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Abstract 

 

Antiporters that exchange alkali cations (Na+ or K+) for protons play an important role in 

the physiology of all known bacterial species.  They are involved in regulating intracellular pH 

and maintaining cellular volume as well as the formation of a chemical Na+ gradient across the 

membrane, which is important to many bacteria as an energy source for processes such as 

accumulation of substrates, ATP synthesis, and flagellar rotation. Another important role of 

cation/proton antiporters is homeostasis of intracellular cation content. The situation of a 

thermodynamic equilibrium of Na+ or K+ on the membrane would result in toxic intracellular 

levels of these cations, so bacteria have cation/proton antiporters, which expel excess of alkali 

cations at the expense of the proton motive force.  

Of many antiporters described to date, the NhaP-type family is one of the most 

interesting groups.  Its members collectively demonstrate a great diversity of their features.  

There are three antiporters of NhaP type encoded in the genome of the dangerous human 

pathogen, Vibrio cholerae.  Phenotype analysis of engineered chromosomal VcnhaP1, VcnhaP2 

and VcnhaP3 deletion mutants has proven the three NhaP paralogues to be essential for V. 

cholerae growth at low pH in the presence of high or low concentrations of K+.  

Genes encoding Vc-NhaP1-3 were cloned and antiporters expressed in their functional 

form in an antiporter-less strains of Escherichia coli.  Although initially annotated as Na+/H+ 

antiporters, when assayed in everted membrane vesicles, all three isoforms of Vc-NhaP were 

shown to be K+/H+ antiporters with only limited ability to Na+/H+ antiport.  None of three 

proteins was able to mediate Li+/H+ exchange.  Overall, the three antiporters differed in their 

biochemical profiles, predicted topology, and their phenotypic manifestations.  
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Chapter 1: Literature review 

 

1.1 Introduction 

Na+/H+ antiporters were long recognized as universal components of a functional 

bacterial membrane. (Padan & Schuldiner, 1996; Padan & Krulwich, 2000; Padan et al., 2001).  

They create a sodium-motive force (smf) at the expense of the pre-established proton-motive 

force (pmf) generated by primary proton pumps, or vice versa, thereby linking H+ and Na+ 

circulation across the membrane (Padan and Schuldiner, 1994; Padan & Schuldiner, 1996; Padan 

& Krulwich, 2000; Padan et al., 2001).  Coupling Na+ and H+ transmembrane fluxes, Na+/H+ 

antiporters are essential for maintaining cytoplasmic pH homeostasis during growth in an 

alkaline environment (Padan et al., 1981), removing toxic Na+ and Li+ ions from the cytoplasm 

and controlling cell volume (Padan & Schuldiner, 1996; Padan & Krulwich, 2000). 

The significance of these membrane proteins is highlighted by the fact that bacteria often 

possess more than one type of Na+/H+ antiporter.  For instance, the genome of Vibrio cholerae 

contains at least eleven unrelated open reading frames annotated as structural genes of Na+/H+ 

antiporters (Heidelberg et al., 2000; Resch et al., 2011). This multiplicity might be due to the fact 

that Na+/H+ antiporters are not only key elements in maintaining intracellular ion balance and 

osmoregulation, but are related to a surprising variety of physiological functions (Krulwich et al., 

2005), such as tetracycline efflux (Krulwich et al, 2001), phosphate metabolism (Pragia et al., 

2001), sporulation (Kosono et al., 2000) and germination (Southworth et al., 2001).   

Moreover, Na+/H+ antiporters are implicated as one of the important virulence traits in 

pathogenic bacteria, where they influence pathogenicity-related aspects of cell metabolism (Häse 

& Mekalanos, 1999; Häse et al., 2001; Minato et al., 2013).   Indeed in V. cholerae, the 
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expression of the major virulence factors cholera toxin (CT) and toxin co-regulated pili (TCP), 

by a mechanism that is still unknown, is sensitive to (or even governed by) changes in net Na+ 

flux across the membrane (Häse & Mekalanos, 1999).  Therefore, the documented linkage of 

virulence to Na+ circulation and the operation of Na+/H+ antiporters in such dangerous pathogens 

as V. cholerae and Yersinia pestis, creates the context for the in-depth investigation of their 

structure, function and their physiological roles.  

In contrast, proteins exchanging K+ for H+ were not identified until now (Resch et al., 

2010). Although the process of K+/H+ antiport has been documented in bacterial membranes as 

early as 1980 (Brey et al., 1980), the identity of membrane transporter(s) mediating this type of 

ion exchange in bacteria remained obscure.  Radchenko and co-authors reported in 2006 that 

NhaP from V. parahaemolyticus might be operating as a K+/H+ antiporter (Radchenko et al., 

2006a; Radchenko et al., 2006b), but Radchenko et al. did not check to see if a chromosomal 

deletion of NhaP2 from V. parahaemolyticus would produce a K+ sensitive phenotype. However, 

Vc-NhaP2 from V. cholerae was determined to be a specific K+/H+ antiporter, protecting V. 

cholerae from high concentration of K+ at low pH (Resch et al., 2010). 

One of the most interesting families of bacterial cation/antiporters is the NhaP family, 

whose biochemical diversity as well as physiological impact among studied species is 

remarkable [reviewed in (Resch et al., 2011)]. 



 3 

Insights into the biochemistry of the ubiquitous 

NhaP family of cation/H+ antiporters 

Reproduced with permission from Resch, C.T., Winogrodzki, J.L., Häse, C.C., Dibrov, P. (2011) 

Insights into the biochemistry of the ubiquitous NhaP family of cation/H+ antiporters. Biochem  

Cell Biol. 89:130–137. Copyright 2011 NCR Research Press.. 

 

1.2 Abstract 

Na+/H+ antiporters are integral membrane proteins that exchange Na+ for H+ across the 

cytoplasmic or organellar membranes of virtually all living cells. They are essential for the 

control of cellular pH, volume homeostasis and regulation of Na+ levels. Na+/H+ antiporters have 

become increasingly characterized, and are now becoming important drug targets.  The recently 

identified NhaP family of Na+/H+ antiporters, from the CPA1 superfamily, contains proteins with 

a surprisingly broad collective range of transported cations, exchanging protons for alkali cations 

such as Na+, Li+, K+ or Rb+, as well as for Ca2+ and, possibly, NH4
+.  Questions about ion 

selectivity and the physiological impact of each particular NhaP antiporter are far from trivial. 

For example, Vc-NhaP2 from Vibrio cholerae has recently been shown to function in vivo as a 

specific K+/H+ antiporter, while retaining the ability to exchange H+ for Na+ and bind (but not 

exchange with H+) Li+ in a competitive manner.  These and other findings reviewed in this 

communication make antiporters of NhaP type attractive systems to study intimate molecular 

mechanisms of cation exchange.  In an evolutionary perspective, the NhaP family seems to be a 

phylogenetic entity undergoing active divergent evolution.  In this review, to rationalize 

peculiarities in the cationic specificity in the NhaP family, the “size-exclusion principle” and the 

idea of “ligand shading” are discussed. 
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1.3 Introduction 

Na+/H+ antiporters are ubiquitous membrane transporters which are present in the 

cytoplasmic/organellar membranes of plant, animal and bacterial cells.  Na+/H+ antiporters were first 

postulated by Mitchell in 1961, and now have been shown to play a crucial role in cellular homeostasis 

and therefore have become a large area of study. Na+/H+ antiporters are involved in the extrusion of 

toxic Na+ and Li+ from bacterial cells, the regulation of intracellular pH and the establishment of a 

sodium gradient used as the driving force for active transport or flagellar rotation. The regulation of 

virulence factors in V. cholerae appears to be modulated by endogenous and exogenous Na+ levels 

(Häse et al., 1999), indicating a possible role for Na+/H+ antiporters in bacterial pathogenicity. Some 

Na+/H+ antiporters have been well characterized, such as NhaA from E. coli, which extrudes Na+ and 

Li+ from the cells at alkaline pH (Padan et al., 2004). Other essential Na+/H+ antiporters include NHEs 

(Na+/H+ exchangers), which are present in virtually all tissues in every mammalian species known 

(Orlowski & Grinstein, 1997).  

Emerging from the advancing field of Na+/H+ antiporters, is a novel family of antiporters, NhaP, 

whose members collectively demonstrate a great diversity in their cationic specificity (see Table 1.1). 

NhaP-type antiporters belong to the monovalent cation/proton antiporter CPA1 superfamily (Saier, 

1999), which has homologues found in Gram-positive and Gram-negative bacteria, cyanobacteria, yeast, 

fungi, plants and animals (Fig.1.1).  Interestingly, cells often possess several NhaP paralogues, which 

apparently arose from gene duplication events and then evolved to fulfill specific physiological needs.  

Eukaryotic NhaP proteins vary in size from 500 to more than 1000 residues.  SOS1 from Arabidopsis 

thaliana, has 1146 amino acids and 12 transmembrane segments with an extended cytoplasmic soluble 

C-terminus, and has been shown to be critical for salt tolerance (Shi et al., 2000; Pardo et al., 2006).  
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Prokaryotic NhaPs are smaller with approximately 550 amino acids, having smaller hydrophilic C-

termini.  In this review, we focus on the peculiarities in cation specificity reflected in the physiological 

impact of NhaP-type cation+/H+ antiporters. 

 

1.4 Identification of a novel Na+/H+ antiporter family 

A unique Na+/H+ antiporter from Pseudomonas aeruginosa (Pa-NhaP) was identified by Utsugi 

and coauthors in 1998.  This novel antiporter was named NhaP as it showed no homology to NhaA, 

NhaB, ChaA or any other bacterial Na+/H+ antiporter known at the time.  Growth of E. coli KNabc 

mutants, which are missing the three major Na+/H+ antiporters NhaA, NhaB, ChaA, is strongly inhibited 

by NaCl and LiCl, but Pa-NhaP expressed from a plasmid rendered KNabc resistant to high 

concentrations of Na+, indicating Na+/H+ antiport as a true physiological function of Pa-NhaP.  

All Na+/H+ antiporters characterized until Utsugi’s work could transport Li+ in place of Na+ 

(Utsugi et al., 1998). This was not surprising given similar ion radii of both cations (0.76 Å for 

Li+ and 1.02 Å for Na+, see Murata et al., 2008).  However, Pa-NhaP turned out to be unique in 

this respect, as it was not able to provide resistance to Li+ in KNabc transformants. Also, everted 

membrane vesicles of KNabc expressing Pa-NhaP exhibited moderate Na+/H+ antiport activity 

but no detectable Li+/H+ antiport activity (Utsugi et al., 1998).  The very poor Li+/H+ antiport (or 

its total absence) seems to be rather common for the NhaP-type antiporters, but the substrate 

specificity is clearly different among all homologues (see Table 1.1). 

 

1.5 Cation specificity in the NhaP family and the “size-exclusion principle” 

Another NhaP-type antiporter from the cyanobacterium Synechocystis PCC 6803 (Syn-NhaP1), 

was shown to complement the salt-sensitive phenotype of an E. coli TO114 mutant, which is missing the 
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same antiporters as KNabc.  Unlike Pa-NhaP1, Syn-NhaP1 was able to compliment the Li+-sensitive 

phenotype and in vesicles of TO114, Syn-NhaP1 showed similar Na+/H+ and Li+/H+ antiport activities. 

Curiously, Syn-NhaP1 also showed moderate activity with Ca+ and no activity at all with K+ (Hamada et 

al., 2001; Waditee et al., 2001).  The halotolerant cyanobacterium Aphanothece halophytica has a 

Na+/H+ antiporter (Ap-NhaP1), which is phylogenetically not so distant from Syn-NhaP1 (see Fig. 1.1). 

However, the function of Ap-NhaP1 was actually more similar to Pa-NhaP1 as it was able to 

complement the Na+-sensitive, but not the Li+-sensitive, growth phenotype of TO114. Moreover, Ap-

NhaP1 showed Ca+/H+ antiport activity and was able to complement the Ca+-sensitive phenotype of 

TO114 (Waditee et al., 2001).  These curious observations indicate simple size exclusion as a possible 

structural basis of the Syn-NhaP1 and Ap-NhaP1 cation selectivity.  Indeed, (dehydrated) ion radii 

increase in order Li+(076 Å) < Ca2+(0.99 Å) < Na+(1.02 Å) < K+(1.38 Å) (see Murata et al., 2008) and 

the ion-binding cavity in Syn-NhaP1 might just be too small to accommodate a bigger K+ ion.  Of 

course this consideration is only valid for the antiporters that bind non-hydrated ions.  It seems, 

however, that Na+ ion is binding to sodium transporters of different origin in its non-hydrated state (see, 

for example, Mulkidjanian et al., 2008 and cited references).   

This “size-exclusion principle” easily explains how Na+/H+ antiporters may possibly 

discriminate K+ ions by simply having small ion-binding pockets.  For example, well-studied NhaA-type 

antiporters do not transport K+ (Padan et al., 2004 and references therein).  Of note, in full accordance 

with the “size-exclusion principle”, Ec-NhaA in reconstituted proteoliposomes can use smaller Ca2+ ion 

as a substrate (Dibrov, 1993).  However, if the ion-binding pocket of an antiporter is spacious enough to 

accommodate the larger K+ ion and has a more extended set of potential ligands, one would expect it to 

be less discriminative.  This could explain why NhaP-type antiporters as a group have a broader range of 

substrates than Na+/H+ antiporters of other types.  But an antiporter being specific to K+ is difficult to 
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imagine because there would be no size exclusion possible. The “size-exclusion principle” predicts that 

all K+/H+ antiporters should be able to bind smaller cations such as Li+ and Na+. At first glance, it 

contradicts the fact that small Li+ ion is a poor substrate for many NhaP-type antiporters (Table 1.1).  

Nevertheless, as we shall discuss below, the “size-exclusion principle” is still applicable to these ion 

transporters. It seems that some additional mechanisms may diminish or even completely prevent 

Na+(Li+)/H+ exchange (but not Na+ or Li+ binding!) in such transporters.   

Another thing to consider is that the ions remain solvated up to as close to the binding site as 

possible. The ion must be dehydrated in order to bind to its appropriate ligands. Therefore the binding 

site must have the appropriate interactions with the ion to recompensate for the energy cost of 

dehydration (Gouraux and MacKinnon, 2005). The energy required to remove water molecules from the 

small molecule Li+ is greater than the energy required for the larger ions Na+ and K+ (Mähler and 

Persson, 2012). This might affect the way that Li+ is bound making it not as easily displaced.   

  

1.6 Functionally specific K+/H+ antiport and “ligand shading” 

Questions about ion selectivity and the related physiological impact of each particular NhaP 

antiporter are far from trivial and remain under-investigated.  Thus, Aa-NhaP from Alkalimonas 

amylolytica N10 complemented the Na+-sensitive phenotype in TO114, however in everted membrane 

vesicles the highest antiport activity was seen when probed with K+ and it had a Km for K+/H+ activity of 

0.5 mM (Wei et al., 2007). It is still unclear if Aa-NhaP contributes to potassium resistance in vivo.  It 

should be mentioned that in this context, in contrast to Na+/H+ antiporters, identification of specific (i.e., 

transporting K+ but not Na+) K+/H+ antiporters in bacteria for a long time remained elusive.  The classic 

theoretical arguments for the existence of common “housekeeping” K+/H+ antiporters are well known 

(Mitchell, 1961) and the importance of K+/H+ antiporters for bacterial ion and pH homeostasis is widely 
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recognized  (Epstein, 2003).  However, while the K+/H+ antiport activity itself has been previously 

demonstrated in everted membrane vesicles from E. coli (Brey et al., 1980), no protein serving as a 

“housekeeping” K+/H+ antiporter has been identified.  

In 2006, Radchenko and co-authors reported that Vp-NhaP2 from Vibrio parahaemolyticus 

might be a K+-specific antiporter (Radchenko et al., 2006a). The antiporter displayed a rather low 

activity with K+ even at its pH optimum of 9.0; in the absence of K+, Na+ initiated the antiport too, albeit 

poorer than K+ (see Fig. 5B in (Radchenko et al., 2006a).  Unfortunately, low activities detected in sub-

bacterial vesicles did not allow the authors to determine the Km value for K+/H+ and Na+/H+ antiport, so 

definitive conclusions about the specificity of Vp-NhaP2 were hard to make at that moment.  It also 

remained unclear if chromosomal deletion of the nhaP2 gene would produce a potassium-sensitive 

phenotype in its native host, V. parahaemolyticus.  This work led us to characterize the close homologue 

of Vp-NhaP2 in Vibrio cholerae, in an attempt to find answers to these questions. 

Vc-NhaP2 from V. cholerae turned out to be an electroneutral exchanger, which in vitro is able 

to catalyze K+/H+, Rb+/H+, Na+/H+ (but not Li+/H+) exchange  (Resch et al., 2010).  But in situ it 

operates as a potassium-expelling K+/H+ antiporter, protecting V. cholerae cells growing at pH 6.0 from 

high concentrations of K+ (Resch et al., 2010).  In everted membrane vesicles of TO114 expressing Vc-

NhaP2, K+/H+ and Na+/H+ antiport activity at pH 7.5 was 50% and 20% respectively (measured as the 

percentage of de-quenching of Acridine Orange fluorescence).  There was no Li+/H+ antiport at any pH 

tested, from pH 6.0 to 9.0.  Remarkably, the Km for K+/H+ and Na+/H+ antiport activity were very 

similar, 1.68 mM and 1.06 mM respectively.  However, competition assays demonstrated that K+ out-

competed Na+: Adding a large amount of Na+ before energizing the vesicles barely reduced the K+/H+ 

antiport activity. On the other hand, it required only a small amount of K+ to completely abolish Na+/H+ 

antiport activity. This demonstrates that despite having similar affinities to the alkali cations tested, Vc-
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NhaP2 acts as a specific K+/H+ antiporter (Resch et al., 2010).   

The inability of Vc-NhaP2 to catalyze Li+/H+ exchange looked strange in light of the “size-

exclusion principle” given the smaller ion radius of Li+.  Our data showed that Li+ does compete with K+ 

for binding to Vc-NhaP2 and can be exchanged for K+ via Vc-NhaP2, but fails to initiate the Vc-NhaP2-

mediated Li+/H+ antiport (Resch et al., 2010).  What could account for such apparent irregularity?  It is 

widely accepted that in Na+/H+ antiporters all substrate alkali cations and protons compete for the same 

cation-binding site.  This could be demonstrated experimentally (Dzioba-Winogrodzki et al., 2009) as 

well as inferred from structural data (Padan, 2008).  Based on this notion in conjunction with the “size-

exclusion principle”, we suggested an explanation for the peculiar behavior of Li+ in Vc-NhaP2 and 

other similar cases, which, for the lack of a better term, will be called “ligand shading”.  Our reasoning 

went as following: 

While all the substrate ions share the same (rather spacious) cation-binding site, they may 

nevertheless use different subsets of ligands available.  H+ requires only one electronegative ligand (let 

us denote it as XP ligand), but the optimal number for coordination of Na+ ion by polypeptides is six 

(Glusker et al. 1999).  If the subset of ligands used to bind Li+ happens to include also the XP ligand, 

lithium ion would out-compete proton thus preventing “normal” Li+/H+ exchange.  We suggest to name 

this effect “ligand shading” implying that Li+ ion somehow (by actual binding to XP or by affecting the 

overall conformation of the ion-binding site without actual binding to XP) prevents H+ from binding to 

its ligand.   

Na+ or K+, however, could bind to its own subset of ligands that do not include the XP ligand.  

Both ions require from six to eight ligands for optimal coordination (Glusker et al., 1999), so, unlike 

proton, they should easily displace Li+ form the ion-binding site.  This would make possible 

heterologous Na+/Li+ or K+/Li+ exchange, as well as the regular exchange of both Na+ and K+ with 
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protons, but not Li+/H+ exchange.  Interestingly, in the case of Vc-NhaP2, binding of Na+ apparently 

results in a “partial shading” of the XP ligand, not preventing the protonation of XP completely, but 

making it less efficient.  This may well account for another peculiarity in the biochemistry of Vc-

NhaP2: having nearly identical affinities for K+ and Na+, the protein nevertheless uses K+ as a preferred 

substrate and is clearly “kinetically incompetent” when working with Na+ (Resch et al., 2010).   

The “size-exclusion principle” in combination with the idea of “ligand shading” provides 

a surprisingly simple explanation to all (otherwise often cumbersome or seemingly 

contradictory) experimental data concerning the NhaP family and, perhaps, other groups of 

cation exchangers.  We of course realize that the real meaning for the as yet formal term “ligand 

shading” may be revealed only by extensive analysis of X-ray diffraction-based structural data 

and kinetic behavior of mutant variants of NhaP antiporters. But, in our opinion, these two ideas 

provide a useful conceptual framework for future research planning. 

 

1.7 Antiport activity at various pH 

Another interesting aspect of NhaP-type antiporters is their variability in pH ranges and pH 

optima. Some NhaP-type homologues have high antiport activity levels over a wide pH range. Both 

Syn-NhaP and Ap-NhaP showed high Na+/H+ antiport activity in the entire range from pH 5.0 to pH 9.0 

(Waditee et al., 2001).  In Vc-NhaP2, the pH profile of activity shows a large bell-shaped curve from pH 

6.5 to 9.5, with a maximum at pH ~7.75 (Resch et al., 2010). Other NhaP homologues have their own 

particular pH optima.  Aa-NhaP from Alkalimonas amylolytica N10 has an optimum for K+/H+ transport 

at pH 8.0 and retains a significant level of activity up to pH 9.5, a familiar pH for an alkaliphilic 

bacterium (Wei et al., 2007).  
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The hyperthermophilic archaeon Methanococcus jannaschii, which grows optimally at 

85°C, has a Na+(Li+)/H+ antiporter (Mj-NhaP1), which is active only between pH 6.0 and 7.0 

(Hellmer et al., 2002). Electron cryo-microscopy provided an 8Å structure of Mj-NhaP1. The 

structure showed a 4-6 helix bundle in the middle of the protein, which underwent a 2Å shift 

above and below pH 6.0 (Vinothkumar et al., 2005). This is thought to represent the open and 

closed states of the antiporter. A change to a more acidic pH would protonate the negatively 

charged side chains of a specific small set of residues, which would induce a conformational 

change resulting in the activation or inactivation of the transporter, as was the suggested 

mechanism of pH regulation for NhaA from E. coli (Hunte et al., 2005). For M. jannaschii, the 

internal pH is around 6.5. If the internal pH fluctuates slightly, H+ is either pumped in while Na+ 

is extruded, or H+ is pumped out using the Na+ gradient, respectively. However, under more 

extreme pH conditions, the antiporter must be switched off to prevent uncontrolled Na+ transport 

or cytoplasmic acidification (Vinothkumar et al., 2005). So, being under tight pH-control, Mj-

NhaP1 is thought to play an important role in pH homeostasis. Overall, though, the regulation of 

NhaP proteins by pH is still poorly understood. 

 

1.8 Possible role of C-terminal tail in regulation 

NhaP-type proteins in animals have long C-terminal hydrophilic tails that are believed to play a 

role in the regulation of transport activity (Orlowski & Grinstein, 1997). SOS1, a NhaP-type antiporter 

found in Arabidopsis thaliana that is essential for homeostasis of Na+ and K+, has a long C-terminal tail 

approximately 700 amino acids in length. Mutation of this C-terminal tail, either by truncation or by 

single amino acid substitutions, causes the plants to become extremely sensitive to high concentrations 

of Na+ (Shi et al., 2000). In prokaryotes, the C-terminal tail, when present, is typically shorter but is still 
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suspected to play a role in the function and/or regulation of these antiporters. Deletion of the C-terminal 

hydrophilic tail of the cyanobacterial Syn-NhaP1, for example, resulted in a significant decrease in 

Na+/H+ and Li+/H+ antiport activity (Hamada et al., 2001).  

Most intriguingly, exchanging the C-terminal tail from Ap-NhaP1 for the tail from Syn-NhaP1 

resulted in an increase in the previously non-detectible Li+/H+ antiport activity of Ap-NhaP1 (Waditee et 

al., 2001).  This suggests that the hydrophilic C-terminal tail of Syn-NhaP1 somehow affects the ion 

specificity of the antiporter. Truncation of the C-terminal tail of Syn-NhaP1 was also shown to 

significantly raise the Km for Na+/H+ and Li+/H+ antiport activity, suggesting that without the tail, there 

is a possible decrease in the antiporter’s affinity for these cations (Waditee et al. 2006).  At this moment, 

it is unclear how a soluble C-terminus could possibly affect cation specificity of the distant, membrane-

embedded ion binding pocket of a NhaP-type antiporter. While it is very tempting to speculate about 

possible mechanisms, we must stress that only extensive future studies (including site-directed 

mutagenesis and, ultimately, structural analyses of crystallized proteins) may solve this puzzle. 

 

1.9 “Ligand shading” and divergent evolution in NhaP family 

Apparently, single mutations may change a set of available ion-coordinating ligands in the ion-

binding site and thus affect the degree of “ligand shading” caused by the binding of different substrate 

cations.  This might attenuate ion specificity and, ultimately, the physiological impact of a given 

antiporter, providing a molecular basis for the divergent evolution in the NhaP family.  In this 

connection, it is interesting to compare the biochemical features of three isoforms of NhaP co-existing in 

the membrane of V. cholerae (see Table 1.1).  

Where as Vc-NhaP1 shows comparable activities with both Na+ and K+, Vc-NhaP2 has K+ as a 

preferable substrate and retains the ability to mediate modest Na+/H+ antiport; on the other hand, Vc-
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NhaP3 apparently lost the ability to exchange Na+ for H+ completely and catalyzes solely K+/H+ antiport 

when assayed in sub-bacterial vesicles. Neither antiporter is able to exchange Li+ for H+.  However, our 

recent data suggest that all three isoforms actually bind Na+ and Li+.So, it seems that through subtle 

changes in “ligand shading” Vc-NhaP2 and Vc-NhaP3 have possibly evolved to be essential in K+ 

homeostasis, but their substrate-binding pockets still retain affinity for other alkali cations. 

 

1.10 Structural studies of NhaP-type antiporters 

 The high resolution structure of NhaA from E. coli has provided much insight into the 

architecture and function of antiporters (Hunte et al., 2005). Ec-NhaA has a six-helix bundle in which 

two of the helices cross one another and are both partially unwound in the middle. These interrupted 

helices form part of the ion binding site (Hunte et al. 2005). The low resolution structure of Mj-NhaP1 

from M. jannaschii, demonstrated that this NhaP-type antiporter was similar to NhaA in structure, 

including the six-helix bundle containing the two partially unwound helices, suggesting that this 

structure is common to all CPA-type antiporters (Goswami et al., 2011).   

Recently, the 3Å structure of NapA from Thermus thermophilus was resolved and it has 

provided a possible mechanism for transport (Lee et al., 2013). The protein is composed of two 

domains, the dimerization domain and the core domain, which contains the ion binding site. The funnel 

leading to the proposed binding site is open to the extracellular side, unlike the structure of NhaA which 

was shown to have its funnel opening into the cytoplasm. A mechanism for transport was proposed 

involving a large shift in the core domain relative to the dimerization domain, as a result of ions binding 

and releasing from the binding site. Alternating between an outward-opening funnel to one that opens 

into the cytoplasm requires a large rotation of the core domain, which was supported by a recent higher 

resolution structure determined for Mj-NhaP1 (Paulino et al., 2014). This proposed mechanism may be 
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similar in all ion antiporters.  

 

1.11 Essential residues in the potential cation binding sites of NhaP-type antiporters 

In the absence of X-ray diffraction-based structural data, identification and mutational analysis 

of potentially important amino acid residues may still provide vital pieces of information about the 

cation-binding site, including the identities of ion-coordinating ligands.  A multiple alignment of the 

members of the NhaP family (Fig. 1.2) reveals a number of highly conserved residues associated with 

transmembrane segments that presumably form part of the cation-binding pocket.  Note that, being 

dispersed through the sequence, these residues could still form a reasonably tight group in the actual 

three-dimensional structure of the protein (see (Padan, 2008) for an example).  Several negatively 

charged aspartate residues have been targeted for mutagenesis.  Site-directed mutagenesis of Syn-

NhaP1, replacing Asp138 with Glu or Tyr, completely abolished Na+/H+ and Li+/H+ antiport activity 

(Hamada et al., 2001).  Independently, the D132 (which is analog of D138 in Syn-NhaP1) and D161 of 

Mj-NhaP1 have also been shown to be absolutely essential for antiport activity (Hellmer et al., 2003).  It 

is natural to suggest that these negatively charged residues probably provide their side chains as ion-

coordinating ligands.  In Fig. 1.2, these residues are shown as D133 and D162, respectively, following 

the enumeration of residues in Vc-NhaP2.  Other highly conserved charged or polar residues that might 

be involved are T132, E157, N161, S245, N259, R315, R343, S/T376 (Fig. 1.2). 

However, demonstration of the importance of these key residues per see would not yet give any 

information about the variations in the cationic specificity of NhaP-type antiporters.  So what are the 

residues in NhaP-type antiporters that may influence their cationic specificity? Some clues may be 

obtained from comparison of slight variations in the most conserved ones. Thus, in Vc-NhaP3, which 

exclusively catalyzes K+/H+ antiport, position 133 is occupied by electroneutral glycine and this pattern 
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is conserved in at least four NhaP3 isoforms (Fig. 1.2 only shows two NhaP3s for simplicity). 

Remarkably, in NhaP1,2 proteins, which catalyze K+/H+ and Na+/H+ antiport, there always is a 

negatively charged aspartate in this position.  In addition, the polar asparagine in position 161 is 

replaced by neutral isoleucine in all NhaP3s.  Further, position 155 is typically occupied by negatively 

charged glutamate in NhaP1 and 2, but in NhaP3 there occurs a change of charge with arginine 

replacing glutamate (Fig. 1.2).  The hydroxyl group provided by the side chain of either serine or 

threonine in position 351 could be found only in NhaP1 isoforms and closely related proteins (compare 

Fig. 1.1 and 1.2).   

Since NhaP1 and NhaP2 antiporters, but not NhaP3 are able to exchange protons with 

Na+ ions, one can expect that by mutagenizing G133 of NhaP3 into D, it would be possible to 

broaden the specificity of NhaP3.  Similarly, other specific point mutations (or, perhaps, their 

combinations) may allow us to manipulate the cation selectivity of various NhaPs in a 

predictable way.  Combined with standard Cys-scanning mutagenesis and serial reporter fusions, 

such targeted amino acid substitutions would provide important data for the future interpretations 

of crystal structures.  Another possible line of investigation (while waiting for well-diffracting 

crystals of different NhaPs) may include serial deletions and site-directed mutagenesis in the 

soluble C-terminal tails of NhaP proteins.  And, finally, it must be noted here that for the precise 

determination of the cation selectivity, the wild-type antiporter (and its mutant variants) has to be 

purified and reconstituted into proteoliposomes. 
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Table 1.1. Substrate diversity in the NhaP family of antiporters. 
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Fig. 1.1. Phylogenetic tree of representative cation/H+ antiporters belonging to the CPA1 transporter 

family.  The sequences were aligned using ClustalW2 (UPGMA) and the tree was drawn by PhyloDraw 

Version 0.8 (Graphics Application Laboratory, Pusan National University). The following accession 

numbers refer to the cation/H+ antiporters shown on the tree.  Vibrio cholerae NhaP1 (Vc-NhaP1) 

NP_230043.1, Vibrio parahaemolyticus (Vp-NhaP1) NP_799097.1, Vibrio fischeri (Vf-YjcE) 

YP_203719.1, Methanoccus jannaschii (Mj-NhaP1) NP_247021.1, Pseudomonas abyssi (Pab-NhaP) 

NP_126974, Methanococcus jannaschii (Mj-NhaP2) NP_248529.1, Pseudomonas aeruginosa (Pa-

NhaP1) NP_252576.1, Synechocystis species PCC 6803 (Syn-NhaP2) NP_441812.1, Saccharomyces 

cerevisiae (Sc-NHA1) NP_013239.1, Candida albicans (Ca-CNH1) XP_710335.1, Escherichia coli 

(Ec-YcgO) NP_753545.1, Homo sapiens (Hs-NHA1) NP_849155.2, Bacillus subtilis (Bs-YvgP) 
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NP_391222.1, Archaeoglobus fulgidus (Af-Nhe2) NP_069680.1, Bradyrhizobium japonicum (Bj-

NhaP2) NP_767580.1, Vibrio cholerae (Vc-NhaP2) NP_232330.1, Vibrio parahaemolyticus (Vp-

NhaP2) NP_799246.1, Bradyrhizobium japonicum (Bj-NhaP1) NP_774808.1, Yersinia pestis (Yp-

NhaP1) NP_667581.1, Aphanothece halophytica (Ap-NhaP) BAB69459.1, Vibrio cholerae (Vc-NhaP3) 

NP_230338.1, Synechocystis species PCC 6803 (Syn-NhaP3) NP_442407.1, Alkalimonas amylolytica 

(Aa-NhaP) DQ649020.1, Synechocystis species PCC 6803 (Syn-NhaP1) NP_441245.1, Bacillus subtilis 

(Bs-NhaG) BAA89487.1, Staphylococcus aureus (Sa-NhaP1) YP_499194.1, Arabidopsis thaliana (Ath-

SOS1) NP_178307.2, Arabidopsis thaliana (Ath-NHX8) NP_172918.1, Vibrio parahaemolyticus (Vp-

NhaP3) NP_799787.1, Vibrio vulnificus (Vv-NhaP3) NP_933489.1, Pseudomonas aeruginosa (Pa-

NhaP3) NP_252428.1, Vibrio vulnificus (Vv-NhaP1) NP_935754.1, Agrobacterium tumefaciens (Agt-

NhaP1) NP_357539.1, Cryptosporidium parvum (Cp-SOS1) CAD98616.1, Escherichia coli (Ec-YjcE) 

NP_418489.1, Pseudomonas aeruginosa (Pa-NhaP2) NP_253708.2, Clostridium perfringens (Clp-

NhaP2) NP_563511.1. 
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Vc-NhaP1        91  PNLKDQ (12) LFSTF (27) LISPTDPIAVLAIVKKL--KAPKRISTQIEGESLFNDGF  177 
Vc-NhaP2        83  ASFRVA (12) AVTTL (22) IVGSTDAAAVFSLLKGR--SLNERVGATLEIESGTNDPM  164 
Vc-NhaP3        82  KEIRGV (12) LVSWG (22) LTVVTGPTVIVPLLRTV--RPTARLANILRWEGILIDPL  163 
Vp-NhaP1        91  PNLKDQ (12) LFSTF (27) LISPTDPIAVLAIVKKL--DAPKRISTQIEGESLFNDGF  177 
Vp-NhaP2        83  ASFRVA (12) AITTL (22) IVGSTDAAAVFSLLKGR--SLNERVGSTLEIESGTNDPM  164 
Vp-NhaP3        81  KEIRGV (12) IISWA (22) LTVVTGPTVIVPLLRTV--RPNSTLANILRWEGILIDPL  162 
Yp-NhaP1        83  REFIHH (12) LVTIV (22) VLSPTDAVALSGIVGKG--RIPKSIMGVLEGEALMNDAS  165 
Mj-NhaP1        80  SLLKRV (12) LITLL (24) ITAATDPATLIPVFSRVR--TNPEVAITLEAESIFNDPL  163 
Pa-NhaP1        89  SDLRSY (12) LIATF (27) LISPTDPIAVLGILKSA--GAPKPLATTIVGESLFNDGT  175 
Aa-NhaP         81  ERFRVA (12) VVTCT (22) ILSSTDAAAVFSIFQSRGIRIKDRVASTLEIESGSNDPM  164 
Ap-NhaP         89  RNLKKN (12) VISVV (21) ILAATDPVSVIALFREL--GVGERLTVLMEGESLFNDGV  170 
Syn-NhaP1       88  RNLKEN (12) VICVV (22) ALSATDPVSVIALFKEL--GASKKLNTLMEGESLFNDGV  169 
Syn-NhaP2      100  SRLRST (12) VISAA (22) ILTITDTVSVIAAFRSVP--VPRRLATIVEGESMLNDGV  181 
Ec-YcgE         76  REFLEH (12) VVTVV (23) VLSPTDAVALSGIVGEG--RIPKKIMGILQGEALMNDAS  158 
Bs-YvgP         75  AELWNL (12) FATVI (23) ILSPTDVVAVSALSGRV--KMPKGILRLLEGEGLMNDAS  157 
Bs-NhaG         89  SHLREN (11) LISFL (22) LMSATDPVSVLSIFKSV--GAPKKLSIVVEGESLFNDGL  169 
 
Vc-NhaP1       178  GLV (73) HV--SGP (9) IGN-WT (15) FWELV (37) CGRYL (26) GLRG--G  365 
Vc-NhaP2       165  AVF (75) GG--SGI (9) LGN--- (10) VLDGM (37) FARPI (23) GLR----  343 
Vc-NhaP3       164  GAL (71) ESE-SGL (9) LAN--- (10) FKEHL (37) LARPA (22) APRGIVA  342 
Vp-NhaP1       178  GLV (73) HV--SGP (9) IGN-WT (15) FWELV (37) ASRYL (26) GLRG--G  365 
Vp-NhaP2       165  AVF (75) GG--SGI (9) LGN--- (10) VLDGM (37) FARPI (23) GLR----  343 
Vp-NhaP3       163  GAL (71) ESE-AGL (9) LAN--- (10) FKEHL (37) VSRPL (22) APRGIVA  341 
Yp-NhaP1       166  GLV (78) GV--SGI (9) ISQ-SG (15) VWSML (50) LLRFG (34) GVRG--A  379 
Mj-NhaP1       177  GIV (75) GYGFSGY (9) LGD--- (14) FCDDL (37) LARPL (22) GPRG--V  349 
Pa-NhaP1       176  AVV (73) HV--SAP (9) IGN-HG (15) FWELI (37) VSRLL (30) GLRG--G  367 
Aa-NhaP        165  AVM (73) EG--SGF (9) VGN--- (10) VHDGL (37) IARPL (22) GLR----  340 
Ap-NhaP        172  AVV (73) GG--SGV (9) LGN-FG (15) FWEFI (40) ISIYG (24) GLRG--S  359 
Syn-NhaP1      170  AVV (73) GG--SGV (9) LGN-YG (15) FWEFV (40) VSVFG (28) GLRG--S  362 
Syn-NhaP2      182  AMV (72) GV--SSA (9) IGN--L (15) FWEYA (36) FSIYP (27) NVKG--S  367 
Ec-YcgE        160  GLV (78) GV--SGI (9) ITR-SG (15) TWAML (50) LVRFG (34) GVRG--A  372 
Bs-YvgP        158  GLV (77) GV--SGI (9) HAVEQD (15) TWNII (46) LLRF- (32) GVRG--A  365 
Bs-NhaG        169  AVV (76) GA--SGV (9) FGN-YG (15) FWDVA (40) AAVYI (19) GLKG--S  356 
 
Vc-NhaP1       366  LALAMALSIP (25) VFSILVQGSTITPMIEK-------- 417 
Vc-NhaP2       344  GAVPIILAVF (20) MVSLVVQGGTLTKAMSLAKVELPPK 398 
Vc-NhaP3       343  ASISSLLAIK (20) IGTVVLQSATARPMALALKVSEPAP 397 
Vp-NhaP1       366  LALAMALSIP (25) VFSILIQGSTITPMIEK-------- 417 
Vp-NhaP2       344  GAVPIILAVF (20) MVSLIVQGGTLTKAMSLAKVELPPK 398 
Vp-NhaP3       342  ASISSLFAIK (20) IGTVVLQSATARPMAIALGVAEPAP 396 
Yp-NhaP1       380  ITLAGVISIP (23) LLSVIIGVIALPPLLRG-------- 429 
Mj-NhaP1       350  VPAALAVTVG (18) TPTDIAGTIIIGTFMTILLS----- 397 
Pa-NhaP1       368  VSVALALSLP (16) LVSILLQGLSIGPLVRR-------- 410 
Aa-NhaP        341  GAVPIILALF (20) IVSLVFQGWSISPVARWLKLEVPKE 395 
Ap-NhaP        360  VSIALALSVP (17) LFTLLVQGLTMQTVIEKLG------ 405 
Syn-NhaP1      363  VAIAVALSVP (17) LFTLLVQGLTTQFVLKGLD------ 408 
Syn-NhaP2      368  LSMALALALP (17) MVSLIGQGLSLPWVVKKLQLS---- 415 
Ec-YcgE        373  ITLAGVLSIP (23) LFSLFVGVVMLPILLQH-------- 422 
Bs-YvgP        366  VTLAGSFSIP (23) LCTLVIATVVLPILTEKEEEDEERN 423 
Bs-NhaG        357  LSIALVLSLP (17) LFSLVVQGLTIKPLLERLG------ 402 

 

Fig. 1.2. Partial alignment of prokaryotic members of the NhaP family showing conserved amino acid 

residues that are presumably involved in cation binding, together with their close neighbours. Shadowed 

are the most conserved residues associated with transmembrane segments.  The accession numbers are 

as in Fig. 1.1   
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Chapter 2  

Putative Na+/H+ antiporter of Vibrio cholerae, Vc-NhaP2, mediates the specific 

K+/H+ exchange in vivo 

Reproduced with permission from Resch, C. T., Winogrodzki, J. L., Patterson, C. T., Lind, E. J., Quinn,  

M. J., Dibrov, P., and Häse, C. C. (2010) The putative Na+/H+ antiporter of Vibrio cholerae, Vc-NhaP2,  

mediates the specific K+/H+ exchange in vivo. Biochemistry. 49: 2520-2528. Copyright 2010 American  

Chemical society. 

 

2.1 Abstract 

The existence of bacterial K+/H+ antiporters that prevent the overaccumulation of 

potassium in the cytoplasm was predicted by Peter Mitchell almost 50 years ago. The importance 

of K+/H+ antiport for bacterial physiology is widely recognized, but its molecular mechanisms 

remain underinvestigated. Here, we demonstrate that a putative Na+/H+ antiporter, Vc-NhaP2, 

protects cells of Vibrio cholerae growing at pH 6.0 from high concentrations of external K+. 

Resistance of V. cholerae to Na+ was found to be independent of Vc-NhaP2. When assayed in 

inside-out membrane vesicles derived from antiporter-deficient Escherichia coli, Vc-NhaP2 

catalyzed the electroneutral K+(Rb+)/H+ exchange with a pH optimum of ∼7.75 with an apparent 

Km for K+ of 1.62 mM. In the absence of K+, it exhibited Na+/H+ antiport, albeit rather weakly. 

Interestingly, while Vc-NhaP2 cannot exchange Li+ for protons, elimination of functional Vc-

NhaP2 resulted in a significantly higher Li+ resistance of V. cholerae cells growing at pH 6.0, 

suggesting the possibility of Vc-NhaP2-mediated Li+/K+ antiport. The peculiar cation specificity 

of Vc-NhaP2 and the presence of its two additional paralogues in the same genome make this 

transporter an attractive model for detailed analysis of the structural determinants of the substrate 
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specificity in alkali cation exchangers. 

 

2.2 Introduction 

Potassium is the major monovalent cation of the bacterial cytoplasm. It regulates internal 

pH, activates many intracellular enzymes, and functions as an important osmotic solute (Epstein, 

2003). However, excessive amounts of internal K+ are detrimental (Putnoky et al., 1998; Benito 

et al., 2002; Radchenko et al., 2006a). Therefore, bacteria tightly regulate their cytoplasmic K+ 

through the activity of a number of different transport systems (reviewed in Epstein, 2003). Kdp, 

Trk, and Kup systems import K+ at the expense of ATP hydrolysis (TrkA and Kdp) or symport it 

with a proton (Kup) (Epstein & Kim, 1971; Bossemeyer et al., 1989a; Bossemeyer et al., 1989b; 

Dosch et al., 1991). In addition, tetracycline antiporters TetL in Bacillus subtilis and TetK in 

Staphylococcus aureus that are able to exchange monovalent cations may contribute to the net 

K+ uptake (Guffanti et al., 1998; Wang et al., 2000; Krulwich et al., 2001). Export of K+ can be 

mediated by (a) the glutathione adduct-activated “emergency” KefB/KefC systems of Gram-

negative organisms (Bakker et al., 1987), (b) mechanosensitive channels under severe 

hypoosmotic stress (Sukharev et al., 1994; Levina et al., 1999; Li et al., 2002) [although they are 

thought to play only a minor role in overall K+ homeostasis (Epstein, 2003)], and (c) the MdfA 

multidrug resistance transporter, which at an external pH of > 9.0 imports protons in exchange 

for extracellular Na+ or K+ (Lewinson et al., 2004). 

All the potassium-expelling systems described above seem to be mobilized only in 

specific stressful situations. Paradoxically, the identity of the system(s) responsible for routine 

energy dependent K+ extrusion remains poorly understood. Almost 50 years ago, Peter Mitchell 

postulated the existence of “housekeeping” K+/H+ and Na+/H+ antiporters that can directly use 
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the proton motive force to prevent the dangerous overaccumulation of alkali cations (Mitchell, 

1961). Typically, growing bacteria employ a variety of primary proton pumps to maintain a high 

transmembrane electrical potential difference, Δψ (negative inside), over a wide range of 

external pH values. As a result, K+ (or any other monovalent cation), if allowed to equilibrate 

with the Δψ, would accumulate inside the cell at poisonous concentrations. At a Δψ of -120 mV 

and a moderate external K+ concentration of 30 mM, at equilibrium the cell would accumulate as 

much as 3 M K+, a concentration that clearly is beyond the physiological limit. A K+/H+ 

antiporter would allow H+ expelled by the primary pumps to return to the cytoplasm in exchange 

for internal K+, thus solving the problem.  

Although several families of bacterial Na+/H+ antiporters have been identified and studied 

in great detail (Padan & Schuldiner, 1996; Padan & Krulwich, 2000; Padan et al., 2001; 

Krulwich et al., 2005; Padan, 2008), identification of specific K+/H+ antiporters in bacteria 

remains elusive. K+/H+ antiport activity as such was demonstrated in everted membrane vesicles 

from Escherichia coli some time ago (Brey et al., 1980). Some Na+/H+ antiporters, exemplified 

by well-studied Ec- NhaA1 and Ec-NhaB (Padan, 2008), strongly discriminate against K+, while 

others exhibit more or less pronounced K+/H+ exchange as a concomitant activity, such as the 

multisubunit Vc-Mrp in Vibrio cholerae (Dzioba-Winogrodzki et al., 2009) or the alkali-

activated Aa-NhaP from Alkalimonas amylolytica that transports Na+, K+, and possibly NH4
+, but 

not Li+ (Wei et al., 2007).  

Recently, Radchenko and co-workers reported that Vp- NhaP2 from Vibrio 

parahaemolyticus might be a K+-specific antiporter (Radchenko et al., 2006a). If confirmed, this 

would set a valuable precedent, because in spite of the widely recognized importance of K+/H+ 

antiporters for bacterial ion and pH homeostasis (Epstein, 2003), no transporter exclusively 
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specific for K+ has been identified thus far. The authors assayed inside-out vesicles obtained 

from antiporter deficient E. coli overexpressing the cloned Vp-NhaP2. The antiporter displayed a 

rather modest activity with K+ even at its pH optimum of 9.0; in the absence of K+, Na+ seemed 

to be a substrate as well, albeit a poorer substrate than K+ (see Figure 5B of Radchenko et al., 

2006). Unfortunately, the authors did not examine the effect of Na+ concentration on the Na+/H+ 

antiport activity. Therefore, definitive conclusions about the specificity of Vp-NhaP2 are hard to 

make at the moment. Also, one more pressing question remained: would the chromosomal 

deletion of the nhaP2 gene produce a potassium-sensitive phenotype in its native host, V. 

parahaemolyticus?  

Inspired by the work of Radchenko and colleagues, we undertook a search for other 

possible antiporters exclusively transporting K+. In the course of this search, we cloned, 

functionally expressed, and examined a homologue of Vp-NhaP2 from V. cholerae O395, Vc-

NhaP2, encoded by open reading frame VC2703. We also engineered and characterized the Vp- 

NhaP2 chromosomal deletion mutant of V. cholerae. Data presented in this article define Vc-

NhaP2 as an electroneutral K+/H+ antiporter, which in vitro is able to catalyze K+/H+, Rb+/H+, 

Na+/H+, and, possibly, Li+/K+ (but not Li+/H+) exchange but in situ operates as a Mitchellian 

K+/H+ antiporter, protecting V. cholerae cells growing at pH 6.0 from high concentrations of K+. 

The peculiar behavior of Vc-NhaP2 in relation to the general problem of the search for specific 

K+/H+ antiporters in bacteria is discussed. 
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2.3 Experimental procedures 

2.3.1 Bacterial Strains and Culture Conditions 

The Na+/H+ antiporter-deficient strain of E. coli TO114 (F l IN (rrnD-rrnE) nhaA::KmR 

nhaB::EmR chaA::CmR) was kindly provided by Dr. T. Nakamura (Niigata University of 

Pharmacy and Applied Life Sciences, Niigata, Japan) [Radchenko et al., 2006a].  For routine 

cloning and plasmid construction, DH5α (supE44 hsdR17 recA1 endA1, gyrA96 thi-1 relA1) (US 

Biochemical Corporation) or TOP10 (F- mcrA Δ(mrr-hsdRMS-mcrBC) ϕ80lacZΔM15 ΔlacX74 

recA1 araD139 Δ(araleu) 7697 galU galK rpsL (StrR) endA1 nupG) (Invitrogen) were used as 

hosts.  The Vibrio cholerae strain used in this study was O395-N1 (Mekalanos et al., 1983), 

which is the classical Ogawa strain with partial deletion of the ctxAB operon (O1 classical 

biotype; SmR, ΔctxA1).  If not otherwise indicated, TO114 cells were grown aerobically at 37°C 

in LBK medium (modified L broth in which NaCl was replaced with KCl [Padan et al., 1989]) 

supplemented with 100 µg/ml ampicillin, 30 µg/ml kanamycin, 34 µg/ml chloramphenicol, 100 

µg/ml erythromycin and 0.05% (w/v) arabinose. V. cholerae cells were grown aerobically at 

37°C in LB supplemented with 100 µg/ml carbenicillin, 100 µg/ml streptomycin and 0.0002% 

(w/v) arabinose.   

 

2.3.2 Cloning and Expression of Vc-NhaP2 

Sequence data for V. cholerae was obtained from the Institute of Genomic Research 

website at http://www.jcvi.org.  The putative Vc-nhaP2 ORF was amplified by high-fidelity 

PCR, using chromosomal DNA of V. cholerae O395-N1 as a template and directly cloned into 

pBAD-TOPO vector (Invitrogen) under the arabinose-induced promoter (PBAD), yielding pVc-

NhaP2.  Primers used for cloning were: forward primer VcNhaP2expF 5’-GAGGAA-
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TAATAAGTGGACGCCGTTACGATTAAC-3’ and reverse primer VcNhaP2expR 5’-

TTACTCCGCGCCTTCTTGTAGCTC-3’.  The forward primer was designed to achieve 

expression of native enzyme without adding the N-terminal leader sequence usually introduced 

by this vector.  The primer contains an in-frame stop codon and a translation re-initiation 

sequence, which consists of a ribosome-binding site and the first GTG of the protein.  In the 

reverse primer, the native stop codon of Vc-nhaP2 was maintained. 

 

2.3.3 PCR Conditions 

Platinum PCR Supermix High Fidelity DNA polymerase (Invitrogen) was used to 

amplify the 1.75 Kb fragment corresponding to Vc-nhaP2.  A hanging adenine was added by 

incubating the DNA in the presence of 1 unit of Taq DNA polymerase (Fermentas).  A 5 µl 

aliquot of the PCR reaction was run on a gel to verify the product size and the remaining PCR 

reaction was purified using QIAquick PCR Purification Kit (Qiagen).  The DNA was then 

introduced into pBAD-TOPO vector according to the manufacturer’s protocol (Invitrogen).  The 

ligation mixture was then used to transform TOP10 competent cells, which were then plated onto 

LB agar plates containing 100 µg/ml ampicillin and incubated overnight at 37°C.  Transformants 

were screened by PCR for correct orientation by using a forward primer for the plasmid (pBAD 

Forward) and the 3’ expression primer for the gene.  Transformants with the gene in the correct 

orientation were grown in LB broth containing 100 µg/ml ampicillin overnight at 37°C and 

plasmid DNA was isolated using QIAprep Spin Miniprep Kit (Qiagen). The fidelity of the PCR 

was confirmed by DNA sequencing at the Oregon State University Center for Genome Research 

and Biocomputing core lab facility.  The pVc-NhaP2 construct was then introduced into E. coli 
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TO114 by chemical transformation and into V. cholerae ΔNhaP2 by electroporation as described 

previously [Hamashima et al., 1995]. 

 

2.3.4 Chromosomal Deletion of Vc-nhaP2 Gene 

Chromosomal deletion of Vc-nhaP2 was constructed by homologous recombination.  The 

in-frame deletion construct was made using overlap extension PCR [Ho et al., 1989].  A 

fragment upstream of the start codon was amplified from genomic DNA by PCR using the 

following primer pair: 1, 5’-GGGGGACTAGTGGTTCTGGAGTAGTAACGATCTCCG-3’ and 

2, 5’-GACTGACTGACTGACTGACTGACTCACTCTACCTCCCAGTCTGCGATTAACG-3’. 

A 1 Kb fragment downstream of the stop codon was amplified from genomic DNA by PCR 

using the primer pair: 3, 5’-AGTCAGTCAGTCAGTCAGTCAGTCTAACGATCGTTTGCG-

CCTTGACGTTGAGG-3’ and 4, 5’-GGGGGGAGCTCGGAACGCGCAAGGCGAGCCAGTA-

CCG-3’. The products of these two PCR reactions are able to anneal together due to 

complementary sequences engineered into the primers and were used as a template for a third 

PCR reaction using primers 1 and 4, resulting in a PCR product encompassing 1 Kb upstream of 

the start codon and 1 Kb downstream of the stop codon with the gene itself removed.  This was 

cloned into the suicide vector pWM91 (Metcalf et al., 1996) by restriction sites engineered into 

the primers and introduced into the chromosome of V. cholerae O395-N1 following sucrose 

selection as previously described (Metcalf et al., 1996).  The above results in an in-frame 

deletion of 580 amino acids.  This mutant strain (VcΔP2) along with its isogenic parent (VcWT) 

and VcΔP2/pVc-NhaP2 over-expressing Vc-NhaP2 in trans were used to assess the possible 

physiological role of Vc-NhaP2 in V. cholerae.   
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2.3.5 Analysis of Growth Phenotypes 

For growth analysis of V. cholerae transformants, LBB medium (non-cationic adjusted L 

broth) was supplemented with antibiotics, arabinose (see above), and varying concentrations of 

KCl, LiCl or NaCl.   The initial pH was adjusted to pH 6.0, pH 7.2 and pH 8.5 by the addition of 

60 mM Bis-Tris-Propane (BTP)-HCl.  Cells were inoculated at a starting optical density at 600 

nm (O.D. (600 nm)) of 0.05 into 200 µl of liquid placed in the 96 deep-well plates (Whatman) 

and grown at 37°C for 18 hours with vigorous aeration. Growth was then measured as the O.D. 

of the bacterial suspension at 600 nm by scanning the plates on the Biotek Instruments plate 

reader using the Gen5 program. All experiments were repeated at least three times in triplicate. 

 

2.3.6 Isolation of Membrane Vesicles and Assays of Antiporter Activity 

TO114/pVc-NhaP2 and TO114/pBAD24 transformants were grown in LBK medium 

supplemented with 100 µg/ml ampicillin, 30 µg/ml kanamycin, 34 µg/ml chloramphenicol, 100 

µg/ml erythromycin and 0.05% arabinose. Cells were harvested at an O.D. (600nm) of 1.5 to 1.8 

and immediately used for isolation of inside-out membrane vesicles essentially as described 

previously (Dzioba-Winogrodzki et al., 2009).  Briefly, overnight cultures of TO114 

transformants were grown in LBK medium containing the above antibiotics.  These cultures 

were then used to inoculate the growth medium at a concentration of 1:100.  For ΔpH 

measurements, after harvesting, the cells were washed three times in buffer containing 140 mM 

choline-chloride, 10% (w/v) glycerol and 20 mM Tris-HCl, pH 7.5.  After the last wash, the 

bacterial pellet was resuspended in the same buffer containing 1 mM 1,4-dithiothreitol (DTT), 1 

µg/ml pepstatin-A, 0.1 mM phenylmethylsulfonyl fluoride (PMSF) and approximately 5 mg/L 

DNase.  The bacterial suspension was then passed twice through a French Press (Aminco), the 



 29 

unbroken cells were pelleted at 12,000 × g for 10 min at 4°C, and the supernatant was 

ultracentrifuged at 184,000 × g for 90 min at 4°C.  The resulting membrane pellets were then 

resuspended and stored at -80°C in the same buffer containing all the additions except DNase 

until assay for cation/proton antiport activity.  For Δψ measurements, vesicles were washed three 

times in the above buffer, but it was made Cl–-free by the elimination of choline-chloride and 

replacing it with 280 mM sorbitol.  Membrane vesicles were isolated and all experiments were 

performed at least two times.  

 

2.3.7 Measurement of Transmembrane ΔpH 

For ΔpH measurements, aliquots of vesicles (200 µg of protein) were added to 2 ml of 

buffer containing 140 mM choline chloride, 5 mM MgCl2, 10% (w/v) glycerol, 4 µM acridine 

orange and 50 mM BTP-HCl adjusted to the indicated pH.  The cation/H+ antiport activity was 

then registered using the acridine orange fluorescence quenching/dequenching assay.  

Respiration-dependent generation of ΔpH was initiated by the addition of 20 mM Tris-D-lactate 

and the resulting quenching of acridine orange fluorescence was monitored in a Shimadzu RF-

1501 spectrofluorophotometer (excitation at 492 nm and emission at 528 nm).  Antiport activity 

was estimated based on its ability to dissipate the established ΔpH in response to the addition of 

NaCl, LiCl or KCl at the indicated concentrations.  10 mM of each was used in the determination 

of the pH profile of activity and 0.1 mM to 50 mM was used in the determination of half-

maximal effective cation concentration (apparent Km). The antiport activities are expressed as 

percent restoration of lactate-induced fluorescence quenching.  Each experiment was carried out 

in duplicate on at least two separate isolations of membrane vesicles.  The traces shown in the 

figures represent typical experimental results. 
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2.3.8 Measurement of Transmembrane Δψ 

The Δψ-sensitive dye, Oxonol V, was used to examine whether the Vc-NhaP2-mediated 

cation/proton antiport has any effect on the respiration-generated formation of Δψ.  In this case, 

vesicles were isolated in Cl–-free buffer as described above, resuspended in 2 ml of the same 

medium supplemented with 5 mM MgSO4 as well as 20 mM diethanolamine, pH 7.5, and pre-

incubated at room temperature for 5 minutes before the addition of 8.0 µM Oxonol V.  

Excitation and emission were at 595 nm and at 630 nm, respectively.  Each experiment was 

carried out in duplicate on at least two separate isolations of membrane vesicles.  The traces 

shown in figures represent typical experimental results. 

 

2.3.9 Protein Determination 

Protein content in preparations of sub-bacterial vesicles was measured with DC Protein 

Assay Kit (Bio-Rad) following the manufacturer’s instructions for membrane proteins. 

 

2.3.10 Materials 

All chemicals were purchased from Sigma-Aldrich or Fisher Scientific.  Restriction 

endonucleases and DNA modifying enzymes were purchased from Invitrogen, MBI Fermentas 

or New England Biolabs. 

 

2.4 Results 

2.4.1 Cloning and Expression of Vc-NhaP2 

A BLAST search of the V. cholerae O395 genome revealed three open reading frames 
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homologous to Vp-nhaP2, namely, VC0389, VC0689, and VC2703. Of these paralogues, 

VC2703 exhibited the highest degree of identity and similarity to Vp-nhaP2 at the level of 

translated sequence (76.7 and 83.4%, respectively); therefore, we designated it Vc-nhaP2. This 

putative Vc-nhaP2 ORF was amplified by PCR and cloned into the pBAD-TOPO(Invitrogen) 

expression vector as described above. This construct was then introduced into E. coli TO114 and 

into V. cholerae O395-N1 after the chromosomal Vc-nhaP2 gene had been deleted. Gene 

expression in pBAD-TOPO is under the control of the tightly regulated arabinose promoter 

(PBAD). Expression of Vc-NhaP2 was induced by the addition of 0.05% arabinose to the growth 

medium in the case of E. coli TO114 during the middle of the log phase and in the case of V. 

cholerae by the addition of 0.0002% arabinose at the beginning of growth. These concentrations 

of arabinose did not have any toxic effect on the bacterial cells but allowed for adequate 

expression of Vc-NhaP2 as judged by activity in membrane vesicles and the results obtained 

from growth experiments performed in V. cholerae (see below).  

 

 

2.4.2 Physiological Role of Vc-NhaP2 in V. cholerae 

The VcΔP2 mutant strain of V. cholerae bearing the chromosomal Vc-nhaP2 deletion 

along with its isogenic parent, VcWT, and the VcΔP2/pVc-NhaP2 strain overexpressing Vc-

NhaP2 in trans were used to assess the possible physiological role of Vc-NhaP2 in V. cholerae. 

Each strain was analyzed in LB-based medium (noncationic L broth), containing increasing 

concentrations of K+ (Fig. 2.1A), Na+ (Fig. 2.1B), and Li+ (Fig. 2.1C) at three different pH 

values (6.0, 7.2, and 8.5).  

The presence of functional Vc-NhaP2 encoded by either chromosomal gene or plasmid-
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borne Vc-nhaP2 is critical for the survival of V. cholerae at acidic pH in the presence of high 

concentrations of potassium (Fig. 2.1A, top panel). In contrast, deletion of this antiporter does 

not affect the Na+ resistance of V. cholerae (Fig. 2.1B). This suggests that the actual 

physiological role of Vc-NhaP2 in V. cholerae is to maintain the internal concentration of 

potassium under toxic levels, by expelling cytoplasmic K+ ions. This suggestion is further 

supported by the fact that the growth of the VcΔP2 strain is unimpeded in the presence of highly 

toxic Li+ (which is a close chemical analogue of Na+) compared to the wild-type strain and 

VcΔP2/pVc- NhaP2 at any pH tested (Fig. 2.1C). Actually, at pH 6.0, deletion of Vc-NhaP2 had 

a rather beneficial effect on growth (Fig. 2.1C, top panel).  

 

2.4.3 Ion Specificity of Vc-NhaP2 

To measure the activity of Vc-NhaP2 directly, we expressed it in trans in cells of the 

antiport-deficient strain of E. coli, TO114. Membranes of this triple deletion mutant are devoid 

of both specific Na+/H+ antiporters, Ec-NhaA and Ec-NhaB, and Na+ (Ca2+,K+)/H+ antiporter, 

Ec-ChaA (Ohyama et al., 1994; Radchenko et al., 2006b). Consequently, the inside-out 

membrane vesicles derived from this strain display practically no Na+/H+ or Li+/H+ antiport 

activity at pH 6.0-7.75, and only at pH ≥8.0 is a minor background Na+(Li+)/H+ exchange 

detectable (Radchenko et al., 2006a). Importantly, the same seems to be true about K+/H+ 

exchange in TO114 vesicles, as well (Radchenko et al. 2006a), which makes TO114 the host of 

choice for the heterologous expression and analysis of cation/proton antiporters. We therefore 

employed inside-out membrane vesicles prepared from TO114/pVc- NhaP2 and 

TO114/pBAD24 (“empty”) cells. The cation/H+ antiport activities were detected by the standard 

acridine orange fluorescence dequenching technique and expressed as the percent restoration of 
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lactate-induced fluorescence quenching. The background activity mentioned above was 

measured at every pH tested in separate control experiments and subtracted from the levels 

obtained in Vc-NhaP2-containing vesicles to yield the data plotted in Fig. 2.3-2.6. However, it 

must be noted that this activity was below 2% at pH 7.5 (where most of our measurements were 

taken), and even at pH 9.5 it did not exceed 8% when it was initiated by the standard addition of 

10 mM substrate cation.  

In accord with the growth data presented in Figure 1, it turned out that K+ (Figure 2, trace 

a) and its analogue, Rb+ (Fig. 2.2, trace c), are preferable substrates of the Vc-NhaP2-mediated 

cation/proton exchange. In the absence of potassium, Vc-NhaP2 could also exchange Na+ (Fig. 

2.2, trace b), but the overall antiport was much weaker (compare traces a and b in Fig. 2.2). 

Noticeably, addition of 10 mM Li+ failed to initiate H+ translocation in the membranes of TO114 

cells (Fig. 2.2, trace d), and even at concentrations as high as 50-100mM, Li+ could not be 

exchanged with a proton. 

 

2.4.4 pH Profile of Vc-NhaP2 Activity 

When assayed in inside-out vesicles by the addition of 10 mM of alkali cations, Vc-

NhaP2 demonstrated the bell-shaped pH profile of K+/H+ antiport activity with a maximum at pH 

from 7.5 to 7.75 (Fig. 2.3, squares).  At pH 7.75, the activity of Vc-NhaP2 with 10 mM of 

potassium reached almost 50% of dequenching (Fig. 2.3, squares).  No activity was detected at 

pH 6.5 and below with any of probe cations.  When probed with 10 mM of sodium, the 

antiporter showed gradual increase of activity up to pH of 8.0, reaching a plateau at ~15% of 

dequenching (Fig. 2.3, circles).  With lithium, Vc-NhaP2 did not show any activity at all the pHs 

tested (Fig. 2.3, triangles), even at Li+ concentrations as high as 50-100 mM (not shown).  As 
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expected, Rb+ behaved identically to K+.  Thus K+/H+ antiport seems to be a major mode of 

activity of Vc-NhaP2.  

 

2.4.5 Affinity of Vc-NhaP2 for Alkali Cations 

To assess the affinity of Vc-NhaP2 for transported potassium and sodium, we initiated the 

dequenching response in membrane vesicles isolated from TO114/pVc-NhaP2 by varying 

concentrations of K+ or Na+ at pH 7.5.  These measurements yielded the concentrations of K+ 

and Na+ required for half-maximal response (Fig. 2.4).  Although only indirectly related to the 

actual Km values of the antiport, these easily assessable parameters are by convention used as a 

measure of affinity of cation-proton antiporters and termed apparent Km for corresponding 

substrate (see, for example, [Galili et al., 2002; Padan et al., 2004; Habibian et al., 2005] and 

references therein).  For Vc-NhaP2, [K+]1/2 and [Na+]1/2 are 1.62 ± 0.0024 mM (Fig. 2.4A) and 

1.04 ± 0.0018 mM (Fig. 2.4B), respectively.  Therefore, it is not a poor affinity to sodium as 

such that is responsible for a relative kinetic incompetence of Vc-NhaP2 in Na+/H+ antiport 

compared to K+/H+ antiport.   

In the next series of experiments, the K+/H+ antiport activity was analyzed in the presence 

of 20 mM NaCl or 20 mM LiCl at pH 7.5 (Fig. 2.5).  It turned out that both Na+ and Li+ 

weakened the affinity of Vc-NhaP2 toward potassium ions: when 20 mM NaCl was added to the 

experimental buffer, its apparent Km for potassium changed from 1.62 to 5.95 mM and 20 mM of 

LiCl affected the apparent Km even more, increasing it to 9.00 mM (Fig. 2.5).  These competition 

assays clearly show that Li+ ions, as well as Na+, indeed compete with K+ for binding to the 

antiporter, affecting its apparent Km for K+, despite the fact that Vc-NhaP2, as it is evident from 

Fig. 2.2 and 2.3, does not catalyze Li+/H+ antiport per se (see Discussion).   
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2.4.6 Vc-NhaP2 Is Not Electrogenic 

The kinetic data presented above do not determine the overall Vc-NhaP2 stoichiometry 

(i.e., the number of protons exchanged per each alkali cation). The V. cholerae growth results, 

however, indicate that Vc-NhaP2 probably requires ΔpH to extrude K+. Indeed,Vc-NhaP2 

protects the growth from K+ in acidic (pH6.0) but not in alkaline (pH 8.5) medium (in Fig. 2.1A, 

compare the top and bottom panels). This implies that it may catalyze electroneutral exchange of 

one K+ per H+, because while at low external pH values ΔpH is the major component of the 

proton motive force on the bacterial membrane, at pH 8.5 it is close to zero or even may have an 

inverted polarity (cytoplasm more acidic than the culture medium) (Padan et al., 1981).  

To probe the stoichiometry of Vc-NhaP2, inside-out membrane vesicles were isolated 

from TO114 transformants and assayed for Δψ in chloride-free, potassium-free (sorbitol-based) 

buffer. To maximize the respiration-generated Δψ, 20 mM diethanolamine was added to the 

vesicle suspension 5 min prior to addition of the Δψ-sensitive dye, Oxonol V. As a control, 

empty (TO114/pBAD24 without the Vc-nhaP2 insert) vesicles were isolated and assayed in the 

same way (Fig. 2.6). Energization by lactate led to the rapid generation of respiratory Δψ in both 

empty and TO114/pVc-NhaP2 vesicles (Fig. 2.6), yet the addition of K+ (Fig. 2.6, top panels) or 

Na+ (Fig. 2.6, middle panels) resulted in no depolarization, clearly indicating the electroneutral 

nature of the cation/H+ exchange mediated by Vc-NhaP2, i.e., exchanging one alkali cation per 

proton. Addition of the protonophore CCCP or valinomycin in the presence of potassium 

completely dissipated the respiratory Δψ (the last addition in each trace of Fig. 2.6). As a 

positive control in these experiments, vesicles were isolated from TO114/pBVA cells expressing 

the electrogenic Vc-NhaA, which we cloned and functionally expressed in E. coli previously 
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(Dibrov et al., 2005). Depolarization in response to the addition of its substrate cation 

differentiates this electrogenic antiporter from Vc-NhaP2 (in Fig. 2.6, compare the two bottom 

panels). As another positive control, we pretreated empty TO114 vesicles with very high (2.0-5.0 

µM) concentrations of nigericin, an artificial ion exchanger which at submicromolar 

concentrations catalyzes the electroneutral K+/H+ antiport but at concentrations exceeding 1.0 

µM acts as an electrogenic antiporter (Guffanti et al., 1998; Gómez-Puyou & Gómez-Lojero, 

1977). As expected, addition of potassium to the nigericin-treated vesicles energized by lactate 

resulted in considerable depolarization (not shown).  

Thus, although the experimental approach used here is a qualitative one, it provides  the 

means for reliably distinguishing an electroneutral process from an electrogenic one. 

Definitively, to measure the stoichiometry of electrogenic antiport, a more refined experimental 

model of reconstituted proteoliposomes would be required, which has been done for Ec-NhaA 

(Taglicht et al., 1993) and Ec-NhaB (Pinner et al., 1994). 

 

2.5 Discussion 

The data presented above define Vc-NhaP2 as a nonelectrogenic antiporter (Fig.2. 6) 

exchanging internal alkali cations for extracellular protons with clear maximum of activity at 

neutral pH (Fig. 2.3). Not only K+ and Rb+ but also Na+ ions were found to be the substrates 

(Fig. 2.2 and 2.3), binding to the antiporter with similar affinities (Fig. 2.4 and 2.5), displaying 

Km values in the low millimolar range that are typical for bacterial Na+/H+ antiporters (Habibian 

et al., 2005; Tzubery et al., 2004; Waditee et al., 2006). Although Li+ was not a substrate of 

cation/proton exchange (Fig. 2.2 and 2.3), Vc-NhaP2 obviously provided the route of entry for 

toxic Li+ ions into V. cholerae cells growing at pH 6.0: the Vc-NhaP2 deletion mutant exhibited 



 37 

much better Li+ resistance compared to both its wild-type parent and the mutant expressing Vc-

NhaP2 in trans (Fig. 2.1C, top panel). What could account for such apparent discrepancy?  

In addition to antiport with proton, Vc-NhaP2 also must be able to catalyze homo-ion 

(i.e., Na+/Na+, K+/K+, or Li+/ Li+) and hetero-ion exchange (i.e., K+/Na+, Li+/Na+, and Li+/K+). 

When lithium is added to the growth medium, the latter of these processes will inevitably result 

in Li+ entry, thus explaining the Vc-NhaP2-dependent Li+ sensitivity shown in the top panel of 

Fig. 2.1C. The effect is only evident in acidic medium, where the major Li+ (Na+) extruding 

system, electrogenic antiporter Vc-NhaA, is virtually inactive (Herz et al., 2003). Higher pH 

values cause a steep activation of NhaA, so it is not surprising that the presence of Vc-NhaP2 

does not affect overall Li+ sensitivity (Fig. 2.1C, middle and bottom panels). As the external pH 

increases, the toxicity of Li+ ions increases dramatically (Fig. 2.1C, empty symbols in all three 

panels). This phenomenon has been observed in several species and is thought to reflect the 

higher permeability of the membrane for Li+ ions in more alkaline media (Padan & Schuldiner, 

1996; Padan & Krulwich, 2000; Padan et al., 2001). As Fig. 2.1C shows, however, Vc-NhaP2 is 

not responsible for this massive alkali-stimulated Li+ leakage.  

The inability of Vc-NhaP2 to catalyze Li+/H+ exchange (Fig. 2.2 and 2.3), despite the fact 

that the exchange of Li+ for other alkali cations is apparently in place (Fig. 2.1C), is one of the 

most curious features of this antiporter. It is widely accepted that in Na+/H+ antiporters all 

substrate alkali cations and protons share the same cation-binding site of the protein. This could 

be demonstrated by kinetic analysis (see Dzioba-Winogrodzki et al., 2009 for a recent example) 

as well as inferred from structural data (Padan, 2008). Of course, in a general case, translocated 

ions may use different subsets of ligands available at the cation-binding site; thus, while H+ 

requires only one electronegative atom to which to bind, the optimal number for coordination of 
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Na+ ion by polypeptides is six (see Mulkidjanian et al., 2008 and references cited therein for a 

detailed discussion). Therefore, if in Vc-NhaP2 Li+ ion happens to bind, in addition to its other 

ligands, to a group normally employed by H+, it would outcompete the proton, thus preventing 

“normal” Li+/H+ exchange without affecting the exchange of Li+ with other alkali cations. X-ray 

diffraction-based structural data (cocrystallization with different substrates) could provide an 

ultimate test of this supposition, but kinetic analysis of mutant forms of Vc-NhaP2 appears to be 

a viable complementing, if not alternative, approach. On a more general note, the broad substrate 

specificity together with the peculiar behavior of Li+ makes Vc-NhaP2 a promising experimental 

subject for detailed studies of structural determinants of cation specificity in ion exchangers.  

The alkali cation exchange via Vc-NhaP2 in the cells of V. cholerae bearing functional 

Vc-NhaP2 should lead to the net uptake of not only Li+ but also Na+ ions. Nevertheless, Vc- 

NhaP2 does not weaken the Na+ resistance even at pH 6.0, where NhaA is silenced: V. cholerae 

cells grow well in Na+-rich media irrespective of the presence of Vc-NhaP2 at any pH (Fig. 

2.1B). It should be noted in this regard that one of the V. cholerae primary Na+ pumps, namely, 

the Na+-translocating NADH: ubiquinone oxidoreductase, NQR (Barquera et al. 2002), could 

contribute to the net export of Na+. Indeed, despite the presence of the array of different Na+/H+ 

antiporters in the membrane, elimination of functional NQR renders growth of V. cholerae 

somewhat more sensitive to Na+. Furthermore, in the presence of HQNO, a potent inhibitor of 

NQR, the growth of cells possessing Vc-NhaP2, but not the deletion Vc-NhaP2 mutant, also 

became severely compromised at high NaCl concentrations. It is also worth mentioning that, in 

contrast to NhaA, Li+ is not a substrate for NQR.  

Perhaps the most interesting result of this work is the direct demonstration of an ion 

antiporter with a potentially broad substrate specificity acting as a specific K+/H+ antiporter 
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expelling K+ in vivo. It is evident from the potassium-sensitive but not sodium-sensitive 

phenotype of the Vc-NhaP2 deletion mutant (Fig. 2.1A,B) as well as the kinetic data obtained in 

the in vitro system. Despite comparable affinities for alkali cations (Fig. 2.4 and 2.5), the much 

lower levels of Na+/H+ antiport compared to K+/H+ antiport and the lack of Li+/H+ antiport 

mediated by Vc-NhaP2 in inside-out membrane vesicles (Fig. 2.2 and 2.3) clearly point toward 

K+/H+ exchange as the only physiological function of this antiporter.  

In a sense, this finding may effectually end the ongoing quest for “specific” K+/H+ 

antiporters. Indeed, on the basis of the ion radii of K+ (1.38Å) and Na+ (1.02Å),  one may argue 

that only Na+/H+ antiporters could efficiently discriminate K+ ions by simple size exclusion; 

however, K+/H+ antiporters can hardly avoid binding smaller Na+ as a substrate. 
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Fig. 2.1:  Vc-NhaP2 protects V. cholerae from high concentrations of external potassium at 

acidic pH.  The pVc-NhaP2 plasmid, containing Vc-NhaP2, was used to transform V. cholerae 

strain VcΔNhaP2, bearing deletion of Vc-nhaP2 gene (closed circles).  Wild-type cells (closed 

squares) and VcΔNhaP2 (open circles) were transformed with “empty” pBAD24.  Cells were 

grown aerobically for 18 hours in 96-deep well plates as described in the Experimental 

Procedures. In all cases the LBB medium, adjusted to the desirable pH, was supplemented with 

0.0002% (w/v) arabinose and the indicated concentrations of KCl (A), NaCl (B), or LiCl (C).  

Growth was measured as the O.D. (600 nm) of the bacterial suspension.  The starting O.D. (600 

nm) was approximately 0.05 in all cases.  Plotted are the averages of three separate experiments, 

each performed in tripicate.  Bars show the standard deviation. 
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Fig. 2.2:  Vc-NhaP2 antiport activities in sub-bacterial vesicles.  Inside-out membrane vesicles 

were isolated from TO114 cells transformed with pVc-NhaP2 and assayed with 10 mM of the 

specified salt in standard choline chloride buffer adjusted to pH 7.5.  At the indicated time, 
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respiration-dependent formation of the transmembrane pH gradient was initiated by the addition 

of 20 mM Tris-D-lactate.  After steady-state ΔpH was reached, cation/H+ antiporter activity was 

detected upon the addition of 10 mM KCl (a), 10 mM NaCl (b), 10 mM RbCl (c) and 10 mM 

LiCl (d).  Acridine orange fluorescence is shown in arbitrary units. 
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Fig. 2.3:  pH profile of Vc-NhaP2 activity.  Inside-out membrane vesicles were isolated from 

TO114 cells transformed with pVc-NhaP2 or “empty” pBAD24 and assayed with the specified 

salt in standard choline chloride buffer adjusted to the indicated pH with 50 mM BTP-HCl. In 

each case, residual non-specific activity measured in “empty” vesicles was subtracted from that 

registered in Vc-NhaP2-containing vesicles and the resulting Vc-NhaP2-dependent activity was 

plotted as a function of pH.  All other conditions as in Fig. 2.2.  Plotted are the averages of six 

measurements (carried out in duplicate with three separate isolations of vesicles).  
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Fig. 2.4:  Determination of kinetic parameters of Vc-NhaP2 in inside-out membrane vesicles 

isolated from TO114 transformants (inset, double reciprocal plot).  Measurements were done in 

standard choline chloride buffer adjusted to pH 7.5 with the final concentration of added KCl (A) 

and NaCl (B) varying from 0.05 to 50 mM.  Each point represents the average of four 

measurements (carried out in duplicate with two separate isolations of vesicles).  Bars show the 

standard deviation. 
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Fig. 2.5:  Na+ and Li+ compete with K+ ions for the Vc-NhaP2 antiporter.  Dequenching of 

acridine orange in response to varying concentrations of KCl was monitored at pH 7.5 in 

standard choline chloride buffer with or without the indicated concentrations of NaCl or LiCl.  

Each point represents the average of four measurements (carried out in duplicate with two 

separate isolations of vesicles).  Data are shown in reciprocal coordinates.  Bars show the 

standard deviation. 
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Fig. 2.6:  Probing the stoichiometry of Vc-NhaP2.  Inside-out membrane vesicles were isolated 

from TO114 transformants and assayed for Δψ at pH 7.5 in sorbitol-based medium devoid of K+ 

and Cl-.  Diethanolamine at 20 mM was added to the experimental mixture 5 min prior to the 

addition of Oxonol V.  At the indicated time, respiration-dependent formation of the 

transmembrane electrical gradient was initiated by the addition of 20 mM Tris-D-lactate.  After 
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steady-state Δψ was reached, cation/H+ antiporter activity was detected upon the addition of 10 

mM K2SO4 (upper traces) and 10 mM Na2SO4 (lower traces).  The protonophore CCCP was 

added at the end of each measurement to collapse the generated Δψ for the control.  Fluorescence 

of Oxonol V is shown in arbitrary units. 
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2.6 Authors’ contributions 

 

All of the growth experiments, isolation and assaying of membrane vesicles, acridine orange  

fluorescent dequenching method and determination of stoichiometry were performed by Craig T. Resch 

with assistance from Curtis T. Patterson. Chromosomal deletion of Vc-nhaP2 was conducted by 

Matthew J. Quinn and Erin J. Lind at the University of Oregon, supervised by Claudia Häse. This 

chapter is based upon the original manuscript Resch, C. R., Winogrodzki, J. L., Patterson, C. T., Lind, 

E. J., Quinn, M. J., Dibrov, P., and Häse, C. C. (2010) The putative Na+/H+ antiporter of Vibrio 

cholerae, Vc-NhaP2, mediates the specific K+/H+ exchange in vivo. Biochemistry. 49: 2520-2528, 

drafted and revised by Craig T. Resch and Pavel Dibrov. Also revised by Judith L. Winogrodzki. 
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Chapter 3  

NhaP1 is a K+(Na+)/H+ Antiporter Required for Growth and Internal pH 

Homeostasis of Vibrio cholerae at Low Extracellular pH 

Reproduced with permission from Quinn, M.J., Resch, C.T., Sun, J., Lind, E.J., Dibrov, P. and  

Häse, C.C. (2012) NhaP1 is a K+(Na+)/H+ antiporter required for growth of Vibrio cholerae at  

low extracellular pH. Microbiology (UK) 158: 1094-1105. Copyright 2012 Elsevier. 

 

3.1 Abstract 

Vibrio cholerae has adapted to a wide range of salinity, pH and osmotic conditions, 

enabling it to survive passage through the host and persist in the environment.  Among the many 

proteins responsible for bacterial survival under these diverse conditions, we have identified Vc-

NhaP1 as a K+(Na+)/H+ antiporter essential for V. cholerae growth at low environmental pH.  

Deletion of the V. cholerae nhaP1 gene caused growth inhibition when external potassium was 

either limited (100 mM and below) or in excess (400 mM and above).  This growth defect was 

most apparent at mid-logarithmic phase, after 4-6 hours of culturing.  Using a pH-sensitive GFP 

protein, cytosolic pH was shown to be dependent on K+ in acidic external conditions in a Vc-

NhaP1-dependent manner.  When functionally expressed in an antiporterless E. coli strain and 

assayed in everted membrane vesicles, Vc-NhaP1 operated as an electroneutral alkali 

cation/proton antiporter, exchanging K+ or Na+ ions for protons within a broad pH range (7.25 to 

9.0).  These data establish the putative V. cholerae NhaP1 protein as a functional K+(Na+)/H+ 

antiporter of the CPA-1 family that is required for bacterial pH homeostasis and growth in an 

acidic environment. 
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3.2 Introduction 

Vibrio cholerae is a Gram-negative pathogen which causes cholera, a dangerous disease 

that remains a public health concern (Enserink, 2010).  As it transitions between the infectious 

state and its environmental reservoir, the bacterium encounters a dynamic range of osmotic and 

pH conditions.  During human infection, V. cholerae produces the potent enterotoxin, cholera 

toxin, which promotes accumulation of Na+ and Cl- ions in the host intestinal lumen and, in turn, 

causes rapid osmotic dehydration of host tissue and profuse diarrhea.  In the environment, V. 

cholerae is found in many coastal and estuarine waters where it is exposed to severe periodic 

changes in salinity, pH and osmolarity as variable ratios of brackish and fresh water are mixing 

at different rates (Miller et al., 1984; Singleton et al., 1982a; Singleton et al., 1982b).  Thus, both 

the pathogenic and environmental lifestyles of this organism require that V. cholerae can adapt to 

rapidly shifting osmolarities, ionic strengths and pH values.  These lifestyles require that V. 

cholerae possess adequate molecular mechanisms to adapt to such environmental challenges. 

A number of V. cholerae proteins have been described that generate, maintain, or use a 

transmembrane gradient of cations such as Na+ (Hase et al., 2001).  These proteins are predicted 

to help the bacterium survive hypo- and hyperosmolar states in addition to exploiting the Na+ 

gradient for solute transport, pH regulation, and motility.  For example, the NQR complex 

couples Na+ export to electron transport, resulting in the generation of a sodium motive force 

that can then be used for various types of membrane work (Tokuda & Unemoto, 1981, 1982; 

Zhou et al., 1999).  The V. cholerae NhaA antiporter mediates Na+/H+ exchange and thus 

regulates sodium ion homeostasis at pH 8.5, conditions which are not unusual for seawater in 

areas where V. cholerae is endemic (Vimont & Berche, 2000).  The NhaD antiporter from V. 

cholerae expressed in E. coli sub-bacterial vesicles was shown to be a specific sodium/proton 
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antiporter most active at pH 8.0 (Dzioba et al., 2002), whereas the V. cholerae Mrp complex is 

an electrogenic cation/proton exchanger of broad specificity, exchanging Na+, K+, and Li+ with 

maximum of activity at pH 9.0-9.5 (Dzioba-Winogrodzki et al., 2009).  Several membrane 

systems exploit the transmembrane Na+ gradient generated by primary (e.g., NQR) or secondary 

(e.g., NhaA) sodium pumps to drive nutrient acquisition and motility (see (Hase et al., 2001)).  

The Na+ ions which consequently accumulate in the bacterial cytoplasm are then again expelled 

by antiporters or NQR, resulting in internal cation homeostasis within dynamic external 

environments. 

Potassium/proton antiport activity has also been demonstrated in the Vibrio species V. 

alginolyticus (Nakamura et al., 1984; Tokuda et al., 1981), V. parahaemolyticus (Radchenko et 

al., 2006), and recently in V. cholerae (Resch et al., 2010b).  In V. alginolyticus, such activity 

has been shown to participate in regulation of cytoplasmic pH in acidic media (Nakamura et al., 

1984; Nakamura et al., 1992).  Although a K+/H+ antiporter was implicated in cytoplasmic pH 

maintenance in V. alginolyticus, the responsible ion transporter has not been identified.  Many 

Vibrio species have three paralogues of NhaP (Table 3.1), a family of bacterial cation/proton 

antiporters identified by amino acid homology that generally pump Na+ or K+ (Resch et al., 

2010b). The NhaP2 homologue from V. cholerae was recently shown to have K+/H+ antiport 

activity in the parent as well as E. coli strains, showing also a unique response to Li+ and strong 

in vitro activity (Resch et al., 2010b). The V. cholerae NhaP2 antiporter was found to be a K+/H+ 

antiporter most active at low pH (6.0) which is indispensable for the growth of V. cholerae at 

extracellular potassium concentrations of 400 mM or greater in acidic media, removing excess of 

internal K+ from the cytoplasm at the expense of ΔpH (Resch et al., 2010b).  The NhaP2 protein 

from V. parahaemolyticus was similarly shown to be involved in K+/H+ antiport at high 
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concentrations of potassium when expressed ectopically in E. coli (Radchenko et al., 2006).  As 

the NhaP2 antiporter is only one of three putative NhaP paralogues in V. cholerae identified by 

sequence similarity, we intend to also characterize the role of the other putative NhaP proteins, 

beginning with Vc-NhaP1, to assess their relative contribution to the overall cytoplasmic ion 

homeostasis. 

Here, we report the detailed characterization of the putative V. cholerae NhaP1 protein, 

encoded by VC0389 (NP#230338.1).  We performed growth analysis of a defined in-frame V. 

cholerae nhaP1 deletion mutant and compared the ability of the parental strain and its isogenic 

mutant strain to regulate cytoplasmic pH.  We also assayed key biochemical features of the Vc-

NhaP1 protein heterologously expressed in an E. coli strain lacking three major cation/proton 

antiporters.  The presented results represent the first detailed physiological and biochemical 

analyses of a NhaP1-type of antiporter. 

 

3.3 Materials and Methods 

3.3.1 Bacterial Strains and Culture Conditions 

The Na+/H+ antiporter-deficient strain of E. coli TO114 [F l IN (rrnD-rrnE) nhaA::KmR 

nhaB::EmR chaA::CmR] was kindly provided by H. Kobayashi (Faculty of Pharmaceutical 

Sciences, Chiba University, Chiba, Japan) (Radchenko et al., 2006). For routine cloning and 

plasmid construction, DH5α (supE44 hsdR17 recA1 endA1, gyrA96 thi-1 relA1) (U.S. 

Biochemical Corp.) or TOP10 [F- mcrA Δ(mrr-hsdrms-mcrBC) Δ80lacZΔM15 ΔlacX74 recA1 

araD139 Δ(ara leu) 7697 galU galK rpsL (StrR) endA1 nupG] (Invitrogen) was used as the host. 

V. cholerae strain O395N1 was used in this study (Mekalanos et al., 1983), which is a classical 

Ogawa strain with a deletion in the ctxA gene (O1 classical biotype; SmR, ΔctxA1). If not 
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otherwise indicated, TO114 cells were grown aerobically at 37 °C in LBK medium [modified L 

broth in which NaCl was replaced with KCl (Padan et al., 1989)] supplemented with 100 µg/mL 

ampicillin, 30 µg/mL kanamycin, 34 µg/mL chloramphenicol, 100 µg/mL erythromycin, and 

0.05% (w/v) arabinose. V. cholerae cells were grown aerobically at 37°C in LB supplemented 

with 100 µg/mL streptomycin, 100 µg/mL ampicillin, and 0.02% (w/v) arabinose, unless 

otherwise indicated.  Cytoplasmic pH experiments were conducted in K100 media, a minimal 

salts medium with K+, and K0 media, in which K+ salts were replaced with Na+ salts (Epstein & 

Kim, 1971); cytoplasmic pH was measured in pH media (150 mM choline chloride and 60 mM 

Bis-Tris propane [BTP] adjusted to pH 6.0, 6.5, or 7.2). 

 

3.3.2 Cloning and Expression of Vc-NhaP1 

Sequence data for V. cholerae were obtained from the Institute of Genomic Research 

(http://www.jcvi.org). Cloning was performed as described before (Resch et al., 2010b). The 

putative Vc-nhaP1 ORF was amplified by high-fidelity polymerase chain reaction (PCR), using 

chromosomal DNA of V. cholerae O395N1 as a template and directly cloned into the pBAD-

TOPO vector (Invitrogen) under the arabinose-induced promoter (PBAD), yielding pVc-NhaP1. 

The following primers were used for cloning: forward primer VcNhaP1expF, 5’-

GAGGAATAATAAATGTCCGTCTACTACACTTG-3’; and reverse primer VcNhaP1expR, 5’-

TTAGTGTTGTTGTTCTTGCTG –3’. The forward primer contains an in-frame stop codon and 

a translation re-initiation sequence, which consists of a ribosome-binding site and the first ATG 

of the protein. The primer was designed to achieve expression of the native enzyme without 

addition of the N-terminal leader sequence usually introduced by this vector to improve 

expression of heterologous proteins in E. coli. In the reverse primer, the native stop codon of Vc-
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nhaP1 was maintained. Using these primers, the nhaP1 ORF was amplified by polymerase chain 

reaction as described previously.  Briefly, 1 unit of Platinum PCR Supermix High Fidelity DNA 

polymerase (Invitrogen) was used to amplify the approximately 1.3 kb fragment corresponding 

to Vc-nhaP1, a portion of which was run on a gel to confirm the amplicon size.  The remainder 

of the PCR mixture was purified using the QIAquick PCR Purification Kit (Qiagen), and was 

then introduced into the pBAD-TOPO vector using the manufacturer’s protocol (Invitrogen). 

Transformants were screened by PCR for the correct orientation by using a forward primer for 

the plasmid (pBAD Forward) and the 3’ expression primer for the gene. Plasmid extractions 

were performed using the QIAprep Spin Miniprep Kit (Qiagen) and the fidelity of the PCR was 

confirmed by DNA sequencing at the Oregon State University Center for Genome Research and 

Biocomputing core lab facility. This pVc-NhaP1 construct was then introduced into E. coli 

TO114 by chemical transformation and into V. cholerae O395N1ΔnhaP1 by electroporation as 

described previously (Hamashima et al., 1995). 

 

3.3.3 Chromosomal Deletion of the Vc-nhaP1 Gene 

Chromosomal deletion of the Vc-nhaP1 gene was conducted by homologous 

recombination. The defined mutant construct was made using overlap extension PCR (Ho et al., 

1989).  A 1 kb fragment upstream of the start codon was amplified from genomic DNA by PCR 

using the following primer pair: 1, 5’-GGGGGGGATCCGCATTCTGAAATGCGTGAAAG-3’; 

and 2, 5’- GACTGACTGACTGACTGACTGACTCATTCTCTTCTCAGTGTGTGTAA-

CAATTTG-3’. A 1 kb fragment downstream of the stop codon was amplified from genomic 

DNA by PCR using the following primer pair: 3, 5’- AGTCAGTCAGTCAGTCAGTCAGT-

CTAATCTCCGTTGTTTAATCGACAAAC-3’; and 4, 5’-GGGGGGAGCTCAAGTTCG-
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GAATTGATAAGCGC-3’. The DNA products of these two PCRs are able to anneal together 

due to complementary sequences engineered into the primers 2 and 3 and were used as a 

template for a third PCR using primers 1 and 4, resulting in a 2 kb PCR product encompassing 1 

kb upstream of the start codon and 1 kb downstream of the stop codon with the gene itself 

removed. This PCR product was cloned into suicide vector pWM91 (Metcalf et al., 1996) by 

restriction sites engineered into the primers 1 and 4, and the mutant allele was introduced into the 

chromosome of V. cholerae O395N1 following conjugation with the E. coli strain hosting the 

vector. Using sucrose selection as previously described (Metcalf et al., 1996), the in-frame 

deletion of the ORF was introduced into the chromosome of V. cholerae strain O395N1. This 

mutant strain (O395N1ΔnhaP1) along with its isogenic parent (O395N1) and 

O395N1ΔnhaP1/pVc-NhaP1 overexpressing the V. cholerae nhaP1 gene in trans and 

O395N1/pBAD24 were used to assess the function of Vc-NhaP1. 

 

3.3.4 Analysis of Growth Phenotypes 

For growth analysis of V. cholerae strains, LBB medium (non-cationic L broth) was 

supplemented with antibiotics, arabinose, and varying concentrations of NaCl, KCl, LiCl, 

MgCl2, CaCl2, CuCl2, FeCl3, or L-proline. The initial pH of the media was adjusted with HCl to 

6.0, 7.2, or 8.5 and buffered by the addition of 60 mM BTP. Cells were inoculated into 200 µL of 

liquid medium in 96-deep well plates (Whatman) at an initial optical density at 600 nm 

absorbance (A600 OD) of 0.05 and grown at 37°C for 18 h with vigorous aeration. Growth was 

then measured as the A600 OD of the bacterial suspension at 600 nm by scanning the plates on a 

BioRad iMark microplate absorbance reader. All experiments were repeated at least three times 

in triplicate. 
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3.3.5 Measurement of Cytoplasmic pH in vivo 

Cells of O395N1 and O395N1ΔnhaP1 were transformed with pMMB1311 (encoding 

GFPmut3b, a pH sensitive GFP) (Kitko et al., 2009), yielding strains MJQ0121 and MJQ0122, 

respectively.  Potassium-depleted cells for the pH recovery experiments were obtained 

essentially as described in [15-16]. The strains were cultivated overnight in K100 medium 

(Epstein & Kim, 1971), containing 46 mM K2HPO4, 23 mM KH2PO4, 8 mM (NH4)2SO4, 400 

µM MgSO4, 6 µM FeSO4, 1 mM Na-citrate, 1 mg/L thiamine, 2 g/L glucose and supplemented 

with 100 µg/mL streptomycin and 100 µg/mL ampicillin at 37oC.  Cells were pelleted and 

resuspended to A600 OD 0.5 in K0 medium (Epstein & Kim, 1971), in which all potassium salts 

were substituted by sodium ones.  Further, cells were allowed to grow in K0 medium to A600 OD 

1.0 and placed on ice, pelleted at 2200 rpm at 4°C for 5 minutes and resuspended at A600 OD 0.4 

in the pH assay buffer, containing 50 mM choline chloride and 60 mM BTP (pH 6.0).  K+-

depleted cells were dispensed in 200 µL aliquots in a 96 well plate, and a baseline reading was 

taken using a Tecan plate reader (excitation/emission at 480nm/525 nm) at 37°C.  Potassium-free 

glucose (at final concentration of 1 mM) was added at t=0 to energize cells.  After 10 minutes, 

KCl was added to experimental wells (final concentration of 0-100 mM) and 20 mM benzoate 

was added to calibration wells to collapse ΔpH, thus equalizing internal pH to external pH, to 

correlate emission values to internal pH.  Data were collected for a further 10 minutes.  All 

measurements were performed in triplicates in each of three independent experiments. Errors are 

stated as standard error of the mean (SEM; n = 3), and where necessary significance of the 

results was assessed by Student’s t-test.  For the comparison of steady-state pHin values, the 

potassium-, sodium-, or choline-loaded cells were prepared using the method of cation 
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replacement advanced by Unemoto and colleagues (Nakamura et al., 1982).  Briefly, mid-log 

cultures were pelleted, resuspended in 0.4 M chloride salt of a desired cation containing 50 mM 

diethanolamine hydrochloride at pH 8.5, and incubated at room temperature for 10 min. Then 

cells were pelleted by centrifugation, and the treatment was repeated. After that, cells were 

pelleted again, washed twice and resuspended in 0.4 M chloride salt of a desired cation with 50 

mM BTP-HCl (pH 6.0).  Prepared cation-loaded cells were assayed immediately.  Steady-state 

pHin levels were recorded as described above for 10 min. 

 

3.3.6 Isolation of Membrane Vesicles for Assay of Antiporter Activity 

Antiporter activity was measured in inside-out membrane vesicles isolated from the 

ΔnhaA, ΔnhaB, ΔchaA strain of E. coli TO114 transformed with pVc-NhaP1 or pBAD24. These 

transformants were grown in LBK medium containing 100 mg/ml ampicillin, 30 mg/ml 

kanamycin, 34 mg/ml chloramphenicol, 100 mg/ml erythromycin and 0.05% arabinose. Cells 

were harvested at an O.D. (600 nm) of 1.0 to 1.2, then washed three times in buffer containing 

140 mM choline-chloride, 10% (w/v) glycerol and 20 mM Tris-HCl, pH 7.5, and then lysed 

using a French Press, essentially as described previously (Resch et al., 2010b). The unbroken 

cells were pelleted, the supernatants were ultracentrifuged at 184,000 × g for 90 min at 4°C, and 

isolated vesicles were resuspended in the same buffer. For Δψ measurements, vesicles were 

isolated in the above buffer, but choline-chloride was replaced with 280 mM sorbitol. 

 

3.3.7 Measurement of Transmembrane ΔpH 

For ΔpH measurements, aliquots of vesicles containing approximately 200 µg of total 

protein were added to 2 ml of buffer containing 140 mM choline chloride, 5 mM MgCl2, 10% 
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(w/v) glycerol, 4 mM acridine orange and 50 mM BTP-HCl adjusted to the indicated pH. 

Measurement of K+/H+, Na+/H+ and Li+/H+ antiporter activities were performed by using the 

acridine orange fluorescence dequenching assay (Dzioba-Winogrodzki et al., 2009; Dzioba et 

al., 2002; Resch et al., 2010b). Briefly, respiration-dependent ΔpH was generated by the addition 

of 20 mM Tris-D-lactate and the resulting quenching of acridine orange fluorescence was 

monitored in a Shimadzu RF-1501 spectrofluorophotometer (excitation at 492 nm and emission 

at 528 nm). The detected antiport activities were expressed as percent restoration of lactate-

induced fluorescence quenching in response to the addition of 10 mM of NaCl, LiCl or KCl at 

the indicated concentrations. Each experiment was carried out in duplicate from separate 

isolations of membrane vesicles. The background activity measured in “empty” vesicles at every 

pH tested in separate control experiments is subtracted from the levels obtained in Vc-NhaP1 

containing vesicles to yield the data shown. 

 

3.3.8 Measurement of Transmembrane Δψ 

Inside-out membrane vesicles (Resch et al., 2010b) were isolated from TO114 cells 

transformed with pVc-NhaP1 or pBAD24 and assayed for Δψ in chloride-free, potassium-free 

buffer at pH 7.5. Vesicles were mixed with 20 mM of diethanolamine for 5 min prior to the 

addition of 8 mM of the Δψ-sensitive dye Oxonol V. Excitation and emission were measured at 

595 nm and at 630 nm, respectively.  
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3.3.9 Materials 

All chemicals were purchased from Sigma-Aldrich or Fisher Scientific. Restriction 

endonucleases and DNA-modifying enzymes were purchased from Invitrogen, MBI Fermentas, 

or New England Biolabs. 

 

3.4 Results 

3.4.1 Distribution of nhaP genes in various Vibrio species 

  In silico analyses revealed that, of the several putative antiporters encoded in the V. 

cholerae genome, three (Vc-NhaP1, Vc-NhaP2, and Vc-NhaP3) are paralogues of each other 

(Table 3.1, also see (Dzioba-Winogrodzki et al., 2009)).  These proteins have homologues in 

other Vibrio species as well, and three other Vibrio species (V. parahaemolyticus, V. 

alginolyticus, and V. mimicus) encode homologues of all three NhaP paralogues (Table 3.1).  

Additionally, NhaP1 is at least 85% identical to genes in the following sequenced Vibrio 

genomes:  V. cholerae (2740-80, V52, TM 11079-80, TMA21, RC 385, V51, 623-29, LMA-

3894-4, MZO-2, RC 27, CT 5369-93), V. mimicus (VM573, MB 451, VM603, VM223), Vibrio 

species (RC 586, AND4, Ex25, RC 341, MED222), V. harveyi (1DA3, HY01, ATC BAA 1116), 

V. vulnificus (YJ016, CMCP6, MO6-24/O), V. furnisii (NCTC 11218), V. parahaemolyticus (AQ 

3810, RIMID 2210633, K5030, AN-5030, Peru-466, AQ4037), V. metschnikovii (CIP 69.14), V. 

alginolyticus (40B),  V. orientalis (CIP 102891), V. brasiliensis (LMG 20546), V. coralyticus 

(ATCC BAA-450), V. splendidus (12B01, LGP 32), V. harveyi (ATCC BAA 1116), V. fischeri 

(ES 114), and V. sinaloensis (DSM 21326).  These data show that the nhaP1 genes are widely 

conserved among different Vibrio species. 
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3.4.2 Growth properties of the V. cholerae ΔnhaP1 mutant 

Deletion of Vc-nhaP2 shows a growth deficiency phenotype specifically in growth media 

containing 400-500 mM K+ at pH 6.0 (Resch et al., 2010b).  For comparison, we measured the 

effect of pH and K+ on growth yield in the ΔVc-nhaP1 mutant.  After 18 hours of aerobic growth 

O395N1ΔnhaP1, unlike the parent strain, showed markedly lowered growth yield in the media 

supplemented with K+ at pH 6.0, with the most severe growth deficiencies observed at 0-100 

mM and 400-600 mM of added K+ (Fig. 3.1A).  Complementation in trans with the V. cholerae 

nhaP1 gene in the arabinose-inducible pBAD system restored the growth phenotype of the 

parent strain almost completely (Fig. 3.1A) and the level to which complementation restored the 

growth phenotype increased as the arabinose concentration was increased. No difference in 

growth was observed between the parent and O395N1ΔnhaP1 growing in K+ media at pH 7.2 or 

8.5 (Fig. 3.1 B-C).  When these experiments were performed with Na+ or Li+ added instead of 

K+, no growth defects were found in O395N1ΔnhaP1 at high concentrations of added Li+ or Na+ 

(Fig. 3.1 D-I).  Of note, the growth defect related to the deletion of nhaP1 persisted in acidic 

medium at low concentrations of added Na+ (Fig. 3.1D).  These experiments demonstrate that 

deletion of Vc-nhaP1 leads to an inhibited growth phenotype in acidic media (pH 6.0) in two 

situations: (i) low concentrations of alkali cations or (ii) in the presence of high concentrations of 

K+.  Standard osmolytes, sucrose (up to 500 mM) and proline (up to 50 mM), were also assayed 

as possible substitutions for alkali cations. While proline did not affect the growth of the 

O395N1ΔnhaP1 mutant at any concentration used, sucrose improved it to some extent, elevating 

the growth yield for 18 hours from A600=0.400 in the original LBB medium to approximately 

0.850 in the same medium supplemented with 300 mM sucrose. It therefore never reached the 

growth yields typical for the wild type (of app. 1.300-1.400, see Fig. 3.1A).  At concentrations 



 61 

exceeding  400 mM, sucrose inhibited the growth yield.  Thus, the inhibited growth of 

O395N1ΔnhaP1 at low ionic strength may be attributed to impaired osmoregulation, but only 

partially. 

To further characterize the growth deficiency revealed in O395N1ΔnhaP1 growing at pH 

6.0 for 18 hours (Fig. 3.1 A,D), dynamics of growth was monitored by taking the A600 OD 

readings every 60 minutes (Fig. 3.2).  Interestingly, at 100-400 mM K+ (Fig. 3.2 C-E) growth of 

O395N1ΔnhaP1 was clearly triphasic, whereas O395N1 and O395N1ΔnhaP1/pVc-NhaP1 

exhibited biphasic growth phenotypes only at 500 mM KCl (Fig. 3.2F).  When grown over a 

range of NaCl concentrations, no apparent differences were noted in the O395N1ΔnhaP1 strain 

compared to O395N1 (Fig. 3.2 H-N).  However, a reduced fitness of O395N1ΔnhaP1 compared 

to O395N1 or O395N1ΔnhaP1/pVc-NhaP1 was noted in the absence of added NaCl (Fig. 3.2 H), 

as expected.   

 

3.4.3 Cytoplasmic pH homeostasis in the V. cholerae ΔnhaP1 mutant strain. 

In an attempt to assess the physiological function of Vc-NhaP1 at the biochemical level, 

we investigated the possible effect of Vc-NhaP1 on homeostasis of cytoplasmic pH.  First, the 

ability to recover cytoplasmic pH values were measured in K+-depleted bacteria by using a pH-

sensitive GFP maintained on the pMMB1311 plasmid, which has been used before in E. coli 

(Kitko et al., 2010) and B. subtilis (Kitko et al., 2009).  After a baseline reading, KCl or NaCl 

was added to final concentrations of 0 mM, 1 mM (KCl), 10 mM, or 100 mM (NaCl), and 

readings were taken every 2 minutes for a further 10 minutes.  Relative absorbance values were 

calibrated to pH readings with a standard curve for each experiment. At external pH 6.0, K+-

depleted cells of both O395N1 and O395N1ΔnhaP1 were unable to build up and maintain the pH 



 62 

gradient across the membrane in the choline-Cl medium even in the presence of glucose: internal 

pH was stable at 6.0 for at least 10 minutes (Fig. 3.3A).  The addition of 10 mM KCl swiftly 

raised the cytoplasmic pH in cells of O395N1 and O395N1ΔnhaP1 after approximately 3 

minutes, while up to 100 mM NaCl did not raise the cytoplasmic pH significantly even after 10 

minutes (Fig. 3.3B).  Noticeably, the pH response to added KCl in O395N1ΔnhaP1 was 

significantly less pronounced than in O395N1 (Fig 3.3A).  In a parallel series of experiments, 

cells were loaded with different cations as described in Materials and Methods, and the steady-

state pHin levels were recorded for 10 minutes after addition of glucose at external pH 6.0.  As 

Fig. 3.3C shows, the pH homeostasis was totally lost in the Na+-loaded cells of both O395N1 

and O395N1ΔnhaP1, while the K+-loaded cells demonstrated internal pH values much closer to 

the physiological ones.  As could be expected from data shown in Fig. 3.3A, elimination of 

functional Vc-NhaP1 resulted in somewhat lower intracellular pH (7.1 versus ~7.5 in the wild 

type). When cells of O395N1 and O395N1ΔnhaP1 were loaded with choline-Cl, they lost pH 

homeostasis irrespectively of the presence of Vc-NhaP1. 

 

3.4.4 Ion specificity and pH profile of Vc-NhaP1 activity 

To directly measure antiport activity, we expressed Vc-NhaP1 in cells of the antiport-

deficient (ΔnhaA, ΔnhaB, ΔchaA) E. coli strain TO114. Inside-out membrane vesicles from 

TO114/pVc-NhaP1 and “empty” TO114/pBAD24 cells were analyzed for cation/H+ antiport 

activities by the standard acridine orange fluorescence dequenching technique and expressed as 

percent restoration of lactate-induced fluorescence quenching.  The pH of the assay buffer in this 

system represents cytosolic pH. When assayed in inside-out membrane vesicles by the addition 

of 10 mM of KCl, Vc-NhaP1 demonstrated modest but measurable activity in the cytosolic pH 
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range 7.0 to 9.5 with a relatively broad optimum at cytosolic pH 7.25 to 8.0 (Fig. 3.4, squares). 

When assayed with 10 mM NaCl, Vc-NhaP1 showed a somewhat higher activity from cytosolic 

pH 7.0 up to the apparently optimal pH of 8.5, with approximately 15% of dequenching (Fig. 

3.4, circles). No activity was detected at or below pH 6.5 with any of the probed cations. Like 

Vc-NhaP2, Vc-NhaP1 did not show any Li+/H+ antiport activity at any of the tested pH values 

(Fig. 3.4, triangles).  Neither Mg2+ nor Ca2+ were found to be substrates of Vc-NhaP1. These in 

vitro kinetic data obtained in the inside-out membrane vesicle model suggest that Vc-NhaP1 is a 

cation/proton antiporter with K+ and Na+ specificity. 

 

3.4.5 Electroneutrality of Vc-NhaP1 

To probe whether Vc-NhaP1 mediates electrogenic or electroneutral antiport, inside-out 

membrane vesicles were isolated from TO114 cells transformed with pVc-NhaP1 or pBAD24 

and assayed for Δψ in chloride-free, potassium-free buffer. Vesicles were loaded with 

diethanolamine prior to the addition of Oxonol V in order to maximize the magnitude of the 

respiration-generated Δψ, and again energized by lactate.  The subsequent addition of either K+ 

(Fig. 3.5A, upper traces) or Na+ (Fig. 3.5A, lower traces) resulted in no detectable 

depolarization, indicating that the cation/H+ antiport by Vc-NhaP1 is electroneutral, with one 

alkali exchanged cation per one proton. Addition of the protonophore CCCP short-circuited the 

membrane for H+ and thus completely dissipated the respiratory Δψ (the last addition in each 

trace of Figure 3.5A).  Valinomycin in the presence of potassium may be used instead of CCCP 

to dissipate Δψ (the last addition in the left trace of Figure 3.5B).   

It was important to make sure that under the experimental conditions used the 

sensitivity of the method was sufficient to register electrogenic antiport by a partial 
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depolarization resulting from the operation of an antiporter exchanging more than 1H+ per each 

alkali cation.  To this end, inside-out membrane vesicles were also isolated from TO114/pBVA 

cells expressing the electrogenic Vc-NhaA, which we cloned in E. coli and characterized 

previously [26].  Upon the addition of Na+, these vesicles demonstrated very fast and deep 

depolarization followed by a slower partial re-polarization that apparently reflects activization of 

the respiratory H+ pumping in response to the Vc-NhaA-mediated ion currents (Figure 3.5B, the 

right trace).  This behavior is typical for an electrogenic antiporter such as NhaA and 

differentiates it from electroneutral Vc-NhaP2 [26] and Vc-NhaP1 (Fig. 3.5A).  In another 

positive control for the experiments with Vc-NhaP1 shown in Fig.3.5, an artificial rather than 

natural electrogenic cation-proton exchanger was used.  “Empty” TO114/pBAD24 vesicles were 

pre-treated with high (5.0 µM) concentration of nigericin, an artificial ion exchanger that acts as 

an electrogenic antiporter at concentrations exceeding 1.0 µM (Gómez-Puyou, 1977; Guffanti et 

al., 1998).  The addition of potassium to the nigericin-treated vesicles after energization by 

lactate caused detectable depolarization (not shown). Taken together, these Δψ measurements 

strongly suggest that, like Vc-NhaP2 [26] and in contrast to Vc-NhaA, Vc-NhaP1 catalyzes the 

electroneutral ion exchange of one K+ or Na+ ion per 1H+. 

 

3.5 Discussion 

Cation-proton antiporters are found across all domains of life, typically serving to 

maintain cytosolic ion and pH homeostasis as well as turgor pressure (Bakker & Mangerich, 

1981; Corratge-Faillie et al., 2010; Csonka, 1989; Nakamura et al., 1984; Nakamura et al., 1992; 

Zilberstein et al., 1982).  Not surprisingly, there are many examples of antiporters of different 

kinds that co-exist in the membranes of microorganisms exposed to dynamic changes of the ionic 
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composition in the environment, of which many have been described in V. cholerae (Dzioba-

Winogrodzki et al., 2009; Hase et al., 2001; Miller et al., 1984; Vimont & Berche, 2000).  Here, 

we describe biochemical and some physiological properties of an uncharacterized antiporter, Vc-

NhaP1, one of the three NhaP paralogues predicted by the genomic screen of V. cholerae (see 

Table 3.1 and (Resch et al., 2010a; Resch et al., 2010b)). This sub-group of V. cholerae 

antiporters is especially interesting because (i) antiporters of NhaP-type in general have diverse 

cation selectivities, which is manifested in a variety of physiological functions (Resch et al., 

2010a), and (ii) as this work and (Resch et al., 2010b) show, these closely related paralogues 

indeed differ biochemically, thus offering a rare opportunity to identify structural determinants 

of their cation specificity and to obtain insights into the events in the ion-binding cavity using 

site-directed mutagenesis prior to crystallographic analysis.  We are currently working in this 

direction. 

Our analysis of growth phenotype of the Vc-nhaP1 deletion mutant revealed that Vc-

NhaP1 is essential for growth of V. cholerae at low pH under two distinct conditions:  when 

concentration of external K+ exceeds 300 mM (Fig. 3.1A and Fig. 3.2); and when concentration 

of alkali cations in the medium is minimal (Fig. 3.1A, D and Fig. 3.2).  The former feature, i.e. 

coping with the high potassium load, is common for Vc-NhaP2 (Resch et al., 2010b) and Vc-

NhaP1 (this work).  It suggests that both antiporters are co-operating to keep the cytoplasmic 

concentration of K+ under toxic levels, by using a relatively high ΔpH (normally existing on the 

membrane of cell growing in acidic media (Padan et al., 1981)) to expel K+ in an electroneutral 

manner (see (Resch et al., 2010b) for extended analysis); elimination of either antiporter by 

chromosomal deletion leads to the dramatically lowered growth yield at pH 6.0 and [K+]>300 

mM.  In both cases, introduction of the corresponding gene in trans complemented the mutant 
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phenotype (Fig. 3.1-3.2 and data in (Resch et al., 2010b)). 

The second growth phenotype of the Vc-nhaP1 deletion mutant, a growth defect 

observed under minimal alkali cation load at pH 6.0, is unique to Vc-NhaP1.  Apparently, this 

phenotype could not be explained by a simple assumption that in the low-cation environment Vc-

NhaP1 mediates a K+(Na+)/H+ antiport that removes the excess of H+ from the cytoplasm in 

exchange for external alkali cations, because in this case electroneutral Vc-NhaP1 would move 

ions against both thermodynamic driving forces, ΔpH and ΔpK.  Operating in the opposite 

direction, Vc-NhaP1 would mediate externally directed K+ flux and thus alleviate the hypo-

osmotic stress [3].  One may notice here that protons that Vc-NhaP1 brings into the cytoplasm in 

this case would be promptly removed by respiratory chain.  However, our attempts to prove the 

idea about a role of Vc-NhaP1 in osmo-protection were not entirely successful, because external 

proline did not rescue the Vc-nhaP1 deletion phenotype and sucrose improved the growth only 

partially. Therefore, we also examined a possible involvement of Vc-NhaP1 in pH regulation 

(see below).    

Of note, deletion of Vc-NhaP1 shows a dissimilar response to Li+ as compared to 

deletion of Vc-NhaP2 (Resch et al., 2010b).  While the elimination of functional Vc-NhaP2 

renders cells much more resistant to external Li+ due to the prevention of Vc-NhaP2-dependent 

hetero-ion Li+/K+(Na+) exchange (see (Resch et al., 2010b)), deletion of Vc-nhaP1 does not 

affect the lithium resistance of V. cholerae cells in any way (Fig. 3.1G-I), indicating that Vc-

NhaP1, in contrast to its NhaP2 paralogue, cannot bind Li+ ion at all.   

The above phenotypic analysis indicates that (a) Vc-NhaP1 is able to exchange protons 

for K+ and, probably, Na+, but not Li+ ions; (b) in acidic low-cation media, Vc-NhaP1 possibly 

affects intracellular osmolarity and/or pH; and (c) Vc-NhaP1-dependent ion exchange is most 
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probably electroneutral, so that Vc-NhaP1 can only expel alkali cations when cells have 

sufficiently high transmembrane ΔpH (cytoplasm more alkaline, as it happens in acidic growth 

media) and, vice versa, chemical transmembrane gradient of a substrate cation (ΔpK or ΔpNa) is 

required to change intracellular pH.   

To check these predictions, we first examined the cation selectivity and electrogenicity of 

Vc-NhaP1 using the experimental model of inside-out TO114 membrane vesicles containing the 

heterologously expressed antiporter.  As expected, Vc-NhaP1 did not exchange Li+ for H+ (Fig. 

3.4, triangles), but both K+ and Na+ were the substrates of antiport (Fig. 3.4, squares and circles, 

respectively).  For K+, Vc-NhaP1 has a broad pH optimum at 7.5-8.5, while Na+/H+ antiport 

peaked at pH 8.0-8.5 (experimental pH in the model of inside-out vesicles corresponds to the 

cytoplasmic pH in vivo).  Unfortunately, modest levels of observed activity (app. 16% of 

dequenching with Na+ and no more than 11% with K+) precluded accurate assessment of 

affinities of Vc-NhaP1 for its substrate cations.  At this moment, it is not entirely clear why the 

activity of Vc-NhaP1 is considerably lower than that of Vc-NhaP2 when expressed and assayed 

under exactly the same conditions (Vc-NhaP2 was observed to have 50% of dequenching at pH 

8.0 with K+ (Resch et al., 2010b)), but preliminary immunodetection probes with the V5-tagged 

variants of Vc-NhaP1 and Vc-NhaP2 indicate that this is due to the intrinsic properties of Vc-

NhaP1 rather than problems with its expression and/or targeting. As Fig. 3.5A shows, neither 

K+/H+ nor Na+/H+ antiport via Vc-NhaP1 disturb Δψ on the vesicular membrane, indicating the 

electroneutral character of both processes.  This also is in accord with the observed phenotype of 

O395N1ΔnhaP1, which is evident under acidic but not neutral or alkaline growth conditions, i.e. 

only where the ΔpH on the membrane (more acidic outside) is of a considerable magnitude 

(Padan et al., 1981). 
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Further, we assessed whether Vc-NhaP1 contributes to the control of cytoplasmic pH in 

acidic external medium.  Data presented in Fig. 3.3 suggest that (a) potassium rather than sodium 

ions are necessary for the pH homeostasis in V. cholerae at external pH 6.0 and (b) functional 

Vc-NhaP1 contributes to both efficiency of pHin recovery (Fig. 3.3A) and the resulting steady-

state level of pHin (Fig. 3.3C).  It is important to note that the regulation of pHin in these 

experiments showed a clear dependence on K+ supplied externally (Fig. 3.3A) or internally (Fig. 

3.3C) in a Vc-NhaP1-dependent manner, and not when Na+ was supplied either externally (Fig. 

3.3B) or internally (Fig. 3.3C).  The capacity of Vc-NhaP1-mediated Na+ export (Fig. 3.4), while 

greater than the antiporter’s capacity for K+ export, may be obscured in vivo by residual Na+ 

export from either NQR, NhaB, or other Na+ transporters.  Whatever capacity NhaP1 has for Na+ 

transport, it is clear that K+ (and not Na+) supplied internally or externally regulate pHin in V. 

cholerae.  All these observations support the idea that, at acidic pHout and moderate 

concentrations of external K+, Vc-NhaP1 somehow attenuates the cytoplasmic pH by mediating 

flux of K+. Elimination of functional Vc-NhaP1 apparently disturbs the homeostasis of 

cytoplasmic pH under acidic conditions.  Of note, O395N1ΔnhaP1 retained some capacity for 

K+-dependent regulation of cytoplasmic pH (Fig. 3.3A,C), implying that other components of K+ 

homeostasis in V. cholerae, namely Vc-NhaP2 and Vc-NhaP3, may partially compensate for the 

loss of Vc-NhaP1.  Further studies will be required to determine the precise contributions of each 

NhaP paralogue to the regulation of cytoplasmic pH in V. cholerae.   Curiously, data in Fig. 3.3, 

especially Fig. 3.3C clearly suggest that the K+ transport mediated by Vc-NhaP1 helps to 

alkalinize the cytoplasm of V. cholerae. At this moment, one can only speculate about the 

molecular mechanism underlying this effect: indeed, as discussed above, electroneutral Vc-

NhaP1 in low-ionic acid media should rather let external protons into the cell in exchange for 
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abundant internal K+.  While our data clearly show a dependence of pHin regulation on the 

presence of Vc-NhaP1, export of protons into acidic media is thermodynamically unfavorable; 

therefore, Vc-NhaP1 is necessary for pHin regulation in V. cholerae, but it either has other 

undiscovered pleiotropic functions or, more likely, it cooperates with other transporters or 

antiporters.  To resolve this paradox, extensive studies will be required, including the 

construction and analysis of double and triple mutants bearing the deletions of nhaP paralogues, 

possibly in conjunction with the elimination of selected H+ and Na+ pumps, as well. 

Cytoplasmic pH is normally tightly regulated over a wide range of extracellular cation 

concentrations in many bacteria.  Cells of E. coli maintain a cytosolic pH of 7.4-7.8 when grown 

in media ranging from pH 5.6-8.5 (Slonczewski et al., 1981), similar to cells of V. alginolyticus, 

which maintain a cytosolic pH of 7.6-7.8 in media ranging from pH 6.0-9.0 (Nakamura et al., 

1992).  Sodium-proton antiport has been linked to cytosolic pH homeostasis in E. coli at alkaline 

extracellular pH (Zilberstein et al., 1982). Studies in E. coli (Bakker & Mangerich, 1981; Kroll 

& Booth, 1981, 1983; Slonczewski et al., 1981; Zilberstein et al., 1982) and V. alginolyticus 

(Hamaide et al., 1983; Nakamura et al., 1984; Nakamura et al., 1992; Tokuda & Unemoto, 1981; 

Tokuda et al., 1981) showed that K+ is necessary for regulating cytosolic pH under acidic 

external conditions.  As shown in Table 3.1, V. alginolyticus, like V. cholerae, has three nhaP 

paralogues.  Data presented in this communication suggest that Vc-NhaP1 could play a role in 

moderating cytosolic pH when external pH is low.  Loss of Vc-NhaP1 resulted in somewhat 

reduced capacity to control cytosolic pH as well as hypersensitivity to high [K+] in an acidic 

environment.  It is possible that the primary functions of NhaP-type ion exchangers in Vibrio 

spp. are pH attenuation and protection against K+ in acidic media.   
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During growth curve experiments, a slight biphasic growth was observed in 

O395N1ΔnhaP1/pVcnhaP1 and O395N1/pBAD24 cells exposed to 500 mM K+, but not in the 

uncomplemented mutant (Fig. 3.2F).  Our previous work has shown the importance of Vc-NhaP2 

under these conditions (Resch et al., 2010b), so it appears that these two paralogues augment 

each other at high K+ concentrations.  Therefore, this biphasic growth might have been caused by 

a regulated change in the expression levels of NhaP2 and/or NhaP3 in response to high (app. 

0.5M) extracellular K+ concentrations.  However, our preliminary measurements of nhaP 

paralogue transcripts in O395N1 by qRT-PCR as a function of [K+] or [Na+] at pH 6.0 show no 

correlation between paralogue expression and [K+] or [Na+]. As loss of NhaP1 caused no change 

in growth inhibition by any of the cations tested at 7.2 and higher, as compared to the parent, 

expression of NhaP paralogue was not measured.  The physiological relevance of NhaP 

paralogues in V. cholerae is intriguing, as such high levels of K+ are not expected to be 

encountered normally; environmentally, V. cholerae is presumably exposed to ~7 mM KCl in 

seawater (Webb, 1939) and the intestine (Watten et al., 1959).  It is conceivable, however, that a 

battery of three NhaP paralogues expelling K+ might be critical for V. cholerae passing acidic 

and K+-rich gastric barrier.  
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Table 3.1. Homology of monovalent cation:proton antiporter-1 (CPA1) family antiporters of 

Vibrio species predicted from bioinformatic analyses. 
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Fig. 3.1. Growth deficiency in ΔnhaP1. Growth yields of O395N1/pBAD24 (♦), 

O395N1ΔnhaP1/pVc-NhaP1 (black symbols:  ■ = KCl, ● = NaCl, ▲ = LiCl), and 

O395N1ΔnhaP1/pBAD24 (gray symbols:  ■ = KCl, ● = NaCl, ▲ = LiCl) were determined in 

LB-based media supplemented with selected cations.  A600 OD values (y-axis) of V. cholerae 

cultures were measured after 18 hours of aerobic growth in the presence of 0-600 mM (x-axis) of 

either KCl (A-C), NaCl (D-F), or LiCl (G-I).  All media were buffered to the indicated pH with 

60 mM BTP.  Plasmid gene expression was induced by addition of 0.02% arabinose.  Plotted are 

the averages of three separate experiments, each performed in triplicate.  Bars show the standard 

deviation. 
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Fig. 3.2. The ΔnhaP1 growth dynamics at different [K+] and [Na+]. Growth of V. cholerae 

strains was measured every hour as OD at 600 nm in LB-based media supplemented with 0, 100, 
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200, 300, 400, 500 and 600 mM KCl (A-G) or the same concentrations of NaCl (H-N) and 

buffered with 60 mM BTP at pH 6.0. Gene expression was induced by the addition of 0.02% 

arabinose to all media. Growth of O395N1/pBAD24 (♦), O395N1ΔnhaP1/pBAD24 (■ = KCl, 

panels A-G; ● = NaCl, panels H-N), and O395N1ΔnhaP1/pVc-NhaP1 (■ = KCl, panels A-G; ● 

= NaCl, panels H-N) is shown.  Plotted are the averages of three separate experiments, each 

performed in triplicate. 
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Fig. 3.3. Vc-NhaP1 as a K+/H+ antiporter contributes to the cytoplasmic pH homeostasis in 

acidic media.  Cytoplasmic pH was measured using pGFPmut3b in K+-depleted cells of 

O395N1 (diamonds) and O395N1ΔnhaP1 (squares for K+ and circles for Na+) in response to K+ 

(Panel A) added at a final concentration of 0 mM (light gray), 1 mM (dark gray), or 10 mM 

(black), or in response to Na+ (Panel B) at a final concentration of 0 mM (light gray), 10 mM 

(dark gray), or 100 mM (black); cations were added at t = 10 minutes. Panel C: Steady-state 

levels of internal pH in cells of O395N1 (filled bars) and O395N1ΔnhaP1 (hatched bars) loaded 

with K+, Na+, or choline.  The pH of the experimental buffer is 6.0 in all cases. 1 mM glucose 
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was added to energize the cells.  Plotted are the averages of three separate experiments over a ten 

minute period, each performed in triplicate.  Bars show the standard deviation.  See the text for 

further details. 
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Fig. 3.4. Cation specificity and pH profiles of Vc-NhaP1 activity. The antiporter was 

functionally expressed in E. coli T0114 and assayed for cation/H+ antiport in inside-out 

membrane vesicles prepared as described in Materials and Methods.  10 mM of NaCl (circles), 

KCl (squares), or LiCl (triangles) were used to access the Vc-NhaP1 activity. Antiport activity is 

expressed as a percentage of the de-quenching of acridine orange. For each probe cation and 

specified pH, the background activity was measured in “empty” TO114/pBAD24 vesicles and 

subtracted from the activity measured in Vc-NhaP1 vesicles to yield the data plotted here. In all 

cases, this background activity did not exceed 10% of dequenching.  All measurements were 

done in triplicates; standard deviation is shown. 
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Fig. 3.5. Probing the electrogenicity of Vc-NhaP1.  Inside-out membrane vesicles were 

isolated from TO114 cells transformed with pVc-NhaP1 or pBAD24 and Δψ was assayed at pH 

7.5 in sorbitol-based medium containing no K+ or Cl− (Panel A).  Vesicles were mixed with 20 
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mM of diethanolamine for 5 min prior to the addition of Oxonol V and respiration-dependent 

formation of the transmembrane electrical gradient was initiated by the addition of 20 mM Tris-

D-lactate.  After steady-state Δψ was reached, cation/H+ antiporter activity was initiated by the 

addition of 10 mM K2SO4 (Panel A, upper traces; Panel B, left trace) or 10 mM Na2SO4 (Panel 

A, lower traces). Control addition of the protonophore CCCP (Panel A) or valinomycin in the 

presence of K+ (Panel B, left trace) at the end of each trace completely dissipated respiratory Δψ.  

As a positive control, the TO114 vesicles expressing the electrogenic Vc-NhaA [26] were also 

assayed under the same conditions (Panel B, right trace).  Immediate partial depolarization upon 

addition of Na+ in this case indicates electrogenic character of ion exchange catalyzed by Vc-

NhaA. 
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Chapter 4 

The C-terminal cytoplasmic portion of the NhaP2 cation-proton antiporter 

from Vibrio cholerae affects its activity and substrate affinity 

Reproduced with permission from Wiens, E.J., Winogrodzki, J.L., Resch, C.T., Orriss, G.L., Stetefeld,  

J. and Dibrov, P. (2014) The C-terminal cytoplasmic portion of the NhaP2 cation-proton antiporter from  

Vibrio cholerae affects its activity and substrate affinity. Mol Cell Biochem 389: 51-58. 

Copyright 2014 Springer. 

4.1 Abstract   

In this work, we report the phenotypic and biochemical effects of deleting the C-terminal 

cytoplasmic portion of the NhaP2 cation-proton antiporter from Vibrio cholerae.  While the 

deletion changed neither the expression nor targeting of the Vc-NhaP2 in an antiporter-less 

Escherichia coli strain, it resulted in a changed sensitivity of the host to sodium ions at neutral 

pH, indicating an altered Na+ transport through the truncated variant.  When assayed in inside-

out sub-bacterial vesicles, the truncation was found to result in greatly reduced K+/H+ and 

Na+/H+ antiport activity at all pH values tested and a greater than 5-fold decrease in the affinity 

for K+ (measured as the apparent Km) at pH 7.5.  Being expressed in trans in a strain of V. 

cholerae bearing a chromosomal nhaP2 deletion, the truncated nhaP2 gene was able to 

complement its inability to grow in potassium-rich medium at pH 6.0.  Thus the residual K+/H+ 

antiport activity associated with the truncated Vc-NhaP2 was still sufficient to protect cells from 

an over-accumulation of K+ ions in the cytoplasm.  The presented data suggest that while the 

cytoplasmic portion of Vc-NhaP2 is not involved in ion translocation directly, it is necessary for 

optimal activity and substrate binding of the Vc-NhaP2 antiporter. 
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4.2 Introduction 

 The NhaP2 antiporter from Vibrio cholerae, Vc-NhaP2, is one of three ion exchangers of 

the NhaP type encoded in the genome of this dangerous human pathogen (Resch et al., 2010; 

Quinn et al., 2012).  It mediates the electroneutral exchange of the monovalent cations K+, Rb+ 

and Na+ for H+, with potassium being the preferred substrate (Resch et al., 2010).  As a group, 

cation-proton antiporters of the NhaP type show a number of unusual features, the most 

interesting of which is their broad substrate specificity (Resch et al., 2011).  Although initially 

classified as Na+/H+ antiporters, these transporters apparently mediate K+/H+ antiport rather than 

Na+/H+ antiport in some microorganisms (for a detailed discussion, see [Resch et al., 2011] and 

references therein).  A mutant bearing a chromosomal deletion of the Vc-nhaP2 gene lost its 

ability to grow at pH 6.0 in potassium-rich media, indicating that the physiological role of Vc-

NhaP2 is to prevent the over-accumulation of potassium in the cytoplasm of V. cholerae cells 

growing in acidic environments (Resch et al., 2010).  In addition, the deletion mutant was much 

more resistant to Li+ than the wild-type parent, pointing to the possibility of heterologous 

exchange of external Li+ for internal K+ through Vc-NhaP2, despite its inability to catalyze direct 

Li+/H+ antiport (Resch et al., 2010). It is conceivable that the presence of a functional Vc-NhaP2 

is required for the survival of V. cholerae passing the gastric acid barrier during the infection 

cycle.  Therefore, the potential physiological importance of the Vc-NhaP2 antiporter makes it an 

attractive model for detailed functional and structural analysis. 

The Vc-NhaP2 antiporter has a number of interesting features that make it worthy of 

studying.  Firstly, it preferentially transports the larger K+ ion over the smaller Na+ ion and under 

normal physiological conditions it is unable to transport Li+. This peculiar substrate selectivity 

appears counter-intuitive at first glance but can be neatly explained by the “ligand shading” 
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hypothesis (Resch et al., 2011).  It states that protons, alkali and alkali earth cations all compete 

for different subsets of ligands within a common ion-binding site during the catalytic cycle.  If a 

unique negative ligand that normally coordinates H+, is recruited to bind one of the substrate 

alkali cations (Li+), the Li+ ion would out-compete H+, thus preventing Li+/H+ exchange (but not 

heterologous Li+/K+ exchange) via Vc-NhaP2 (Resch et al., 2011).  Secondly, it has a 180 amino 

acid C-terminal soluble “tail”, which extends into the cytoplasm following the 13th 

transmembrane segment of Vc-NhaP2, as predicted by in silico analysis (Fig. 4.1).   

This is in stark contrast to the Na+/H+ antiporter from Escherichia coli NhaA which lacks 

a C-terminal tail.  However, members of the diverse NhaP family (Resch et al., 2011; Saier et al., 

1999), often possess an extended cytoplasmic soluble C-terminal tail that follows the 

transmembrane domain (Resch et al., 2011).  In mammalian NhaP-type proteins, these termini 

are long (in some cases a few hundred of amino acid residues) and play an important role in 

regulation of the antiport activity by hormones, growth factors and Ca2+ levels (Orlowski & 

Grinstein, 1997).  At the same time, a number of mutations in the cytoplasmic tail of SOS1, a 

NhaP-type antiporter from Arabidopsis thaliana, render the host plants hypersensitive to high 

salinity (Shi et al., 2000).  Mutagenesis and deletion analysis performed on the cytoplasmic 

portions of the cyanobacterial antiporters Syn-NhaP1 and Ap-NhaP1 (which are phylogenetically 

close to SOS1) suggest that their cytoplasmic domains somehow affect the overall ion exchange 

rate and possibly even the affinity to the cations Na+ and Li+ (Hamada et al., 2001; Waditee et 

al., 2001; Waditee et al., 2006).  However, the functional significance of these soluble domains 

in NhaP type antiporters remains unclear.  Indeed, even Vc-NhaP1 which is the paralogue of Vc-

NhaP2 in V. cholerae is fully active despite having a short soluble tail (Quinn et al., 2012).  

Therefore, in the current study we investigated whether the cytoplasmic portion of Vc-
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NhaP2 played any role in its function.  To do this, we constructed a truncated variant of Vc-

NhaP2 that only consisted of the transmembrane domain ending after Pro401, as shown in Fig. 

4.1.  The biochemical and physiological properties of the wild-type and truncated proteins were 

then compared.  The data showed that removal of the cytoplasmic portion of Vc-NhaP2 resulted 

in a 38% reduction in antiport activity at pH 8.0, thus demonstrating a clear role for the 

cytoplasmic tail in influencing the activity of the Vc-NhaP2 antiporter. Whether or not this is due 

to modulating substrate binding, maintaining the correct oligomeric state or overall conformation 

of Vc-NhaP2 molecule in the membrane remains to be determined. 

 

4.3 Material and methods 

4.3.1 Topological Analysis of Vc-NhaP2 

The arrangement of putative transmembrane segments in the Vc-NhaP2 antiporter was 

deduced using the software tool MEMSAT-SVM (Jones et al., 1994; Jones, 2007; Nugent & 

Jones, 2009) on the PSIPRED Server, Bioinformatics Group, University College, London 

(Bryson et al., 2005; Buchan et al., 2010).   

 

4.3.2 Bacterial Strains and Culture Conditions 

The Na+/H+ antiporter-deficient strain of E. coli TO114 [F1 IN (rrnD-rrnE) nhaA::KmR 

nhaB::EmR chaA::CmR] was a kind gift from H. Kobayashi (Faculty of Pharmaceutical Sciences, 

Chiba University, Chiba, Japan) (Ohyama et al., 1994).  This strain (transformed with the 

indicated constructs) was used for some growth experiments and isolation of the inside-out sub-

bacterial membrane vesicles.  For cloning and plasmid construction, DH5α (supE44 hsdR17 

recA1 endA1, gyrA96 thi-1 relA1) (U.S. Biochemical Corp.) was used as the host.  For the 
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assessment of the physiological role of truncated Vc-NhaP2, an isogenic pair of V. cholerae 

strains was used.  Strain O395-N1 (Mekalanos et al., 1983), which is a classical Ogawa strain 

with partial deletion of the ctxAB operon (O1 classical biotype; SmR, ΔctxA1) was used as a wild 

type parent (it will be referred to as VcWT).  Construction of its isogenic mutant derivative, 

VcΔNhaP2, bearing the chromosomal deletion of the Vc-nhaP2 gene has been described in 

(Resch et al., 2010).  Unless otherwise indicated, TO114 cells were grown aerobically at 37 °C 

with vigorous aeration in LBK medium (modified Luria broth with KCl replacing NaCl) (Padan 

et al., 1989), supplemented with 100 µg/mL erythromycin, 34 µg/mL chloramphenicol, 30 

µg/mL kanamycin, 100 µg/mL ampicillin, and 0.05% (w/v) arabinose.  V. cholerae was grown 

with 100 µg/mL streptomycin, 100 µg/mL ampicillin and 0.0005% arabinose. 

 

4.3.3 Cloning and Expression of the Full-length and Truncated Vc-NhaP2 

The full-length Vc-nhaP2 gene was amplified from the genomic DNA of V. cholerae 

O395-N1 by high-fidelity PCR and cloned into the pBAD-TOPO vector as described in (Resch 

et al., 2010).  The resultant construct, pVc-NhaP2, contained the entire ORF encoding the 

antiporter under control of the arabinose-inducible PBAD promoter. The forward primer for the 

PCR reaction was designed to achieve expression of the protein without the addition of the N-

terminal leader sequence that is usually introduced by this vector (Resch et al., 2010).  The 

truncated (“tail-less”) variant was made using the PCR-based “Round the Horn” technique.  The 

forward PCR primer, 5’- GAGTAAAAGGGCGAGCTTGAAGGT -3’, was designed to amplify 

around the pVc-NhaP2 plasmid starting from the native stop-codon of Vc-nhaP2. The reverse 

primer, 5’-AATCGGCTCCGGTTTTGGGGGCACTTC-3’, was designed to amplify around the 
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plasmid starting from the final predicted transmembrane amino acid. Both primers were 

phosphorylated, so that the PCR product could be self-ligated and used to transform the cells.  

After amplification with Phusion High-fidelity DNA polymerase (New England Biolabs), the 

PCR product was digested with DpnI to eliminate the template, purified using the QIAquick 

PCR Purification Kit (Qiagen), self-ligated and propagated in E. coli DH5α.  The resulting 

construct, termed pVc-NhaP2Body, has the predicted cytoplasmic tail region excluded.  The 

truncated variant of Vc-NhaP2 expressed from this construct has Pro401 as the last amino acid 

residue (Fig. 4.1).  

To compare the expression levels and targeting efficiencies by immunodetection, tagged 

versions of the full-length and truncated Vc-NhaP2 containing the V5 and 6×His epitopes were 

constructed with the “Round-the-Horn” technique. The forward primer 5’-AAGGGCGAGCT-

TGAAGGTAAGCCT-3’ was designed to amplify around the pVc-NhaP2 plasmid excluding the 

native stop-codon of the Vc-nhaP2 ORF, thus extending the reading frame through the C-

terminal tags (V5 and 6×His) provided by the pBAD-TOPO vector.  For the tagged version of 

full-length Vc-NhaP2, the reverse primer 5’-AAGAGCTACAAGAAGGCGCGGAG-3’, abutted 

the site of the deletion. For the truncated version of Vc-NhaP2, the reverse primer, 5’-AATC-

GGCTCCGGTTTTGGGGGCACTTC-3’, was once again designed to amplify around the 

plasmid starting from the final predicted transmembrane amino acid. 

For every construct produced in the course of this work, fidelity of the construction was 

confirmed by DNA sequencing at the University of Calgary Core Sequencing Unit.  Obtained 

constructs were introduced into E. coli TO114 by chemical transformation and into V. cholerae 

cells by electroporation as described in ref (Hamashima et al., 1995). 
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4.3.4 Analysis of Growth Phenotypes 

For growth analysis of E. coli TO114 and V. cholerae cells transformed with pVc-NhaP2 

or pVc-NhaP2Body, standard LBB medium (noncationic L broth) was supplemented with the 

appropriate selectable markers/antibiotics, arabinose (0.05% w/v for TO114 and 0.0005% w/v 

for V. cholerae), and varying concentrations of either KCl, NaCl, or LiCl.  This medium only 

contains 1.0% (w/v) Bacto-Tryptone and 0.5% (w/v) yeast extract, so that the resulting 

potassium and sodium concentrations are about 6 to 11 mM, varying from batch to batch.  The 

initial pH of the medium was adjusted by the addition of 60 mM Bis-Tris propane (BTP) 

hydrochloride to the indicated pH values. 100 µL of overnight starter culture of E. coli were 

inoculated into 4 mL of the experimental growth medium and incubated at 37 °C with vigorous 

aeration.  In the case of V. cholerae, 500 µL of overnight starter was used to inoculate 25 mL of 

fresh growth medium. At the indicated times, growth was measured as the optical density of the 

bacterial suspension at 600 nm.  All experiments were done in triplicate. 

 

4.3.5 Isolation of Membrane Vesicles and Assays of Antiport Activity 

Inside-out membrane vesicles from TO114 cells transformed with pVc-NhaP2, pVc-

NhaP2Body or pBAD24 (“empty” control) were isolated and assayed for cation/proton antiport 

activity as described previously (Resch et al., 2010; Dzioba-Winogrodzki et al., 2009). Briefly, 

the cells were harvested at an OD600 of 1.5-1.8, washed three times in buffer containing 140 mM 

choline-Cl, 10% (w/v) glycerol, and 20 mM Tris-HCl (pH 7.5), and resuspended in the same 

buffer containing 1 mM 1,4-dithiothreitol (DTT), 1 µg/mL pepstatin A, 0.1 mM 

phenylmethanesulfonyl fluoride (PMSF) and approximately 5 mg/L DNase. The suspension was 
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then passed twice through a French press (Aminco) and the unbroken cells were pelleted at 

12000 × g for 10 minutes at 4 °C.  The supernatant was then centrifuged at 184000 × g for 90 

minutes at 4 °C to harvest the membrane (M) fraction.  Aliquots of the soluble (S) and insoluble 

(I) fractions were saved for immunodetection.   Membrane pellets were then resuspended and 

stored in the same buffer (without DNase) until the experiment.  100 µL aliquots of the vesicles 

were flash-frozen in liquid nitrogen and stored at –80 °C until required. 

For activity measurements, 100 µg of vesicles were added to 2 mL of buffer containing 

140 mM choline chloride, 5 mM MgCl2, 10% (v/v) glycerol, 4 µM acridine orange, and 50 mM 

BTP-HCl adjusted to the indicated pH. The cation/H+ antiport activity was then registered using 

the acridine orange fluorescence quenching-dequenching assay (Resch et al., 2010; Quinn et al., 

2012;  Shi et al., 2000; Hamada et al., 2001; Waditee et al., 2001; Waditee et al., 2006). 

Respiration-dependent generation of ΔpH was initiated by the addition of 20 mM Tris-D-lactate, 

and the resulting quenching of acridine orange fluorescence was monitored using a Shimadzu 

RF-1501 spectrofluorophotometer (excitation at 492 nm and emission at 528 nm).  Antiport 

activity was registered as dissipation of the established ΔpH upon the addition of NaCl or KCl.  

A concentration of 10 mM was used in the determination of the pH profile of activity, and 0.05-

50 mM concentrations of KCl were used in the determinations of the apparent Km at pH 7.5.  The 

antiport activities are expressed as the percent restoration of lactate-induced fluorescence 

quenching.  Each experiment was conducted in duplicate on at least two separate isolations of 

membrane vesicles. 
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4.3.6 Immunodetection of Vc-NhaP2 Variants in Cell Fractions 

Aliquots of soluble (S), insoluble (I) and membrane (M) fractions were taken during the 

course of isolating the membrane vesicles.  Isolated fractions were mixed with standard SDS-

PAGE loading buffer and incubated at 85 °C for 5 min.  For electrophoresis, 30 µL (~50 µg of 

total protein) of sample was loaded per lane.  Proteins were resolved on a 10% polyacrylamide 

gel according to the method of Laemmli (Laemmli, 1970) and transferred onto an Amersham 

Hybond ECL nitrocellulose membrane (GE Healthcare) by semi-dry transfer at 250 mA for 35 

min.  The nitrocellulose membrane was blocked overnight at room temperature in TBS (pH 7.5) 

containing 10% skimmed milk powder. Then the membrane was incubated with Anti-V5-HRP 

antibody (Novex) at a dilution of 1:5000 in TBS containing 1% skimmed milk powder. The blot 

was then rinsed 4 times for 10 min each with TBS, and incubated for 5 min in 5mL of Luminata 

Forte Western Horseradish peroxidase Substrate (Millipore). The resulting signal from 

immunoreactive proteins was detected using a Fluoro ChemTM 8900 (ProteinSimple). 

 

4.3.7 Protein Determination 

The protein content in preparations of different cell fractions was measured with the BCA 

Protein Assay Kit (Pierce) following the manufacturer’s instructions. 
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4.3.8 Materials 

All chemicals used in this study were purchased from Sigma-Aldrich or Fisher 

Scientific.  Restriction endonucleases and DNA-modifying enzymes were purchased from 

Invitrogen, MBI Fermentas, or New England Biolabs.   

 

4.4 Results 

4.4.1 Growth phenotypes of cells expressing full-length or truncated variant of Vc-NhaP2 

The antiporter-less E. coli strain TO114 was used as a heterologous host for the 

expression of Vc-NhaP2 and for isolation of membrane vesicles.  Cells of TO114 are 

hypersensitive to the environmental Na+ ions at external pH values of 7.0 and higher (Ohyama et 

al., 1994).  In our experiments, addition of NaCl at a final concentration of 200 mM to the LBB-

based medium (pH 7.2) completely inhibited growth of TO114 transformed with “empty” 

pBAD24 vector (Fig. 4.2, empty bars).  The TO114 cells expressing the full-length Vc-NhaP2 

were much more sensitive to NaCl (Fig. 4.2, black bars), while the same cells expressing 

truncated Vc-NhaP2 grew as the “empty” host (Fig. 4.2, grey bars).  At pH 6.0 neither full-length 

nor truncated Vc-NhaP2 affected the sensitivity of TO114 to NaCl. 

A chromosomal deletion of Vc-nhaP2 gene in its native host, V. cholerae, results in two 

major phenotypes when the deletion mutant (VcΔNhaP2) is grown at pH 6.0. Firstly, the growth 

is hypersensitive to 400-500 mM of external K+ and  secondly, there is a markedly elevated 

resistance to 200-500 mM of external Li+ (Resch et al., 2010).  Expression of Vc-NhaP2 from a 

plasmid fully complements this complex growth phenotype (Resch et al., 2010).  We found that 

the truncated variant of Vc-NhaP2 complemented potassium hypersensitivity in VcΔNhaP2 as 

efficiently as the full-length antiporter (Fig. 4.3A), and the truncated Vc-NhaP2 was unable to 
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confer the Li+ sensitivity to VcΔNhaP2 (Fig. 4.3B).  Thus, elimination of the soluble portion of 

Vc-NhaP2 seemingly did not affect NhaP2-mediated Li+ transport nor K+ transport. 

 

4.4.2 Biochemical properties of truncated variant of Vc-NhaP2 

Inside-out membrane vesicles prepared from E. coli TO114 transformed with pVc-NhaP2 

and pVc-NhaP2Body were used to compare ion transport properties of the wild type and 

truncated Vc-NhaP2.  The major mode of Vc-NhaP2 activity is as an electroneutral K+/H+ 

antiporter with maximal activity obtained between pH 7.5 and 8.0 (Resch et al., 2010).  As the 

data presented in Fig. 4.4A show, the K+/H+ antiport mediated by the truncated Vc-NhaP2 was 

significantly lowered, especially at pH values below 8.0. However, at pH 8.0 it reached ~62% of 

normal activity, which corresponds to 24% of fluorescence dequenching, whereas the Na+/H+ 

antiport mediated by truncated Vc-NhaP2 was barely detectable (less than 9% of dequenching at 

optimal pH) (Fig. 4.4B, circles).  Although Vc-NhaP2 was shown to mediate influx of Li+ ions 

into the cell, apparently via the heterologous K+/Li+ exchange, it could not exchange Li+ for H+ 

directly (Resch et al., 2010).  Like its wild-type counterpart, the truncated Vc-NhaP2 was unable 

to exchange Li+ for H+ at any tested pH. In addition, we also observed a slight shift in the pH 

optima of K+/H+ and Na+/H+ antiport in truncated antiporter.  The truncated Vc-NhaP2 showed 

the pH optimum of K+/H+ antiport at pH 8.0, but in the full-length protein it is closer to 7.75 

(Fig. 4.4A).  In the case of Na+/H+ antiport, the pH optimum of the full-length protein is at pH 

8.0, while for the truncated protein it is at about 8.3 (Fig. 4.4B). 

By convention, concentrations of substrate cations required for the half-maximal pH shift 

registered as fluorescence dequenching are regarded as apparent Km values of an antiporter.  
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These experimentally determined apparent Km values can then be taken as a convenient measure 

of an antiporter’s affinity to a given transport substrate (Galili et al., 2002; Padan et al., 2004; 

Habibian et al., 2005).  Determination of the apparent Km at pH 7.5 for the wild-type and 

truncated Vc-NhaP2 yielded apparent Km values of 5.0 and 25.0 mM, respectively (Fig. 4.4C).  

Therefore, deleting the C-terminal soluble tail resulted in a 5-fold decrease in affinity of Vc-

NhaP2 to its major substrate alkali cation. 

 

4.4.3 Expression and targeting of Vc-NhaP2 variants 

Since the overall activity of the truncated variant of Vc-NhaP2 in membrane vesicles was 

considerably lower than that of the wild type protein, levels of their expression in the TO114 

membranes were examined by Western blotting.  Immunodetection of both variants of Vc-

NhaP2 in the membranes of TO114 shown in Fig. 4.5 confirmed that the level of the expression 

of the full-length variant was very similar to that of the truncated variant.  Both variants were 

also properly targeted to the membrane (M fractions in Fig. 4.5).  Therefore, the introduced 

truncation did not interfere with either the expression or targeting of Vc-NhaP2 to the membrane 

and cannot account for the lower activity of the truncated variant in vesicles.   

Both the full-length and truncated variant of Vc-NhaP2 migrated in SDS PAGE gels 

faster than their calculated molecular masses of 62.7 and 42.3 kDa, respectively (Fig. 4.5).  Such 

electrophoretic behavior is typical for integral membrane proteins including the NhaA Na+/H+ 

antiporter from E. coli (Taglicht et al., 1991) and the yeast Na+/H+ antiporter, sod2 (Hunte et al., 

2005).  
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4.5 Discussion 

A wealth of functional and structural data on cation-proton antiporters of different origin 

strongly suggests that there is a clear segregation of functions between the integral membrane 

part of the transporter and its soluble portion.  While the ion exchange takes place in the 

transmembrane domain of the antiporter (see [Padan et al., 2004; Habibian et al., 2005; Hunte et 

al., 2005; Arkin et al., 2007; Padan, 2008] and references therein), the soluble part of the 

molecule where it is present, appears to be involved in the regulation of antiporter activity 

[Orlowski & Grinstein, 1997, Lee et al., 2013).  However, recent studies on cytoplasmic “tails” 

in NhaP-type antiporters influencing activity (Hamada et al., 2001; Waditee et al., 2001; Waditee 

et al., 2006) led some authors to suggest a possible direct involvement of the soluble domains in 

ion translocation.  The experimental data presented here support the notion that the cytoplasmic 

portion of Vc-NhaP2 is not involved in ion translocation directly.  Indeed, the truncated version 

of Vc-NhaP2 devoid of its cytoplasmic “tail” was still fully competent physiologically.  When 

expressed in a ΔnhaP2 strain of V. cholerae, it complemented hypersensitivity of the deletion 

mutant growing at pH 6.0 to extracellular K+ (Fig. 4.3A).  This clearly shows that the truncated 

protein retained sufficient K+/H+ antiport activity to prevent an over-accumulation of K+ in the 

cytoplasm.  Furthermore, truncated Vc-NhaP2 conferred Li+ sensitivity to the mutant which was 

indistinguishable from that conferred by the full-length protein (Fig. 4.3B).  This finding 

indicates that the lithium ion influx (presumably resulting from the heterologous exchange of 

environmental Li+ for intracellular K+ [Resch et al., 2010]) properties of the truncated antiporter 

and the wild-type are not dependent upon the presence of the “tail”.   

Whilst Vc-NhaP2 is principally a K+/H+ antiporter it can also function as a Na+/H+ 
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antiporter (Resch et al., 2010).  The physiological effects of this particular activity cannot be 

analyzed in V. cholerae cells due to the presence of a large number of different Na+/H+ 

antiporters in this organism (Häse et al., 2001).  However, it could be done using antiporter-less 

E. coli TO114 cells expressing the target antiporter in trans.  At the neutral pH of the medium, 

when the ΔpH on the membrane is zero, an electroneutral Na+/H+ antiporter is expected to 

mediate the overall influx of toxic sodium ion driven by its inwardly directed concentration 

gradient.  This should result in elevated Na+ sensitivity of TO114 cells expressing a functional 

antiporter.  As one can see in Fig. 4.2, expression of the full-length Vc-NhaP2 did indeed result 

in the sensitization of TO114 cells grown at pH 7.2 to external sodium (Fig. 4.2, black bars), 

whereas the truncated variant of the antiporter did not (Fig. 4.2, grey bars).  Therefore, removal 

of the soluble C-terminal “tail” seems to inhibit the Na+/H+ antiport activity associated with Vc-

NhaP2.  Following on from this, another finding of the current work was that removal of the 

“tail” did not change the shape of the K+/H+ and Na+/H+ antiport activity curves significantly.  

However, it resulted in slight shifts of pH optima for both activities towards alkali ions (Fig. 

4.4A-B).  But most importantly, it caused a severe reduction of the antiport activity across the 

entire pH range tested (Fig. 4.4A-B).  Of note, whilst K+/H+ antiport activity was reduced 

considerably it was still measurable across the entire pH range unlike the Na+/H+ antiport 

activity, which was effectively lowered to zero below pH 7.5.  It should be stressed, however, 

that the tail-less variant was still able to exchange Na+ for H+, albeit rather inefficiently (less then 

10% of fluorescence dequenching at optimal pH of 8.0, Fig. 4.4B).  A final observation, which 

may be relevant here is that removal of the “tail” results in a significant drop in the affinity of the 

antiporter for its major substrate K+, as indicated by the increase in the measured apparent Km 

values from 5.0 to 25 mM (Fig. 4.4C).  But, for the resistance to high (300-500 mM) 



 95 

concentrations of KCl (Fig. 4.3A), such low affinity appears to be not critical.   

Therefore, in conclusion we have been able to show that the soluble cytoplasmic tail is 

important but not essential for the K+/H+ antiport activity of the Vc-NhaP2 antiporter.  At this 

moment, we would like to hypothesize that the cytoplasmic portion of Vc-NhaP2 possibly 

exercises its effects on activity through the maintenance of oligomeric state and/or overall 

conformation of Vc-NhaP2 molecule in the membrane.  Alternatively, whilst the “tail” may not 

play any role in the actual translocation of the K+ ions, it may be responsible for forming part of 

the cation-binding site (or route leading to the cation-binding site) on the cytoplasmic side of the 

membrane.  Such an activity would in some way explain the increase in the apparent Km value 

between the wild-type and the truncated form of the protein.  One may further speculate that K+, 

having both a larger ionic radius and co-ordination number than Na+, could still remain a better 

substrate after the partial loss of its ligands in the truncated antiporter than Na+.  This may also 

explain why the K+/H+ antiport activity is less affected than the Na+/H+ antiport activity (Fig. 

4.4A-B).  Further biochemical characterization of the Vc-NhaP2 antiporter will thus be required 

to understand the precise role that the “tail” plays in its activity. 
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Fig. 4.1.   Predicted membrane topology of Vc-NhaP2 was deduced by the MEMSAT-SVM 

software (PSIPRED Server, Bioinformatics Group, University College London).  The truncated 

variant of the protein used in this work ended with Pro401. 
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Fig. 4.2.   Growth phenotypes of the antiporter-less E. coli strain TO114 expressing full-length 

or the truncated variant of Vc-NhaP2.  Cells transformed with “empty” vector (pBAD24, open 

bars), expressing the full-length antiporter (pVc-NhaP2, black bars) or its truncated variant (pVc-

NhaP2Body, grey bars) were grown aerobically in LBB medium (pH 7.2) supplemented with 

antibiotics, arabinose (0.05% w/v) and the indicated concentrations of NaCl for 18 hours.  

Plotted are the averages of two separate experiments, each performed in triplicate.  Bars show 

the standard deviation. 
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Fig 4.3.   Effects of the Vc-NhaP2 truncation on the growth properties of V. cholerae. Growth 

conditions are as in Fig. 4.2, except that pH was 6.0 rather than 7.2, 450 mM KCl (Panel A) or 

200 mM LiCl (Panel B) was added instead of NaCl and OD600 was measured at the indicated 

times. Arabinose was added at 0.0005% (w/v).  Strains used: VcWT/pBAD24 (black diamonds), 

VcΔNhaP2/pBAD24 (open squares), VcΔNhaP2/pVc-NhaP2 (black squares), VcΔNhaP2/pVc-

NhaP2Body (black circles).  Plotted are averages of a typical experiment performed in 

quadruplicates.  Bars show the standard deviation.  Panel A: Truncated Vc-NhaP2 complements 

K+ sensitivity in the deletion ΔnhaP2 strain of V. cholerae.  Panel B: Truncation does not affect 

Li+ conductivity through Vc-NhaP2.  See the text for discussion.   
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Fig. 4.4.   Activity of full-length and truncated Vc-NhaP2 in sub-bacterial vesicles.  pH-profiles 

of K+/H+ (Panel A) and Na+/H+ antiport (Panel B) mediated by the wild-type (squares) and 

truncated protein (circles) were determined as described in “Materials and Methods”.  Panel C: 

Truncation lowers the affinity of Vc-NhaP2 to its major substrate, K+.  Values of apparent Km at 

pH 7.5 were calculated from Lineweaver-Burke plot using the GraphPad Prism program.  Plotted 

are averages of triplicate measurements.  Bars show the standard deviation.  Squares, wild-type 

antiporter; circles, truncated variant of Vc-NhaP2. 
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Fig. 4.5.   Truncation did not prevent the expression and proper targeting of the antiporter 

expressed in E. coli TO114. Western blot analysis with Anti-V5-HRP antibodies was performed 

as described in Materials and Methods. 50µg of total protein was loaded per lane.  S, soluble 

fraction; I, insoluble fraction; M, membrane fraction. 
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Chapter 5. Conclusions 

 

5.1 General Remarks 

 Cation/proton antiporters are ancient and ubiquitous membrane transporters, their 

functions being indispensable for all living organisms.  The most fundamental property of 

cation/H+ antiporters which distinguishes them from many other membrane transporting systems, 

is their ability to mediate mass counterfluxes of substrate cation(s) and proton. This is why 

cation/proton antiporters are the most universal transporting components in all cell types studied 

so far.   

 This is particularly evident when looking at the NhaP family of antiporters as they are 

found in a vast variety of organisms.  Not surprisingly, this family of transporters as a group has 

a great diversity in cationic specificity and pH profiles.  NhaP-type antiporters from different 

organisms have evolved to play a role in a variety of physiological functions.  It is their innate 

ability to mediate rapid cation/H+ exchange that makes them very efficient in enhancing the 

survival potential of the microorganism.  All this makes analyzing the NhaP antiport system in 

the dangerous human pathogen V. cholerae an actually significant task. 

 

5.2 NhaP antiporters from Vibrio cholerae are K+/H+ antiporters 

There are three NhaP paralogues in V. cholerae. The three antiporters were characterized 

by growth phenotype analysis and their cationic profiles were determined.  Vc-NhaP2 was 

shown to be a physiologically K+-specific antiporter that protects V. cholerae from high levels of 

K+ at low pH (Fig. 2.1), and Vc-NhaP2 had a very high K+/H+ antiport activity when measured 

in everted membrane vesicles (Fig. 2.3). Vc-NhaP1 had a lower measured K+/H+ antiport activity 
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(Fig. 3.4), but a functional Vc-NhaP1 was shown to be necessary for V. cholerae growth at low 

pH when potassium was either limited or in excess (Fig 3.1). Vc-NhaP3 was also necessary for 

growth in low pH, but at very high concentration of K+ (Fig. A.1.1). Not one of the three 

paralogues, when expressed in the VcΔNhaP123 triple mutant could completely compliment the 

wild-type phenotype (Fig. A.2).  It seems that all three antiporters are contributing to the 

protection of V. cholerae from high K+ at low external pH. Deletion of any one of these nhaP 

genes results in a growth defect, and Vc-NhaP1 is really needed for growth at low pH with 

limited K+. They are three chemiosmotically active isoforms, all working in concert to provide 

the maximal resistance to cells facing fluctuation of potassium levels in their environment. The 

closely related paralogues differ biochemically, but all three function physiologically as K+/H+ 

antiporters, despite the fact that they were initially annotated as Na+/H+ antiporters.  

Demonstration of the clear phenotypic defects in mutants lacking chromosomal nhaP 

genes together with the biochemical analyses of Vc-NhaP1, 2 and 3 activity in vesicles define 

this group of isoforms as bona fide Mitchellian K+/H+ antiporters, whose identity in prokaryotes 

was elusive for a very long time. 

 

5.3 Future perspectives 

5.3.1 The need for more structural data 

The high resolution-structure of E. coli’s NhaA provided intricate details of the 

mechanism and structure of antiporters in general (Hunte et al. 2005), which allowed to 

rationalize a large body of the previously accumulated biochemical data. Acquiring properly 

diffracting crystals of Vc-NhaP2 would be a difficult task, but if achieved, could greatly advance 

our understanding of antiporters. If Li+ is actually bound to Vc-NhaP2 but is not exchanged with 
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H+ as predicted (Chapter 2), then the antiporter may be locked in a ready-to-transport 

conformation.  If crystals were to be isolated with Li+ bound in the ion-binding cavity, this would 

provide great insight into the ligand binding site as well as the mechanisms of ion translocation. 

Crystallography data combined with site-directed mutagenesis of the as yet hypothetical ion-

binding cavity would give us an opportunity to identify the structural determinants of the unique 

cationic specificity of NhaP-type antiporters. 

 

5.3.2 Vibrio cholerae acid tolerance response (ATR)  

 The gastric acid of the stomach is a natural barrier against orally ingested pathogens. Upon 

ingestion, pathogens such as V. cholerae must pass through the gastric barrier to reach the small 

intestine. The stomach has a very low pH, around 1-3 (Cotter and Hill 2003). Protons can leak 

into cells and bring about structural damage to the cell membrane, DNA, and proteins, lower 

cytoplasmic pH, and cause protein aggregation and unfolding. The low pH is due to the secretion 

of H+ by the parietal cells into the stomach lumen up to 150 mmol/L (Cotter and Hill 2003). The 

parietal cells pump H+ via K+,H+ ATPase that pump out 1 H+ in exchange for one K+ ion to keep 

electroneutrality, and the K+ levels are then replenished by K+ channels operating in the same 

membrane. In the stomach there are huge swings in pH and concentration of K+. In order to 

remain viable during this exposure, bacteria have developed many strategies to overcome acidity. 

The ability of bacteria to sense and respond to acidic conditions is called acid tolerance response 

(ATR). For V. cholerae it was found that acid-adapted V. cholerae could grow in normally lethal 

pH (4.5), also it was found that V. cholerae genes involved in acid tolerance are induced during 

infection. This led to the finding that V. cholerae mounts a robust acid tolerance response 

(Merrell and Camilli 1999). This ATR is suggested to be a “significant factor in their epidemic 
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proliferation and virulence” (Merrell and Camilli 2002). This ATR is complex and involves 

many proteins, such as amino acid decarboxylases and acid shock proteins, among others.   

 Based on the growth defects in VcΔNhaP mutants described in this thesis, we hypothesized 

that the NhaP-type antiporters of V. cholerae should be involved in the robust ATR demonstrated 

by V. cholerae. It is conceivable that the three Vc-NhaP paralogues, whose operation clearly 

protects the growth at low pH in the presence of extreme concentrations of potassium in vitro, 

are vital for V. cholerae to survive passage through the acidic and K+-rich gastric barrier.  The 

current work on NhaP antiporters from V. cholerae involves acid stress tests, comparing the 

survival of V. cholerae wild-type and VcΔNhaP123 triple mutant when cells are challenged with 

very low pH.   

 All this future work will provide very important details for not only NhaP-type antiporters, 

but all transporting devices.  
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Appendix 

 

A.1 Characterization of Vc-NhaP3 

A.1.1 Introduction 

Our studies of NhaP antiporters in V. cholerae also include characterization of the third 

paralogue, Vc-NhaP3.  It turns out that Vc-NhaP3 is a K+/H+ antiporter that helps to protect V. 

cholerae from high concentrations of K+ at low pH.  However, the phenotype manifestations as 

well as biochemical profile of this antiporter differ significantly from those of Vc-NhaP1 and 

Vc-NhaP2.  

 

A.1.2 Materials and methods 

E. coli TO114 and V. cholerae strains were the same as used in (Resch et al., 2010). V. 

cholerae VcΔnhaP3 deletion was performed by homologous recombination as described in 

(Resch et al., 2010). Isolation and assaying of membrane vesicles and analysis of growth 

phenotypes were performed as in (Resch et al., 2010).  

Immunodetection of Vc-NhaP1,2,3 in E. coli TO114 everted membrane vesicles was 

performed as in (Wiens et al., 2013). 

 

A.1.3 Results and discussion 

A.1.3.1 Vc-NhaP3 protects V. cholerae from high levels of K+ at low pH.  

Deletion of Vc-NhaP3 did cause a subtle but measurable growth inhibition at low pH of 

the growth medium in the presence of high K+, evident at [K+] exceeded 500 mM (Fig. A.1.1). 

Here we see a really subtle phenotypic manifestation of the deletion: the growth defect is visible 
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only at a very high concentration of K+, a concentration that is close to being lethal for the wild-

type. Although the effect of deleting VcnhaP3 was not as pronounced as that of VcnhaP1 or 

VcnhaP2, it was detectable and reproducible.  Returning to the cells Vc-NhaP3 in trans 

completely complimented the wild-type growth.  There was no difference in growth of the wild 

type-parent and VcΔnhaP3 mutant at any other pH or cation load tested. There was no difference 

in growth at low pH in the presence of Li+, which seems to be a feature unique to Vc-NhaP2.  

 

A.1.3.2 Vc-NhaP3 is a K+/H+ antiporter 

 Na+/H+ antiport activity measured in everted sub-bacterial vesicles derived from E. coli 

TO114 was very low compared to two other Vc-NhaP isoforms (Fig. A.1.2). However, like in 

the case of Vc-NhaP1 and Vc-NhaP2, there were no detectable Li+/H+ antiport activity mediated 

by Vc-NhaP3 (Fig. A.1.2). The K+/H+ antiport activity measured was about half the magnitude 

of that measured in Vc-NhaP2-containing vesicles, but it was twice higher than that measured for 

Vc-NhaP1. From this data, supported by the growth data, it seems that Vc-NhaP3 also is a K+-

specific antiporter.  

 One could argue that the observed differences in activity between three Vc-NhaP 

isoforms might be due to the greatly impaired expression and/or targeting of Vc-NhaP1 and, 

especially, Vc-NhaP3. To check this possibility, all three genes were cloned in pBAD-TOPO 

vector in frame with compact but highly immunogenic V5 epitope downstream the ORF.  

Immunodetection with anti-V5 antibodies showed that the differences in antiport activities of 

three isoforms could not be attributed to insufficient presence of Vc-NhaP1 and Vc-NhaP3 in the 

membranes (Fig. A.1.3).  This is in agreement with a weak growth phenotype of the VcΔNhaP3 

(see above). Moreover, it should be mentioned here that a very low abundance is very common 
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for bacterial Na+/H+ antiporters.  For example, the major antiporter of E. coli, Ec-NhaA, is 

immunochemically undetectable unless it is overexpressed (Rimon et al., 1998). So, for 

overexpressed Vc-NhaP antiporters in our model system, the insufficient abundance should not 

pose any problem.  Therefore, differences in activity between Vc-NhaP1, 2 and 3 are innate 

biochemical features of the individual antiporters.   
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Fig. A.1.1 Growth phenotype of VcΔnhaP3. Wild-type V. cholerae, the VcΔnhaP3(VcDnhaP3) 

mutant and the mutant expressing VcNhaP3 in trans were grown in LB-based media at pH 6.0, 

7.2, or 8.5, with increasing concentration of added cation (Na+, K+, or Li+). V. cholerae cells 

were grown aerobically for 18 hrs then OD600 was measured. Plotted is three separate 

experiments performed in triplicate. 
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Fig. A.1.2 pH profile of Vc-NhaP3 activity. Everted membrane vesicles of E. coli TO114 

expressing Vc-NhaP3 were assayed by the acridine orange fluorescent dequenching method. 

Plotted is the average of five different experiments.   
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Fig. A.1.3 Vc-NhaP1,2,3 all display proper targeting and expression in everted membrane 

vesicles of E. coli TO114.  Western blot analysis with Anti-V5-HRP antibodies, 50µg of total 

protein per lane.  
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A.2 Growth phenotype analysis of the triple mutant Vc-ΔnhaP123 

A.2.1 Introduction 

A Vibrio cholerae triple NhaP mutant was created by deletion of all three nhaP genes in 

the V. cholerae genome. This mutant was analyzed by growth experiments to characterize V. 

cholerae growth on a NhaP- background.  The Vc-NhaP proteins were expressed in trans one at 

a time, to see if any of them could restore the wild-type phenotype in the absence of the other 

two. 

 

A.2.2 Materials and methods  

V. cholerae VcΔnhaP123 triple mutant chromosomal deletions were introduced by 

homologous recombination as described in (Resch et al., 2010). Growth experiments were 

performed as described in (Resch et al., 2010). 

 

A.2.3 Results and discussion 

None of the three V. cholerae NhaP-type antiporters on their own is able to restore 

growth to the wild-type level at low pH in the presence of high K+. Expression of either Vc-

NhaP1 or Vc-NhaP2 in trans only partially complemented the triple deletion phenotype, and the 

presence of Vc-NhaP3 alone did not affect the growth of mutant at all (Fig. A.2). It turned out 

that Vc-NhaP1 and only Vc-NhaP1 was able to protect V. cholerae at low pH in the presence of 

low concentrations of K+. Expressing Vc-NhaP1 in trans completely restored the growth at [K+] 

< 100 mM.  It appears as though V. cholerae still requires at least Vc-NhaP1 and Vc-NhaP2, and 

likely all three antiporters to survive at low pH in the presence of wide range of concentrations of 

K+ in the environment.  
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Fig. A.2 Growth of V. cholerae triple mutant VcΔnhaP123V. cholerae wild-type, VcΔnhaP and 

VcΔnhaP expressing Vc-NhaP1 (Top panel), Vc-NhaP2 (Center panel), Vc-NhaP3 (Bottom 

panel), were grown aerobically for 18 hrs at pH 6.0 with increasing concentration of added K+, 
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and then OD600 was measured. Plotted is the average of three experiments performed in 

triplicate.  
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