant
was sedimented for 1 hr at 100,000 X g to pellet the everted
membrane vesicles, which were washed once and resuspend-
ed in TSCD buffer at =10 mg of protein per ml and stored at
-70°C.

Measurement of ApH. Acridine fluorescence was moni-
tored to estimate ApH (6, 27, 29). The reaction mixture
contained, in 2.5 ml, the following: 60-70 ug of membrane
protein, 10 mM Tris-Hepes (pH 8), 140 mM choline chloride,
5 mM MgCl,, 1 uM acridine orange, and 2 mM K* lactate.
Fluorescence of acridine orange was monitored in an Ep-
pendorf fluorimeter (model 1101M) and recorded by a Goerz
recorder (model Re541, Vienna). Exciting light was provided
by a mercury lamp and filtered through a 405- to 436-mm
filter. Emission was measured through a 470- to 3000-nm
filter.

Transport of 2Na. The driving force for 2?Na uptake was a
ApH (interior acid) generated by an ammonium ion gradient
according to ref. 29. Everted membrane vesicles were loaded
with NH4Cl by incubating 600-700 ug of membrane protein
in 10 ml of solution containing 150 mM NH,CI and 10 mM
Tris-Hepes (pH 8.8) for 2.5 hr at room temperature. After
centrifugation for 1.5 hr at 100,000 X g, the membranes were
resuspended to 6 mg of membrane protein per ml in the
loading solution. The loaded membranes were diluted 1:100
into a reaction mixture of 200 ul kept on ice (to reduce the flux
rate) and containing 10 mM Tris-Hepes (pH 8.8), 150 mM
choline chloride, 2.5 mM MgSO,, and 35 uM #Na (specific
activity, 20,000 cpm/nmol). At different time intervals, the
samples were diluted into an ice-cold 2-ml reaction mixture
lacking NaCl, filtered through Millipore filter membranes
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(average pore size, 0.22 um; diameter, 25 mm) and washed
with 2 ml of the latter solution. Radioactivity retained on the
filters was determined on a Kontron y counting system.

Expression of ant* Gene in Minicells. The minicell produc-
ing strain DR103 (30) was transformed with pGM12 or
PAL199 (30). The latter is a pBR322 derivative, which carries
a mutation in the tet gene. Therefore, it was used as a control
for pGM12, which carries the ant™ insert in the tet gene.

Isolation of minicells and labeling of their plasmid-encoded
proteins were as described (30).

Protein concentration in cells and everted membrane
vesicles was determined as described (31).

RESULTS AND DISCUSSION

The antup Mutation Confers Li* Resistance. Li* inhibits
melibiose transport in E. coli (32). Niiya et al. (18) found that
a mutant (W3113-2S) selected for growth on melibiose in the
presence of 10 mM Li* has two mutations. One mutation
renders melibiose transport totally dependent on Na* or Li*,
whereas the wild type, W3113-2, is dependent on Na* or H*
(the mutant allele is designated melBLid). The second mu-
tation (antup) augments Na*/H™* antiporter activity. It was
suggested that this mutation was required for rapid excretion
of the toxic Li*, which enters the cell via the mutated
melibiose transporter, thereby reducing the steady-state level
of intracellular Li* (18).

To verify that it is the anfup mutation that confers Li*
resistance on W3113-2S, we constructed the strain TA15 that
has the melBLid mutation but not the antup mutation. For
this construction, we first made the strain W3113-2S/Tnl0
carrying Tnl0 90% linked to the melBLid locus (see Fig. 1,
first P1 cross). Only =10% of the tetracycline-resistant (Tet®)
transductants from the first cross, P1.RA11/Tnl0 x W3133-
25, were able to grow on melibiose in the presence of 100 mM
LiCl. One of these was designated W3133-2S/Tnl0. The
Tnl10 from this strain was transduced by P1 into W3133-2, the
wild-type melB* ant* strain, by selection for resistance to
tetracycline (see Fig. 1, second P1 cross). In 90% of the Tet®
transductants, the melBLid marker was cotransduced. One of
these, TA1S5, was isolated for further work. When grown on
melibiose and 10 mM LiCl, colonies of TA15 were somewhat
inhibited as compared to the double mutant W3133-2S, which
was totally unaffected. Increasing the Li* concentration to
100 mM had a minor effect on the growth of the latter while
drastically inhibiting the growth of TA15. Growth at 40°C
increased this difference still further.

Increased Na*/H* Antiporter Activity in W3133 Is Due to
the antup Mutation. By using acridine orange to monitor ApH
at various Na* concentrations, Niiya et al. (18) demonstrated
that everted membrane vesicles of E. coli W3133-2S (antup)
exhibit enhanced Na* /H* antiport activity relative to E. coli
W3133-2 (ant*). To prove that the sensitivity of TA15 to high
concentrations of Li* is due to the lack of augmented
Na*/H* antiport activity, antiport activity was assayed in
everted membrane vesicles isolated from TA15. As shown in
Fig. 2, strain TA1S has the same Na*/H™ antiport activity as
strain W3133-2 (trace A) with ant* but much less than
W3133-2S (trace B), which contains the anfup mutation.
Therefore, we conclude that the anfup mutation enhances
Na*/H* antiport activity and enables the melBLid strain to
grow on melibiose in the presence of Li*. Based on the
acridine orange technique, Niiya et al. (18) also suggested
that the K, of the Na*/H™ antiporter in everted vesicles
isolated from antup cells is lower than that in ant* vesicles.
Since the acridine orange technique is indirect and semiquan-
titative, the finding was verified by measuring 2Na transport
directly in everted membrane vesicles. Rates of Na* trans-
port at room temperature at Na* concentrations >40 uM
were too fast to measure (our results and ref. 29), and
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FiG. 1. Construction of bacterial strains. Relevant markers are
given for each strain in their genetic order. (The one exception is
Tnl0. We do not know if Tnl0 should be above melA or below melB,
but it is 90% linked to the mel operon.) Two slanted lines imply a
looser genetic linkage than implied by the physical proximity in the
figure. For an example of a transduction, the top left strain is infected
(X) with P1, and the lysate is used to transduce the recipient (R) to
its right. As an example of an F-duction, W3133-2S is crossed (X)
with RV/F'MS1054. Selection procedures are underlined (e.g.,
Ter®). Screening procedures are listed above the arrows (e.g., Li®).
Blue designates colonies blue on 5-bromo-4-chloro-3-indolyl y-D-
galactoside plates.

therefore we conducted the experiments on ice. Fig. 3 shows
initial rates of 22Na uptake for W3133-2S, and depicts a
Lineweaver-Burk plot (Inset) for everted vesicles of TA15
(ant*) and W3133-2S (antup). From these data, it is evident
that although V., in W3133-2S is greater than that in TA1S
(114 nmol per mg of protein per min and 30 nmol per mg of
protein per min, respectively) [in addition, ¢f. Niiya et al.
(18)], the K, values are not significantly different (0.54 and
0.4 x 1073 M, respectively). The apparent discrepancy with
the K, values given by Niiya et al. (18) may be due to the
different techniques and conditions used in the measure-
ments.

The antup Mutation Is Located at ~0.5 Min on the E. coli
Map. To map the anrup mutation by conjugation, we con-
verted TA1S to nal” and leu~ (Fig. 1, bottom row). This
strain, TA1SNL, was used as a recipient. The donor was
W3133-2SF’ lacZ*AY, made as illustrated in the top right
cross of Fig. 1. The results of the cross are plotted in Fig. 4.
Since Tet® is 90% linked to mel, we used the loss of the et
marker as a measure of mel penetration. The entry of antup
between leu* and tet® places it in the 8.4-min interval
between 93.4 min and 1.8 min on the E. coli map (33). The
observed interval between leu and tet in this experiment is
11.2 min and 2.2 min between lex and antup. By normalizing
for the discrepancy between the published and experimental
distances, we estimate that the map distance between lex and
antup is estimated to be 1.65 min [i.e., (2.2)(8.4)/(11.2) = 1.65
min]. Therefore, the ant locus should be found in the vicinity
of 0 min.

Transduction of a carA~ antup strain with P1 carA*ant*
shows 33% linkage between carA and antup (data not
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F1G. 2. The ant gene affects the Na*/H* antiporter activity of
everted membrane vesicles. Everted membrane vesicles were pre-
pared (27, 28) from different strains and were used in experiments as
follows: trace A, W3133-2, TA1S, or TA15/pGM3; trace B, W3133-
2S; trace C, TA15/pGM42; trace D, TA15/pGM12. Acridine orange
was used to monitor ApH (27, 28). The reaction mixture contained (in
2.5 ml) 10 mM Tris-Hepes (pH 8), 140 mM choline chloride, and §
mM MgCl,. At the onset of the experiment, acridine orange (AO) was
added to a 1 uM concentration, thereafter and as indicated, mem-
brane vesicles (mem; 60-70 ug of membrane protein) and potassium
D-lactate (lact; 2 mM) were added. The detailed protocol is shown in
trace A. Where indicated, NaCl (10 mM), nigericin (1 uM), or KCl
(10 mM) was added.

shown). Thus, antup lies between 0 and 1 min on the E. coli
map.

Expression of ant Gene on Plasmids. With the localization of
antup in the vicinity of carA, we surveyed a series of plasmids
covering =15 kilobase pairs counterclockwise from car,

151

>
L~ 400

600

200

(o] o 10 20 30 40
1/8 o

22Ng UPTAKE (nmole /mg protein)

[0} 50 — I(I)O
TIME (sec)

FiG. 3. The ApH-driven transport of *Na in everted membrane
vesicles from strains bearing different ant genotypes. Everted
membrane vesicles were prepared from strains of different ant
genotypes as described in Fig. 1 and were loaded with NH,CI. The
loaded membranes were diluted 1:100 into a reaction mixture of 300
ul kept at 4°C and containing (open symbols) 10 mM Tris-Hepes (pH
8.8), 150 mM choline chloride, 2.5 mM MgSO,, and 35 uM 2NaCl
(specific activity, 20,000 cpm/nmol), or (solid symbols) a similar
reaction mixture except that 150 mM NH,CI replaced choline
chloride. The membrane suspensions were incubated for different
times at 4°C, and ?Na uptake was determined. 0, TA15/pGM3; a4,
W3133-2S; v, TA15/pGM42; 0, TA15/pGM12. (Inset) Lineweaver—
Burk plot of initial rate data to determine K, and V., for TA1S and
W3133-2S. The dimensions for the ordinate (1/v) are min/uM and of
the ordinate (1/s) are mM~1. o, TA1S5; A, W3133-2S.
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FiG. 4. Time of entry of antup by interrupted mating. At
intervals, cells were plated on AK agar containing melibiose and
nalidixic acid (a) or melibiose, nalidixic acid, and 100 mM Li* (0).
Colonies from the lattéer were streaked onto L-agar with tetracycline
(D). The curves show the number of bacteria per ml in the conjugation
mixture that can grow on nalidixic acid without leucine (») and on
melibiose, nalidixic acid, and 100 mM Li (0). The third curve (0)
shows the number of bacteria per ml that have lost tetracycline
resistance by recombination with the tetracycline-sensitive mel
region on the entering donor chromosome. This was calculated from
the fraction of colonies that did not grow when streaked on L broth
with tetracycline.

extending almost to dnaJ (22, 23). The assumption was that
although a fragment might have an ant* genotype, expression
of multiple copies might yield the anrup phenotype in TA1S
when grown on melibiose in the presence of Li*. Fragments
of this region were cloned into a pBR322 vector that retained
the B-lactamase gene for selection with ampicillin. We
transformed the vector into TA1S and looked for growth of
colonies on L plates with ampicillin. Positive colonies were
streaked on AK plates with melibiose and 100 mM LiCl
(Table 1). Good growth (as exemplified by the control,
W3133-2S) is scored as plus and poor growth (e.g., TA1S) as
minus.

Fig. 2 and Table 1 (column 3) show Na*/H™ antiport
activity as determined with acridine orange in everted vesi-
cles prepared from cells harboring plasmids with various
inserts. Antiporter activity in the wild type is characterized
by the non-plasmid-containing W3133-2 and TA1S strains, as
well as the TA15/pBR322 (Fig. 2, trace A). The results show
that all the plasmids containing inserts, which include at least
the pGM3 and pGM?7 regions in tandem (i.e., pGM36, -39,
-42, -12, -13, and -69), exhibit a high level of antiport activity
(Fig. 2, traces C and D; Table 1, column 3).

We verified these results by studying ?Na™ uptake. Fig. 3
and Table 1 (column 4) show that antiport activity in some
plasmid-containing cells can increase by up to 10-fold relative
to wild-type activity (e.g., pPGM12, -13, -39, and -42). In these
strains, K, or V., cannot be measured accurately, as the
rates are not linear with time at higher Na* concentrations.
Lower Na* concentrations approach the contamination val-
ues (=10 uM in these media).

In Fig. 3, it is also clear that the steady-state levels of
sodium accumulation vary with the initial rates of uptake.
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Table 1. Growth of colonies with ampicillin

Na‘*/H*
Growth on melibiose M_
in the presence Acridine
Strain of 100 mM Li* orange* 2Nat
W3133-2 - 0.1
W3133-2S + 0.48 7.0
TA1S5 - 0.07 2.2
TA15/pBR322 - 0.08 ND
TA15/pGM3 - 0.06 2.7
TA15/pGM7 - 0.05 ND
TA15/pGM36 + 0.72 ND
TA15/pGM39 + 0.64 17.0
TA15/pGM42 + 0.50 10.5
TA15/pGM12 + 0.76 20.0
TA15/pGM13 + 0.75 21.0
TA15/pGM69 + 0.47 7.6
TA15/pGM10 - 0.05 ND
TA15/pGM8 - 0.18 3.1
TA15/pGM4 - 0.14 ND
TA15/pGM21 - 0.23 2.2
TA15/pGM11 - 0.17 ND
ND, not done.

*Data are expressed as (enhancement of fluorescence after addition
of 10 mM NaCl)/(fluorescence quenched after addition of lactate).

fInitial rate of 22Na uptake at 35 uM Na* (nmol per min per mg of
protein).

Only TA15/pGM12 approaches the steady state expected at
thermodynamic equilibrium with a driving force of 2 pH units
and H*/Na* stoichiometry of 1.2 (4) (i.e., a concentration
ratio of 2?Naj,/?*Nal,, of 250). For everted vesicles with
diminished Na*/H™" antiport activity, perhaps the passive
Na*t leakage rate is relatively high and the theoretical
steady-state level cannot be achieved.

To further demonstrate the specificity of the ant locus,
vesicles were tested for evidence of increased K*/H*
antiport activity. Fig. 5 shows that the K*/H™* antiport
activity in a cell (TA15/pGM12) with the greatly increased
Na*/H* antiport activity is slightly affected. Analogous
experiments with CaCl, also show that Ca?*/H™ antiport
activity is not increased in TA15/pGM12 cells (data not
shown).

A 30-kDa Open Reading Frame and Its Expression in
Minicells. It is concluded that when excess wild-type ant™
gene product is made, the level of antiport activity can rise
above the wild-type level. Again, all the plasmids containing
at least the inserts of pGM3 and pGM?7 region in tandem, but
not alone, produce increased antiport activity. The nucleo-
tide sequence in this region is available (24): an open reading

‘:t
lact lact ?5
' d -

- - Imin

F1G. 5. An ant locus does
not affect K*/H™* antiporter ac-
tivity. Everted membrane vesi-
cles were prepared from TA1S
(trace A) or TA15/pGM12 (trace
B) and ApH was measured from
change in acridine orange fluo-
rescence as described in Fig. 2.
The reaction mixture contained
2 mM Tris D-lactate (lact) in-
stead of K* lactate. Where indi-
cated, KCl or NaCl was added at
10 mM.

-

K(!I ttlaC! Kfc‘ NaCl

A B



Biochemistry: Goldberg et al.

frame capable of encoding a 30-kDa peptide starts at nucle-
otide 228 of pGM7 and spans further downstream into pGM8.
The polypeptide is 262 amino acids long and has a calculated
mass of 30 kDa. pGM12 (which includes the inserts of pGM3
and pGM?7 in tandem) lacks the 30 carboxyl-terminal amino
acids of the complete polypeptide. In addition, it contains
stop codons in all three frames in the vector clockwise from
the HindIII site. This will add the following three residues to
the truncated carboxyl terminus: leucine, methionine, and
arginine. Thus, antiport activity apparently does not require
the 30 carboxyl-terminal amino acids. We have not been able
to detect a promoter structure upstream of this open reading
frame. This, together with the finding that pGM3 or part of it
is also required for antiporter activity, suggests that either the
promoter is located in pGM3 or another gene product
encoded by pGM3 is required. The minicell producing strain
DR103 (30) was transformed with pGM12 or pAL199, a
pBR322 derivative bearing a mutated zet gene (30). When the
minicells were pulse-labeled with [3S]methionine and the
proteins analyzed by NaDodSO,/PAGE and autoradi-
ography, two polypeptides with an apparent size of 28 and 33
kDa were detected when the ant* gene was present on the
plasmid (pGM12) in addition to the B-lactamase, which was
present in both minicell preparations (data not shown). The
labeled polypeptides are recovered in the membrane fraction,
while the B-lactamase remains in the soluble fraction.

CONCLUDING REMARKS

In this paper, we have localized a mutation, antup, in the
region of carA, that increases the Na*/H™ antiport activity
of E. coli. In addition, we have cloned a wild-type gene
located within 2 kilobase pairs counterclockwise of rpsT.
When present in high copy number, ant increases the
Na*/H* antiport activity of E. coli. The insert encodes at
least two polypeptides, one of which, a 30-kDa protein, has
been sequenced (24). A truncated product of the latter devoid
of 30 carboxyl-terminal amino acids (24 kDa) is fully active.
Mapping data do not yet provide definitive evidence that the
antup mutation resides in this coding region. It is feasible to
explain increased Na*/H™* antiport activity conferred by
both the antup mutation and the ant™ gene by postulating
regulatory functions. However, the simplest interpretation of
these results is that one of the proteins is encoded by the
structural ant gene for the Na*/H* antiporter and that antip
is a mutation in this gene.

Note Added in Proof. Recent data show that a construct of pPGM42 in
which 417 nucleotides of the putative orf were deleted confers antup
phenotype. These data suggest that an insert that includes pGM3 and
a segment of 600 nucleotides of the pGM7 insert suffices to encode
the protein responsible for the antup phenotype.
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