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 NPr, a bacterial protein functioning in the regulation of nitrogen metabolism, was 

engineered to take on the function of its evolutionary homolog HPr, a bacterial protein 

involved in the uptake up of sugars through the PTS. This was achieved by replacing 14 

amino acyl residues in NPr with the corresponding residues from HPr. These residues are 

all present at the active interface between HPr with the Mannitol Enzyme IIA and NPr 

with the nitrogen regulating IIA. This modified NPr gene was able to complement HPr 
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negative mutants for growth on all PTS sugars. For sugars exclusive to the Mannose 

Enzyme II complex Family, the modified NPr protein out performed the wild type HPr. 

 P-type ATPases, ion transporting pumps, are ubiquitous in nearly all organisms. 

This paper presents the bioinformatic analysis of these proteins in two organismal groups, 

the archaea and spirochetes. These studies involved phylogenetic, size, topological, 

conserved motif, familial and functional analyses. They also present the conclusions 

involving the analysis of P-type ATPases from organisms encompassing the three 

domains of life, bacteria, archaea and eukarya. Integration of protein sequence 

information provided evolutionary, distributional and functional insight into 

characterized as well as previously unidentified families of P-type ATPases.
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Part I 

Changing 14 Residues in the Active Site of NPr 

can Change its Function to that of HPr 

 



 

 

2 

Introduction 

 Catalytic proteins have evolved to maximize their specific functions(s). Often, 

homologues serve very different roles in the cell. For many proteins, it is not known what 

the evolutionary pathways giving rise to functionally distinct paralogues were. By 

studying the links between evolution, structure and function, we can hope to understand 

the complex relationships between these paralogues. Such studies are facilitated by 

protein engineering approaches which we take advantage of in this paper.  

 To study these relationships, we have compared the two structurally similar 

homologous proteins, HPr and NPr of the E. coli phosphotransferase system (PTS). 

These proteins arose from a common ancestor but have different functions. HPr is an 

essential phosphoryl transfer protein in the sugar transporting PTS (Postma et al., 1993), 

and a mutant that has lost all HPr activity becomes virtually incapable of growth using 

any one of several sugars as the sole carbon and energy source. By contrast, the NPr 

protein is part of a distinct nitrogen (Ntr) phosphoryl transfer chain which is involved in 

the regulation of nitrogen metabolism but is incapable of substituting for HPr in 

promoting sugar transport and phosphorylation. All sugar phosphorylating HPrs from 

various bacteria exhibit some degree of enzymatic cross reactivity (Postma et al., 1993; 

Saier et al., 2005). 

 The PTS is responsible for the uptake of numerous sugars and the simultaneous 

transfer of a phosphoryl group to the sugar as it crosses the membrane, a process termed 

―group translocation‖. The phosphoryl transfer scheme of the PTS involves enzyme I (EI) 

which receives a phosphoryl group from phosphoenolpyruvate (PEP). EI then 

phosphorylates HPr on a histidyl residue (His 15 in the E. coli HPr). HPr transfers the 
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phosphoryl group to one of several enzymes IIA (IIA), which then transfers the 

phosphoryl to a corresponding enzyme IIB (IIB) protein. IIB complexes with the 

permease protein, the enzyme IIC (IIC), and couples the import of the sugar with the 

addition of a phosphoryl group to the incoming sugar. Depending on the specific Enzyme 

II complex, the IIA, IIB, and IIC proteins or protein domains may be covalently linked to 

each other in one, two or three polypeptide chains encoded by one, two or three co-

transcribed genes (Postma et al., 1993; Saier et al., 2005). Two exceptions to this 

generalized scheme are the Mannose (Man) Family and the Dihydroxyacetone (DHA) 

Family. The Man Family contains a IID protein which is transmembrane and required for 

the IIC subunit to function as a permease. All four constituents of the Mannose Enzyme 

II complex (IIA, IIB, IIC and IID) are non-homologous to the constituents of other PTS 

Enzyme II complexes. Because DHA is transported into the cell passively via the 

glycerol facilitator, the DHA Family IIC protein (DhaK) is not a permease. Rather, DhaK 

is a soluble protein whose only function is to covalently bind and phosphorylate DHA in 

the cytosol (Saier et al., 2005; Gutknecht et al., 2001). 

 As described in TCDB (Saier et al., 2006; 2009; www.tcdb.org), there are four 

evolutionarily distinct families of PTS Enzyme II complexes, the Glucose-Fructose-

Lactose (GFL) Superfamily, the Ascorbate-Galactitol (AG) Superfamily, the 

Dihydroxyacetone (DHA) Family, and the Mannose-Fructose-Sorbose (Man) Family 

(Saier et al., 2005). The GFL Superfamily contains the transport pathways for glucose, 

glucosides, β-glucosides, fructose, mannitol, lactose, N,N‘-diacetylchitobiose, and 

glucitol (Nguyen et al., 2006). The AG Superfamily includes the proteins specific for 

galactitol and L-ascorbate (Hvorup et al., 2003). The DHA Family proteins‘ sole 
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substrate is DHA. The families in the above mentioned superfamilies are generally 

specific for their target sugars, expressing little or no substrate promiscuity. By contrast 

the Man Family transporters often exhibit broad specificity for a range of sugars 

(Rephaeli & Saier, 1980; Thompson J. Chassey, 1985). However, they are the only 

proteins known to be able to transport mannose, glucosamine, and the non metabolizable 

sugar analogue, 2-deoxy-D-glucose (Rephaeli & Saier 1980).  

 E. coli possesses a complex PTS with many constituent proteins, not all of which 

are functionally characterized.  There are five Enzymes I (EI), six HPrs, and 21-22 

Enzyme II complexes (EII) (Tchieu et al., 2001). The first of the EI/HPr pairs to be 

characterized was the well studied sugar transporting proteins, designated EI and HPr 

(Postma et al., 1993).  These proteins phosphorylate a diverse set of sugar-specific IIA 

proteins.   

 The second PTS phosphoryl transfer chain, EI
Ntr

/NPr/IIA
Ntr

, functions in nitrogen 

regulation and does not provide phosphoryl groups to any of the sugar transporting EII 

complexes.  These two chains show less than 1% phosphoryltransfer cross reactivity 

(Rabus et al., 1999).  In both of these chains, high-resolution 3D structures are available 

for the HPr/IIA complexes (Cornilescu et al., 2002; Williams et al., 2005).  Additional 

HPr or EI-containing PTS systems include a protein of the fructose-1-P generating PTS 

where the fructose-specific IIA (FruB) incorporates an HPr-like domain called FPr 

(Feldheim et al., 1990).   The fourth system functions to phosphorylate dihydroxyacetone 

and includes a protein which has a truncated Enzyme I domain (EI
Dha

), an HPr 

homologue domain called DPr, and a IIA domain called IIA
Dha

 (Garcia-Alles et al., 2004; 

Gutknecht et al., 2001).  Finally, two fructose-like systems of unknown function called 
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Frw and Fry, each contains a multi-domain protein with an EI/HPr/IIA composition 

(Tchieu et al., 2001). 

 The functions of the nitrogen regulatory branch of the PTS are not as well 

understood as the sugar translocating branch. It is known that PEP phosphorylates an 

Enzyme I
nitrogen

 (EI
ntr

), which phosphorylates NPr. NPr then phosphorylates an Enzyme 

IIA
nitrogen

 (IIA
ntr

), which is a transcription factor for many operons involved in nitrogen 

metabolism. As noted above, HPr and NPr have little or no phorphoryl transfer cross 

reactivity (Rabus et al., 1999). 

 In the analyses reported here, site specific mutagenesis was used to create 

chimeras of HPr and NPr derived from the E. coli NPr. One chimera includes the NPr 

backbone but with 14 amino acyl substitutions, rendering it more similar to HPr. In 

estimating which mutations were likely to be important for HPr activity, we used 

bioinformatic tools. The BLAST search tool was used to identify members of the NPr 

and HPr families. The hits were then analyzed by Clustal X to create a multiple alignment 

and a phylogenetic tree (TreeView Zhai et al., 2002) for all HPr and NPr homologues 

included in this study. The tree allowed us to delineate which proteins belong to the NPr 

sub-family and which belong to the HPr sub-family. Further analysis of the alignment 

made it possible to identify similarities and differences within the different sequences of 

NPr versus HPr, thus allowing identification of NPr-defining and HPr-defining regions. 

3D modeling, depicting the interactions between NPr or HPr with their respective IIA 

proteins (based on experimentally-determined 3D structures), was also used to identify 

the exposed amino acids at the active sites of these proteins. 
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 Once the NPr-defining and HPr-defining amino acyl residues had been identified, 

the relevant NPr residues were replaced with the corresponding HPr residues via site 

specific mutagenesis. This was accomplished by designing oligonucleotides which coded 

for portions of the NPr gene but with nucleotide substitutions that specify crucial HPr 

residues. Multiple PCR reactions were then performed using the oligonucleotides, 

converting the native NPr gene into a modified NPr gene. Analysis of the chimaeric NPr 

protein, which we will refer to as the ―chimera‖, provided clues as to how the distinct 

specificities of HPr and NPr arose. They also revealed the surprising fact that HPr is not 

optimal for all sugar transporting Enzyme II complexes. The chimera proved to be more 

active than the native HPr when assayed for II
Man

 activity in vivo. Growth, fermentation 

and transport assays led to the conclusion that the synthetic chimera was superior to HPr 

with this one Enzyme II complex. The implications of these findings are discussed. 
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Materials and Methods 

Bioinformatic analyses of HPr and NPr
1
 

A BLAST search of the Bacillus subtilis HPr protein sequence (PDB ID: 1SPH) 

was run on the ―Evolutionary Trace‖ server (Lichtarge et al., 1996). The CLUSTAL X 

program was used to align the protein sequences that were brought up and to generate a 

phylogenetic tree (Thompson et al., 1997). The CLUSTAL X tree file was viewed using 

Treeview. A three-dimensional model of the HPr/IIA
Mtl

 (PDB ID: 1J6T) interaction and 

the NPr/IIA
Ntr

 (PDB ID: 1AJ6) interaction was generated by the UCSF Chimera 

Molecular Modeling program (Pettersen et al., 2004). Swissmodel was used to generate 

the NPr coordinates. 

Plasmids: 

 The pZE12 plasmid was used in the majority of the experiments, though pBAD24 

was also used. pZE12 contains a lac promoter and is induced by IPTG. pBAD24 contains 

a pBAD promoter and is induced by L-arabinose. These plasmids and their constructs 

were heat shocked for 90 secs at 42˚C and transformed into calcium competent E. coli 

DH5α or electroporated into mutant E. coli BW25113 cells.  

Creating E. coli Mutant Strains  HPr and 2Δ (-HPr and –FPr) cells
2
 

The protocol to create deletion mutants was modified from Datsenko and Wanner 

(2000). First, a 70bp forward primer was designed with 50bp of sequence complementary 

to the N-terminus of the HPr gene at the 5‘ end and 20bp containing the FRT 

                                                             
1 Experiment performed by Rachael Rettner, UCSD 
2 Experiment performed by Zhongge Zhang, UCSD 
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pallindromic sequence at the 3‘ end. The 70bp reverse primer had 50bp complementary 

to the C-terminus of the HPr gene at the 5‘ end and 20bp containing the FRT sequence at 

the 3‘ end. PCR was performed using these primers and the pKD4 plasmid as the 

template. The resulting PCR product corresponded to the N- and C-terminus of HPr 

flanking FRT sequences flanking a self promoting kanamycin (kan) resistance gene. This 

product was then electroporated into E. coli BW25113 cells expressing the pKD46 

plasmid (electroporated into BW25113 and screened for ampicillin (amp) resistance). 

The λ red recombinase was then induced from the pKD46 plasmid by adding 1mM L-

arabinose to the growth medium. This recombinase recognizes the FRT sequences and 

the 50bp complementary sequences on the PCR product and the BW25113 chromosome 

and swaps the product for the gene on chromosome. 

The cells were then screened for kan resistance and grown at 42ºC. The pKD46 

plasmid is heat unstable and becomes lost at 42ºC. The cells are then screened for 

ampicillin sensitivity. The pCP20 plasmid was then electroporated into the cells, screened 

for ampicillin resistance, and single colonies were grown at 42ºC. pCP20 is heat unstable 

and expresses FLP recombinase which recognizes the FRT regions and cuts out the kan 

resistance gene. The cells are then screened for kan sensitivity and amp sensitivity. The 

same procedure was repeated for the FPr-IIA
(Fru)

 gene using the HPr deletion mutant to 

create the FPr and HPr deletion mutant, hereto referred to as 2Δ cells.  

Preparing Electro-Competent 2Δ Cells  

A single colony of 2Δ cells was used to inoculate 30 ml of LB. This was grown at 

37ºC until the OD600 reached 0.4 – 0.8. The culture was then spun down at 3000 RCF 
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for 10 min. The pellet was resuspended in 10 ml of ice cold 10% glycerol. This was spun 

again at 3000 RCF for 5 min and this procedure was repeated two more times. The final 

pellet was resuspended in 2.5 ml of 10% cold glycerol and then divided into 100 μl 

aliquots in microfuge tubes. These were stored in at -80ºC. 

Preparing Calcium-Competent Cells 

 One colony from an LB plate containing DH5α cells was used to inoculate 30 ml 

of liquid LB. The culture was grown at 37ºC until the OD600 nm reached 0.6. The cultures 

were then spun down in a centrifuge in 4ºC at 3000 rpm for 10 mins in 50 ml centrifuge 

tubes. The cells were gently resuspended with 20 ml of 0.1M MgCl and allowed to 

incubate on ice for 30 min. The cells were then spun again under the same conditions as 

above and gently resuspended in 20 ml of 0.1M CaCl and allowed to incubate on ice for 2 

hrs. The cells were then spun again under the same conditions and gently resuspended in 

1.5 ml of .1M CaCl + 10% glycerol. The cells were divided into 100 μl aliquots, 

transferred to microfuge tubes, flash frozen using dry ice, and stored at -80ºC.  

Cloning the HPr and NPr Genes
3
 

 PCR, using primers specific for the HPr and NPr genes, was performed on 

chromosomal DNA isolated from E. coli BW25113 cells. The primers had 18 base-pairs 

complementary to the genes as well as a KpnI site on the forward and a HindIII site on 

the reverse. The PCR products were cleaned, digested, and ligated into digested pZE12 

and pBAD24 plasmids. Digestions were performed at 37ºC for 2 hours. Ligations were 

                                                             
3 The pBAD24 HPr clone and the pZE12 NPr clone were constructed by Zhongge Zhang, UCSD 

 



10 

 

 
 

done at 15ºC and left overnight. Ligation products were purified and electroporated into 

2Δ cells at 0.8V in a 1mm cuvette. These cells were then given 1ml of LB and allowed to 

incubate at 37ºC on a shaker for 1 hour. 100ul of the mixture was plated onto LB amp 

plates. 

Site-Specific Mutagenesis
4
 

The oligo nucleotides used for the construction of the modified NPr gene is 

presented in Figure 3b. PCR reactions were set up between pZE12 fwd primer with oligo 

1 (reaction 1), oligo 2 with oligo 3 (reaction 2), oligo 4 with oligo 5 (reaction 3), and 

oligo 6 with pZE12 rev primer (reaction 4) (Figure 4). Reactions 2 and 3 are overlap 

extension reactions and do not require a template. The template for reactions 1 and 4 was 

pZE12-NPr. The products of the four PCR reactions were diluted and added together 

along with the forward and reverse pZE12 primers. PCR was run on this mix to give the 

final product, which was verified and purified via gel electrophoresis. This was then 

digested, ligated into the pZE12 vector and electroporated into 2Δ cells.  

MacConkey Fermentation Plates 

Plates were prepared using MacConkey agar. Dissolved and filtered sugars were 

added to the media at the desired percentages. Colonies from strains 2Δ HPr, 2Δ NPr, and 

2Δ Chimera were placed in liquid LB media, vortexed, and streaked onto fermentation 

plates.  

 

                                                             
4 This experiment performed by Filiberto Sanchez (Biotechnology Institute, UNAM). 
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Aerobic Growth Experiments- Liquid Media  

All growth experiments were performed in liquid M9 minimal media (1mM IPTG 

and 100 μg/ml ampicillin); all incubations were in a 37°C water bath. Sugars were added 

at 0.6% (unless otherwise specified). Cultures from strains 2Δ HPr, 2Δ NPr, and 2Δ 

Chimera were first grown from single colonies in liquid LB with ampicillin overnight. 

LB cultures (0.5 ml) were used to inoculate 24 ml of M9 minimal media. Cultures were 

grown in M9 minimal medium overnight. One ml of overnight M9 minimal medium was 

added to 24 ml of fresh M9 minimal media for the HPr and chimera strains for an OD 

reading (600 nm) close to 0.2. For the NPr strain, 14 ml of overnight M9 minimal 

medium culture was added to 11 ml of fresh M9 minimal medium for an OD600 reading 

close to 0.2. 

Growth Experiments - Solid Media 

M9 minimal media plates were made with 15% agar, 1 mM IPTG, 100 μg/ml 

ampicillin, and sugars added to appropriate concentration. Plates were struck from single 

colonies from LB + amp plates.  

Additional Site-specific Mutagenesis Constructs
5
 

 The oligo nucleotides used to create the modified NPr gene were altered to create 

NPr proteins with fewer mutations. Due to the smaller number of mutations, less oligos 

were used as well. The same forward and reverse primers for pZE12 were used as well to 

create these genes. The PCR reactions involving the pZE12 primers also used the pZE12-

                                                             
5 Completed by Dr. Xavier Soberón and Filiberto Sanchez (Biotechnology Institute, UNAM). 
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NPr plasmid as the template. These new proteins were given the names Mut6, Mut7, and 

Mut8; their specific sequences are shown in Figure 5 (A-C). 

Anaerobic Growth Experiments in Ascorbic Acid 

 Chimera, HPr, and NPr 2Δ cells were grown overnight in 5ml LB with 1mM 

IPTG and 100 mg/ml ampicillin. 1.5 ml of an overnight culture was then spun down at 

5000 rpm and resuspended into 60 ml of M9 minimal media with 1mM IPTG, 100mg/ml 

ampicillin, and 0.4% ascorbate. Twenty-one 2 ml eppendorf tubes were filled with this 

culture and capped, leaving as small of an air bubble as possible. Tubes were placed in a 

37°C incubator and shaken at 214 rpm. Every 24 hours, three tubes of each strain were 

vortexed, opened, and a sample taken to have the OD600 read until all the tubes had been 

opened over a period of 8 days.  

Radioactive Uptake Assays 

 Chimera, HPr, and NPr 2Δ cells were grown overnight in 5 ml of LB with 0.2% 

mannitol, 1 mM IPTG and 100 mg/ml ampicillin in a 37°C shaking water bath. One ml of 

the overnight culture was added to 35 ml of LB with 0.2% mannitol, 1mM IPTG and 100 

mg/ml ampicillin. This was incubated in a 37°C shaking water bath until the cells reached 

log phase (OD600 of ~0.5 - 0.8). Cells were washed 3 times by being spun down at 

10,000 rpm at 0°C for 5 min and resuspended in 20 ml of cold M9 salts solution. The 

final resuspension was performed using 10 ml of cold M9 salts solution. Cells were then 

diluted to an OD600 of 1 ± 0.1 with an M9 salts solution. 4.5 ml of cells were then given 

0.5 ml of LB and incubated at room temperature for 10 minutes. Cells were given 50 μl 
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of a 1 mM solution of radioactive sugar at 5 uC/μM for a final concentration of 10 μM of 

sugar at 5 uC/μMo. Cells were allowed to incubate at room temperature or at 37°C with 

shaking while samples of 100 μl each were taken at the designated time intervals and 

passed through 0.45 μm Whatman filters. The filters were washed 3 times each with 10 

ml of a cold M9 salts solution. Filters were then dried under a heat lamp for 10 minutes 

and dissolved in 10 ml of scintillation fluid NA.  

Creating Gene Constructs for Radioactive Phosphorylation Assays 

 N and C-terminal His-tags were designed for the Chimera, NPr, and HPr gene. 

The primers were designed to have 18 base-pairs complementary to the N and C-termini 

of the genes. Six Histidine codons were then added to the 5‘ end of either the N-terminal 

primer or the C-terminal primer. An EcoRI restriction site was added to the forward (N-

terminal) primer, and a HindIII site was added to the reverse (C-terminal) primer. The 

gene constructs were then inserted into pBAD24 and transformed into DH5α cells. The 

plasmid constructs were then electroporated into 2Δ cells after a mini-prep from the 

DH5α strains. Preliminary activity assays were performed on these strains by first 

growing the cells overnight in 5ml LB + 10 μM of L-arabinose and 100 mg/ml of 

ampicillin. Growth was followed in 25ml of M9 minimal media with 0.5% mannitol, 10 

μM L-arabinose, and 100 mg/ml ampicillin present. Plasmid sequences were confirmed 

via sequencing by BATJ using pBAD24 forward primers. 
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Results 

Bioinformatic analyses of HPr and NPr 

 A BLAST search of the Bacillus subtilis HPr protein sequence yielded 192 

homologous protein sequences. These sequences were then multiply aligned using the 

CLUSTAL X program. Phylogenetic trees were made and viewed using the Treeview 

program (Zhai et al., 2002) (Figure 1, see the Methods section). The sequence similar 

HPr proteins from various bacteria were found to cluster together on one branch of the 

tree, while the similar NPr proteins were found to cluster together on another branch. 

 Of these proteins, the sequences derived from gram-negative bacteria were used 

to generate another multiple alignment. A list of the source organisms and the gi numbers 

of these proteins can be found in Table 1. Figure 2 shows the multiple alignment of 20 

gram-negative HPr proteins and 19 gram-negative NPr proteins. On average, the NPr 

proteins are ~10 amino acids longer than the HPr proteins. Based on the alignment, this 

difference is found primarily at the N-termini of the NPr proteins. Aside from this 10 aa 

difference, the HPr and NPr proteins line up extremely well with virtually no gaps in the 

alignment (Figure 2).  

The alignment shows five residues that are fully conserved amongst all 39 

proteins, marked with an asterisks (*) at the bottom of the alignment. One of these is an 

N-terminal histidine residue, known to be vital for its role in phosphoryl transfer. It is the 

phosphorylation site in all HPrs and NPrs. The other four fully conserved residues in the 

HPr and NPr homologues are an N-terminal glycine, an N-terminal catalytic arginine, a 

C-terminal glycine, and a medially located leucine.  
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 The HPr and NPr alignments were found to differ significantly in two regions. As 

shown in Figure 2, a conserved ―PN‖ pair (marked in orange) and a ―QT‖ pair (marked 

in magenta) are present in the HPrs. These correspond respectively to the conserved 

―NK‖ pair (marked in violet) and the ―LMML‖ tetra amino acyl residue sequence 

(marked in green) in the NPrs.  

 Three-dimensional models of the interaction between HPr/IIA
Mtl

 and NPr/IIA
Ntr

 

(Houot et al., 2010; Lee et al., 2005; Powell et al, 1995; Rabus et al, 1999; Zimmer et al., 

2008) were generated using the UCSF Chimera modeling program (data not shown). 

These models predicted that the PN, QT, NK, and LMML motifs mentioned above could 

be found at the interfaces between the HPrs/NPrs and their respective IIA proteins. 

Because these residues are well conserved and predicted to be at the interfaces of the two 

proteins, it is likely that they contribute to the specificities of these proteins‘ targets of 

phosphorylation. They are thus excellent candidates for amino acid substitutions by site 

specific mutagenesis.  

An NMR structure of the HPr/IIA
Mtl

 interaction was published by Cornilescu et 

al., (2002). This paper notes that most of the interactions at the interface between HPr and 

IIA
Mtl

 are hydrophobic. Two amino acids were identified in the HPr protein as being vital 

to this hydrophobic interaction, Phe-48 and Thr-16. These correspond to Ile-50 and Ala-

17 in NPr, respectively. Phe-48 interacts with several hydrophobic residues in IIA
Mtl

 and 

a substitution from Ile in position 50 in NPr would result in a significant change to the 

outer contour of the protein, possibly allowing it to interact similarly to HPr in the 

interfacial region. Thr and Ala are similar in size and hydrophobicity, but the hydroxyl 

group of Thr may be responsible for an important interaction not possible with Ala. 
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Site Specific Mutagenesis 

 Based on these bioinformatic analyses and comparisons, fourteen amino acyl 

residues in NPr were chosen for site specific substitutions to the corresponding residues 

in HPr. These are K12P, L13N, A17T, M21A, F24V, E25K, Q28K, 

V49L, I50F, A51K, L53Q, M54T, D56G, and A58T. Figure 3A shows 

the sequences of NPr and HPr with the amino acid substitutions marked in red. Figure 

3B shows the sequences of the six oligonucleotides (oligos) that were used to create this 

chimeric gene. Each oligo overlaps with the previous one by at least nine nucleotides. 

PCR reactions were then used with pZE12 forward and reverse primers to piece the 

oligonucleotides together in pairs. PCR overlap extension reactions were then performed 

on the PCR products of the paired nucleotides to combine them all together and create the 

final mutated NPr gene product (Figure 5) which will be referred to as the ―chimera‖.  

HPr and FPr Knockouts 

 The parental strain used in these experiments was E. coli BW25113. From this 

strain, an HPr deletion mutant was created using the Red recombinase system. These 

cells were grown in liquid media and on solid LB, M9 glucose and M9 mannitol plates. 

As expected, the cells grew well on LB but exhibited low growth on M9 glucose and M9 

mannitol plates. This growth can be attributed to the FPr gene, which is a homolog of 

HPr but is normally part of the PEP-dependent fructose-1-P generating PTS pathway (see 

Introduction). Although its main target of interaction is IIA
Fru

, FPr is known to exhibit 

activity toward other PTS IIA proteins (Feldheim et al., 1990; Sutrina et al., 2002). Thus, 

a double deletion mutant of HPr and FPr was created. Because the FPr locus represents a 

gene fusion between FPr and IIA
Fru 

(FruB), both functions were deleted in a single step. 
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The FPr/HPr mutant, referred to as 2Δ, was grown in liquid and on solid LB, M9 glucose, 

and M9 mannitol. These cells grew normally on LB, displayed extremely low growth on 

glucose minimal plates and no growth on mannitol minimal plates.  

Cloning of the HPr and NPr Genes 

 The HPr (ptsH) and NPr (ptsN or npr) genes used in this study were cloned from 

the chromosome of E. coli BW25113 using PCR. These were inserted into pZE12 and 

electroporated into the 2Δ cells. Successful cloning was confirmed by restriction analyses 

and sequencing. The 2Δ phenotype (inability to grow on minimal PTS sugar plates) was 

rescued by the HPr-pZE12 but not by the NPr-pZE12 or the parental pZE12 plasmid 

(Table 2).  

Minimal Medium Growth Plates 

 The modified NPr (chimera) gene was amplified using PCR with the same 

primers that were used to clone NPr, thus incorporating the same restriction sites that 

were added to the wild-type npr gene. The chimera was digested, inserted into pZE12, 

and electroporated into 2Δ cells. Plasmid and insert were verified by sequencing the 

miniprep product. The relative growth rate of all four strains, 2Δ, 2Δ-pZE12-NPr, 2Δ-

pZE12-HPr, and 2Δ-pZE12-Chimera, were estimated on LB and sugar containing M9 

minimal medium plates. With the exception of sorbitol (1%), all sugar concentrations 

were 0.5%. After 48 hours, the sizes of the colonies were recorded (Table 2). The 2Δ and 

2Δ-pZE12-NPr cells were unable to grow on any of the M9 sugar plates. The 2Δ-pZE12-

HPr and 2Δ-pZE12-Chimera cells were able to grow on all media tested, with the 
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Chimera cells performing comparably to the HPr cells. HPr cells noticeably outgrew 

Chimera cells in glucose, mannitol, and sorbitol. In this experiment, no obvious 

differences in growth between cells possessing either HPr or Chimera were observed for 

mannose, N-acetylglucosamine, and glucosamine. On fructose plates, HPr and Chimera 

grew slowly, but the colony diameters differed significantly (0.3mm and 0.5 mm 

respectively), showing that this sugar was utilized better when the chimera rather than the 

wild type HPr was present. 

Fermentation Analyses 

 MacConkey fermentation plates were made with glucose, mannitol or mannose, 

each at 0.2, 0.5 and 1.0%. HPr, NPr and Chimera cells were each streaked from a single 

colony. After 24 hours, the cells had grown to a colony diameter of about 1 mm. As 

expected, the plates containing the NPr colonies remained white, indicating a lack of 

fermentation of the substrate sugar. The plates containing HPr exhibited strong color 

change at all concentrations of glucose and mannitol, while the Chimera displayed 

slightly less fermentation on these sugars. The amount of fermentation was 

indistinguishable between HPr and Chimera for the 0.5 and 1.0% mannose plates. 

However, at 0.2%, fermentation by HPr containing cells was significantly less than 

Chimera containing cells (Table 3).  

Liquid Growth Studies 

 Liquid growth studies were performed with the 2Δ-pZE12-HPr, 2Δ-pZE12-NPr, 

and 2Δ-pZE12-Chimera cells. Starting with an initial OD600 of ~0.2, these cells were 
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tested in M9-glucose, mannitol, N-acetyl-glucosamine, mannose, and glucosamine 

media. As seen in Figures 6-8, HPr performed best in glucose, mannitol and N-

acetylglucosamine, with Chimera trailing closely behind. Figures 9 and 10, however, 

show the Chimera slightly outgrowing HPr cells in mannose and glucosamine. Consistent 

with the solid media studies, the NPr cells did not show significant growth in any of these 

media.  

 The growth rates and doubling times in each medium are summarized in Table 4. 

These were calculated from the data points correlating to the log phase of their growth 

curves. These growth rates showed that HPr performs significantly better than chimera 

with glucose or N-acetyl-glucosamine as the carbon source and slightly better with 

mannitol. Chimera performed slightly better than HPr with mannose and glucosamine. Of 

these sugars, the order of substrates with HPr (best to worst) is N-acetylglucosamine, 

glucose, mannitol, mannose, and glucosamine, and with Chimera, N-acetylglucosamine, 

mannitol, mannose, glucosamine, and glucose. This is in qualitative agreement with the 

data obtained with solid media (Table 3).  

 Due to the large disparity between HPr and Chimera for growth on solid fructose 

media, a liquid growth study was performed in M9-fructose (Table 5). The results 

showed that after an initial phase of poor growth, Chimera cells grew significantly better 

than HPr cells. After 26 hours the OD600 of the HPr cells had reached 1.48, while cells 

producing the Chimera reached 2.54. The OD600 of the NPr cells plateaued at 0.31. Since 

inactivation of the fruB gene eliminated the fructose-1-P forming II
Fru

 activity, the 

product, fructose-6-P, had to be due to the broad specificity II
Man

 (Raphaeli & Saier, 

1980).    
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Anaerobic Growth with L-Ascorbate 

 Figure 11 shows the results of the anaerobic growth study in M-9 L-ascorbate. 

HPr entered the log phase of growth after two days and plateaued at an OD600 of ~0.7 

after four days. Chimera began log phase growth sometime during the third day and 

plateaued on the fifth day at ~0.6. Thus, for this carbon source, HPr seems to exhibit 

more activity than the chimera. 

Additional NPr Mutant Constructs 

 Additional constructs, Mut6, Mut7 and Mut8 were tested in liquid M9-mannose 

medium. Figure 12 and Table 6 show that Mut7 and Mut6 were both able to grow in 

M9-mannose, with Mut7 having a slight advantage. Growth of Mut8 was essentially 

indistinguishable from that of NPr cells, indicating a lack of function. Growth of Mut6 

and Mut7 was extremely slow in glucose and mannitol, while Mut8 did not exhibit 

detectible growth (data not shown). These results indicate that II
Man

 uses Mut6 and Mut7 

better than the other Enzymes II examined. 

Radioactive Uptake 

 Radioactive uptake assays were performed with HPr and Chimera cells using 
14

C-

glucose and 
14

C-2-deoxy-D-glucose. Figure 13 shows that the HPr cells took up glucose 

more readily than Chimera cells, while Figures 14 and 15 show that chimera cells took 

up 2-deoxy-D-glucose better. Since 2-deoxy-D-glucose is non-metabolizable, the uptake 

observed must be a reflection of uptake and not subsequent metabolism. Chimera cells 
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plateaued at about 2000-2500 cpm while HPr plateaued at about 1500 cpm. These results 

confirm that Enzymes II
Man

 utilizes the chimera better than it does wild type HPr.  

Gene Constructs for Radioactive Phosphorylation Assay 

 N-terminal and C-terminal His-tags were added individually to HPr, NPr, and 

Chimera and electroporated into 2Δ cells. N-terminally and C-terminally His-tagged 2Δ-

pBAD24-HPr cells grew normally in liquid M9-mannitol. However, neither the C-

terminally nor the N-terminally His-tagged 2Δ-pBAD24-Chimera cells were able to grow 

in this same medium. These cells also showed no growth when streaked on M9-glucose 

or M9-mannose plates. 
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Discussion 

 By examining the effects of site specific mutations on two functionally distinct 

but phylogenetically related proteins, we can learn much about protein evolution and the 

relationship of structure to function. HPr is essential for normal phosphoenolpyruvate-

dependent sugar uptake in many bacteria via the PTS. By contrast, NPr is a nitrogen 

transcriptional regulatory protein, whose phosphorylation target seems to have a 

downstream regulatory effect on genes impacting nitrogen metabolism (Houot et al., 

2010; Lee et al., 2005; Powell et al, 1995; Rabus et al, 1999; Zimmer et al., 2008). These 

proteins were first analyzed and compared bioinformatically to determine which amino 

acyl residues were potential candidates for specificity determination. 

 A BLAST search using the Bacillus subtilis HPr protein as the query yielded 192 

proteins. A phylogenetic tree of these proteins revealed that NPr and HPr homologues not 

only segregate from each other, but also segregate according to organismal type (see also 

Hu & Saier, 2002). We then selected only the gram-negative HPr and NPr proteins for 

further analysis (Figure 1). Separate and combined alignments were generated using 

CLUSTALX. Based on these alignments and the UCSD Chimera modeling program, we 

identified two conserved regoins likely to be important for the functions of both HPr and 

NPr (Figure 2). On this basis, residues P11, N12, Q51, and T52 in HPr proteins were 

selected as candidates for site specific mutation.  

 The structure of the HPr/IIA
Mtl

 complex proposed by Cornilescu et al. (2002) 

revealed additional residues in HPr, T16, A20, V23, K24, K27, L47, F48, K49, G54, and T56, all 

believed to be important for the interaction between HPr and IIA
Mtl

. These 14 residues 

were substituted for the corresponding NPr residues, creating a novel chimeric gene 
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(Figure 3). This modified NPr, referred to as ―the chimera‖, was found to have a similar 

but substantially altered function to the wild type HPr. Table 2 shows the ability of the 

chimera to complement the deleted HPr/FPr genes. The 2Δ and the 2Δ-NPr cells 

exhibited no growth on minimal sugar plates. However, growth of cells synthesizing the 

chimera was substantial, sometimes lower than, and sometimes higher than that of the 

HPr producing cells. HPr proved better in glucose, N-acetyl-glucosamine, mannitol 

sorbitol, and L-ascorbate, but the Enzyme II
Man

, which is the only Enzyme II capable of 

phosphorylating mannose, glucosamine and fructose in these mutant cells, seemed to 

prefer the chimera for the phosphorylation of its substrates. In fact, on fructose plates, on 

which the cells grew slowly because the fruB gene had been disrupted, cells with the 

chimera vastly outgrew those with HPr. The difference in colony size was >5x greater for 

the chimera than HPr. 

 These results show that the chimera has efficient HPr function. The growth results 

obtained with minimal sugar plates were confirmed by MacConkey agar fermentation 

plates. Cells capable of using specific sugars could also ferment them. As a control, the 

2Δ-NPr cells could not ferment any of the tested sugars. The 2Δ-chimera cells fermented 

glucose and mannitol less well than the 2Δ-HPr cells, but mannose was utilized and 

fermented equal to or better than the 2Δ-HPr cells (Tables 3, 4 & 5; Figures 6-10). 

Interestingly, the sugars that 2Δ-HPr utilized best are the sugars that are transported by 

the Glucose-Fructose-Lactose (GFL) and Ascorbate-Galactitol (AG) Enzyme II 

Superfamilies, while the sugars that were better utilized when the chimera is present 

belong to the Man Family. Whether or not these findings apply to other members of the 

Man Family have yet to be determined.  
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 As noted above, the Mannose Enzyme II of E. coli functions better with the 

chimera, while the opposite is true for the Glucose, Mannitol, N-acetyl-glucosamine and 

L-ascorbate Enzymes II. This was unexpected since the targets that were chosen for site 

specific mutagenesis were residues thought to participate in the interaction between HPr 

and IIA
Mannitol

 (a GFL Family protein) (Cornilescue et al. 2002). While the interactions 

between any of the IIA proteins and HPr should be similar, we did not expect Chimera to 

outperform the wild type HPr when tested with any sugar. 

 The growth studies were confirmed by performing in vivo radioactive uptake 

assays (Figures 13-15). Using this assay, the trend remained the same. The 2Δ-HPr cells 

were able to take up glucose faster, while the 2Δ-chimera cells were able to take up faster 

2-deoxy-D-glucose, a non-metabolizable analog of glucose, mannose and fructose, and an 

exclusive substrate of II
Man

. Because HPr and chimera were expressed at near saturating 

levels, the differences in the rates of uptake are likely to be due to differential interactions 

with the IIA proteins. However, these interactions could influence the conformations of 

any of the constituents of the Enzyme II complex, and thereby influence the Vmax of the 

coupled phosphoryl transfer and transport reactions. Additionally, because chimera is 

able to outperform HPr when functioning with the mannose system, the results suggest 

that, at least for the Enzymes II of the Man Family, phosphoryl transfer between HPr and 

IIA may be a rate limiting step. In this respect, it is interesting to note that sugar transport 

can be uncoupled from sugar phosphorylation by various mechanisms (Aboulwafa & 

Saier, 2002; Aboulwafa et al., 2004; Manayan et al., 1988). In vitro sugar 

phosphorylation assays using controlled amounts of purified HPr or chimera and the 

Enzyme II proteins should prove illuminating. 
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 An unexpected finding resulted from the growth studies with fructose (Tables 2 

& 5) where Chimera vastly outperformed HPr. Fructose was taken up by the Man 

Enzyme II complex, but the activity of this enzyme for fructose is low, partly because 

fructose is a poor inducer of the genes encoding II
Man

. The disparity between HPr and 

chimera was far greater than what was observed for the other EII
Man

 substrates, mannose 

and glucosamine. Possibly the presence of a non-specific phosphatase could explain this 

effect by enhancing the differential activity when the basal level of phosphorylation was 

reduced by hydrolysis of the cytoplasmic sugar-phosphate. 

 Dependency of the Ascorbate/Galactitol (AG) Superfamily on HPr vs. Chimera 

was tested using ascorbate as the substrate (Figure 11). Even though this growth study 

was done under anaerobic conditions as required (Zhang et al., 2003), the chimera was 

still functional. Like the sugars in the GFL Superfamily, HPr outperformed the chimera. 

 Mutants Mut6, with only six of the N-terminal modifications, and Mut7, with 

seven of the N-terminal modifications (Figure 5), were able to grow relatively well in 

M9-mannose (Figure 12). These N-terminal mutations to NPr must have allowed it to fit 

into the active site of IIA
Man

. However, while these N-terminal residues appear to be 

critical, they proved not to be sufficient for interactions with the Enzymes II of the GFL 

Superfamily. This is not surprising, since the residues that were selected were modeled 

after the interface between HPr and IIA
Mtl

. Losing over half of the interactive residues 

would doubtlessly have a deleterious effect on function. The complete lack of function 

with Mut8 indicated that the C-terminal mutations are much less important for 

interactions with the IIAs than the N-terminal ones. The presence of HPr function in 

Mut6 and Mut7 and the strong performance of the chimera with IIA
Man

 suggest that some 



26 

 

 
 

of the C-terminal NPr residues might be more favorable with respect to interaction with 

IIA
Man

 than those with HPr. A possible explanation for this is that HPr may be optimized 

for phosphoryl transfer to an average of the various IIA proteins, but not for any one. 

Assuming this to be true, then by chance, our protein engineering produced a higher 

performance phosphocarrier protein than HPr, specifically when the phosphoryl acceptor 

is IIA
Man

. This possibility had never previously been considered, but our results clearly 

suggest that wild type HPr is not optimal for phosphoryl transfer to all IIAs. 

 Although the chimera was clearly functional as an HPr substitute, its stability 

could have been affected by the mutations that had been introduced. This possibility 

seemed more likely after attaching a his-tag to the chimera for purification purposes. 

While the addition of a his-tag to HPr did not noticeably affect its function, 2Δ cells with 

pZE12-chimera-histag (N- or C-terminal) were unable to grow in M9 mannitol, glucose 

or mannose. Perhaps due to improper folding or steric hindrance, this his-tagged chimera 

lost its HPr function, rendering it impossible to use the his-tagged purified chimera 

proteins for radioactive phosphorylation or direct binding assays. Perhaps the addition of 

a cleavable maltose binding domain will allow proper folding and retention of HPr 

function. Further work is in progress to achieve this goal.  

 The results of our experiments show that with just a few substitutions, it is 

possible to convert NPr into a functional HPr. The fact that a mere six point mutations in 

NPr bridge the difference in function between these two proteins hallmarks the ease with 

which protein evolution can occur. It should be recalled that native HPr and NPr exhibit 

almost no cross reactivity (Rabus et al., 1999).  
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 We have focused on the HPr function of the mutant NPrs. It will be interesting to 

check chimera and the other mutants for NPr activity. Due to the subtlety of the in vivo 

NPr mutant phenotype, an in vitro NPr activity assay would have to be developed. This 

might be possible using a phosphorylation assay with purified NPr mutants using IIA
Ntr

 

as the substrate. Phosphporylation might also be measured using TrkA, a potassium 

receptor that binds to IIA
Ntr

 but not phosphorylated IIA
Ntr

 (Lee, et al., 2005). If the NPr 

mutants are able to phosphorylate IIA
Ntr

, then binding to TrkA would be inhibited, but if 

the mutants lack NPr function, then binding of IIA
Ntr

 to TrkA would not. Thus, testing for 

the phosphorylation of IIA
Ntr

 could reveal the extent to which the mutations have affected 

normal NPr function. It is likely that the small number of mutations required to generate 

our chimeras, especially Mut6, would not greatly affect their NPr function. If this proves 

to be the case, we would have created a dual function protein, a potential snapshot of the 

protein as an evolutionary intermediate.
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Figure 1. Phylogenetic tree generated by CLUSTAL X of the 192 protein sequences 

from the BLAST of the Bacillus subtilis HPr gene. The highly homologous gram-

negative HPr and NPr proteins are labeled.

Hpr

Npr



 

 

 
 

B. burgdorferi B31                  ---------------------MVKKEAIIKAVNGLHVRPASTFVKKAKEYSSEITI-ESDGKSVSGKSLFRLQTLELSSGKKLLICAEGEDEEIAASELAELIES-FKE---- 

B. garinii PBr                      ---------------------MVKKEAIIKAVNGLHVRPASTFVKKAKEYSSEITI-ESDGKSVSGKSLFRLQTLELSAGKKLLICAEGEDEEIAASELAELIES-FKE---- 

Y. pseudotuberculosis               ---------------------MFQQEVTITAPNGLHTRPAAQFVKEAKGFTSEITV-TSNGKSASAKSLFKLQTLGLTQGTVVSISAEGEDEKKAVEHLVKLMAE-LE----- 

K. pneumoniae                       ---------------------MFQQEVTITAPNGLHTRPAAQFVKEAKGFTSEITV-TSNGKSASAKSLFKLQTLGLTQGTVVTLSAEGE----------------------- 

S. enterica                         ---------------------MFQQEVTITAPNGLHTRPAAQFVKEAKGFTSEITV-TSNGKSASAKSLFKLQTLGLTQGTVVTISAEGEDEQKAVEHLVKLMAE-LE----- 

P. atrosepticum                     ---------------------MFQQEVTITAPNGLHTRPAAQFVKEAKGFTSDITV-TSNGKSASAKSLFKLQTLGLTQGTVVTIAAEGEDEQKAVEHLVKLMAE-LE----- 

S. marcescens                       ---------------------MFQQEVTITAPNGLHTRPAAQFVKEAKGFTSDITV-TSNGKSASAKSLFKLQTLGLTQGTVVTISAEGEDEQKAVEHLVKLMAE-LE----- 

P. luminescens subsp. laumondii     ---------------------MFQQEVTITAPNGLHTRPAAQFVKEAKSFASDITL-TSGGKTASAKSLFKLQTLGLTQGTVVTISAEGEDEQKAIEHLVKLMAE-LE----- 

V. vulnificus YJ016                 ---------------------MYEKQVEITAENGLHTRPAAQFVKEAKAFDADITV-TSNGKSASAKSLFKLQTLGLVKGTVVTISAEGPQAQQAVDHLVALMDQ-LH----- 

V. parahaemolyticus                 ---------------------MYEKQVEITAENGLHTRPAAQFVKEAKAFDADITV-TSNGKSASAKSLFKLQTLGLVKGTLVTISAEGPQAQQAVDHLVALMDQ-LH----- 

V. cholerae NCTC 8457               ---------------------MYEKQVEITAENGLHTRPAAQFVKEAKAFDADITV-TSNGKSASAKSLFKLQTLGLVKGTVVTISAEGPQAKEAVST--------------- 

P. profundum                        ---------------------MYQKQVEITAENGLHTRPAAQFVKEAKAFEADITV-TSNGKSANAKSLFKLQTLGLVKGTLVTISAEGAQAQTAVDHLVALMDT-LH----- 

V. fischeri ES114                   ---------------------MYSQDVVITAENGLHTRPAAQFVKEAKGFDAKITV-TSNGKSASATSLFKLQTLGLTKGTNVTISAEGAQEKEAVDHLVKLMDE-LH----- 

M. succiniciproducens               ---------------------MYSKDVEITAPNGLHTRPAAQFVKEAKAFASDVTV-TSAGKSASAKSLFKLQTLGLTQGTVITISAEGEDEQNAVDHLVALIPT-LE----- 

P. multocida                        ---------------------MYSKDVEIIAPNGLHTRPAAQFVKEAKAFASDITV-TSAGKSASAKSLFKLQTLALSQGTVITISAEGEDEQKAVEHLVALIPT-LE----- 

H. ducreyi                          ---------------------MYSKDVVITAPNGLHTRPAAEFVKAAKGFASDITV-TSGSKSSSAKSLFKLQTLGLTQGTSITISAEGEDEQKAVDFLVDLIPT-LE----- 

B. aphidicola str. Sg               ---------------------MFQKEIKINALHGLHTRPAAEFVKEAKNFISDIHI-IYHGKSVNAKSLFKIQTLGLVKDSVIILSAEGEDEKKAVEHLSKIMTE-LE----- 

B. aphidicola str. APS              ---------------------MFQNQVKITAPHGLHTRPAAQFVKEAKKFTSEISI-IYNGKSVNAKSLFKIQTLGLIQGSLITLSAEGEDEKKAIEHLSLIMTE-LE----- 

B. aphidicola str.Bp                ---------------------MFQRDIKITTPNGLHTRPAALLVKEAKKFISEINI-ISNGKSANAKSLFKLQTLGLVQNSLITISAHGIDEKVAVEDLAKFLTT-LK----- 

C. Blochmannia florida              ---------------------MFQKEITITALNGLHTRPATQFVKEAKNFISEIVI-TSNGKQANAKSLFKLQTLGLSQGSVITISAQGSDEKKAVQYLIKFITN-LNHLSHE 

B. japonicum                        MSDDAPQAGSG--VPAGA----ISKELLIINKRGLHARASAKFVQAVERFNAQVWV-TRGGETVGGTSIMGLMMLAAGPGTTITVAAAGADADAALAAITELVESKFNEEGI- 

R. palustris                        MTIDAPQPGSGPDQASGASGDKISREIPVTNKRGLHARASAKFVQMAERFNAEVWV-TRNGETVGGTSIMGLMMLAAGIGTTVTVSASGPEARQALDAITELMGSKFGEEE-- 

S. meliloti                         ----------MDHRPDTA----LTRELLIVNKRGLHARASAKFVQTVETFDAEITV-SKDGMTVGGTSIMGLMMLAASTGCSVFVTASGAQAEEALNALDRLVRDRFGEEM-- 

A. tumefacies str. C58              ---------------MSP----LSRELPIINKRGLHARASAKFVQMVEGFDATITV-SKDGMTVGGTSIMGLMMLAASPGCSVYVEASGNQAVEALAALEALVANRFGEEA-- 

B. abortus                          --MHASVTVTGEYDPDNA----VSRSFEIVNKRGLHARASAKFVQLVDNYNAHVRV-SKDGMTVGGTSIMGLMMLAASPGCCIEVSASGEQADAVLDALQTLIADRFGEEA-- 

M. Ioti                             --------MNALSPEKDH----IVREFPIVNQRGLHARASAKFVQLASGFDAAVHV-EKDGVKVGGTSIMGLMMLAASPGYSIRVTASGPEALEVMDALEQLVASRFGEEC— 

B. quintana                         --------MLSKNSLPST----LSRHFNICNKRGLHARASAKFVQIVDNFNAIVEV-EKDGKIVGGSSIMGLMMLAASSGCNLTIRVSGPEASDVLDALEKLINNKFGDEN-- 

R. pomeroyi                         ---------------------MAQRTLKIINEKGLHARASAKLVEVVEGFDATAEV-SRDGLSASGDSIMGLLMLAAARGTTIDVETSGPDADALADALEALVNDKFGEGF-- 

C. vibrioides                       --------------MTG----MASRTVEIVNERGLHARASAKFVKMASGFDAEVTV-SREGASVDARSIMGLMMLAAGIGSTIDISAEGPEAEAAIEALCELVGNRFDEER-- 

Z. mobilis                          --------------MTP-----IIRKVQITNKRGLHARASARFVALASAQSAVIEV-EKDGNKVVGTSIMGLMMLGAAIGDYVTIYASGVGAERAVSALADLVEQKFGEE--- 

V. cholerae O1 biovar El Tor N16961 -------------MPQLS------QTVLIQNRLGLHARAAVKLVQLAQSFDAVLTVQSQDGREATADSVMGLLMLESAQGQNVVISAEGSQAEQALQAVCQLIEQKFDEDE-- 

V. fischeri ES114                   -------------MPISS------RHLLIKNRLGLHARAAIKLVEMAQSFDAVITLTNEENTQATADGVMGLLMLDSSQGQYVDVSADGVDAEQALNAICELIEAGFDEDE-- 

S. enterica                         -------------MTVK-------QTVEVTNKLGMHARPAMKLFELMQGFDAEVLLRNDEGTEAEANSVIALLMLDSSKGRQIEIEATGPQEVEALAAVIALFNSGFDED--- 

S. enterica enterica serovar Typhi  -------------MTVK-------QTVEVTNKLGMHARPAMKLFELMQGFDAEVLLRNDEGTEAEANSVIALLMLDSAKGRQIEIEATGPQEVEALAAVIALFNSGFDED--- 

E. coli ED1a                        -------------MTVK-------QTVEITNKLGMHARPAMKLFELMQGFDAEVLLRNDEGTEAEANSVIALLMLDSAKGRQIEVESTGPQEEEALAAVIALFNSGFDEN--- 

K. oxytoca                          --------------TVK-------QTVEISNKLGMHARPAMKLFELMQNYDAEVLLRNDEGTVAEANSVIALLMLDSAKGRQIEIEANGPQEVEALAAVIALFNAGFDED--- 

P. atrosepticum                     -------------MTVR-------QTVEIKNKLGMHARPAMKLFELVQSFDAEVILRNDSGTEAEASSVIAMLMLDSAKGRLIEVEATGQDEEQALAAVIGLFEAGFDED--- 

Y. pseudotuberculosis               -------------MTVK-------QTVEIKNKLGMHARPAMKLFELVQSFDAEVMLRNDSGTEAEASSVIALLMLDSAKGRQIEVEATGVDEIQALAAVIELFNSGFDED--- 

S. oneidensis                       -------------MPKLE------RQVTICNKLGLHARAATKLVVLASEFDASITLIQGE-KQASAASVLGLLMLETGMGKTITLIAEGPDAEPALNAICALIDAKFDEAS-- 

                                                            .   :    *:*.*.:  :.   .   :   :         . .:: :  *    .  : :   *            

 

Figure 2. Multiple alignment of 20 HPr sequences (red) and 19 NPr sequences (black) from gram positive bacteria. Five fully 

conserved amino acids are observed Glycine, Histidine, Arginine, Leucine, and Glycine, and are marked by an asterisk at the 

bottom. A colon indicates a close similarity and a period indicates a distant similarity as designated by the CLUSTAL X program. 

Two conserved active site domains are observed and marked (orange and magenta) for HPr, and two for NPr (blue and green). 
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Figure 3A. NPr             
 M   T   V   K   Q   T   V   E   I   T   N   K12  L13  G   M   H   A17  R 

atg acc gtc aag caa act gtt gaa atc aca aac aag ctg ggc atg cat gcc cgg  

 

 P   A   M21  K   L   F24  E25  L   M   Q28  G   F   D   A   E   V   L   L 

cct gca atg aag ctg ttt gaa tta atg cag ggt ttt gac gct gaa gtg ctc tta 

 

 R   N   D   E   G   T   E   A   E   A   N   S   V49  I50  A51  L   L53  M54 
cgt aat gac gaa ggc acc gag gct gaa gcc aac agc gtt att gcg ctg ctg atg 

 

 L   D56  S   A58  K   G   R   Q   I   E   V   E   A   T   G   P   Q   E 

ttg gat tct gcc aaa gga cgg cag att gaa gtt gaa gcg acc ggt cca cag gaa 

 

 E   E   A   L   A   A   V   I   A   L   F   N   S   G   F   D   E   D  

gag gaa gca ctg gcc gcc gtt atc gcc ctc ttt aat tct ggt ttt gat gaa gat 

 

taa  

 

Figure 3B. HPr            
 M   F   Q   Q   E   V   T   I   T   A   P11  N12  G   L   H   T16  R   P 

atg ttc cag caa gaa gtt acc att acc gct ccg aac ggt ctg cac acc cgc cct 

 

 A   A20  Q   F   V23  K24  E   A   K27  G   F   T   S   E   I   T   V   T 

gct gcc cag ttt gta aaa gaa gct aag ggc ttc act tct gaa att act gtg act 

 

 S   N   G   K   S   A   S   A   K   S   L47  F48  K49  L   Q51  T52  L   G54 
tcc aac ggc aaa agc gcc agc gcg aaa agc ctg ttt aaa ctg cag act ctg ggc 

      

 L   T56  Q   G   T   V   V   T   I   S   A   E   G   E   D   E   Q   K 

ctg act caa ggt acc gtt gtg act atc tcc gca gaa ggc gaa gac gag cag aaa 

 

 A   V   E   H   L   V   K   L   M   A   E   L   E 

gcg gtt gaa cat ctg gtt aaa ctg atg gcg gaa ctc gag taa  

 

Figure 3. A. Nucleotide and amino acid sequence of NPr. Amino acids targeted for site specific mutation are marked with their 

position. B. Nucleotide and amino acid sequence of HPr. Corresponding amino acids to be substituted into NPr are marked with 

their positions. C. Sequence of the 6 oligo nucleotides designed to create the modified NPr gene with PCR and overlap extension 

PCR. D. Final nucleotide and amino acid sequence of the modified NPr (Chimera). Mutated residues are marked with their 

position. 3
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Figure 3C. Oligos 
                  M   T   V   K    

1) 3’-ctttccatgg tac tgg cag ttc-5’ 

 

     M   T   V   K   Q   T   V   E   I   T   N   P   N   G   M   H   T   R   P   A 

2) 5’-g acc gtc aag caa act gtt gaa atc aca aac ccg aac ggc atg cat acc cgg cct gca gc-3’  

 

     T   R   P   A   A   K   L   V   K   L   M   K   G   F   D   A   E   V   L   L   

3) 3’-g gcc gga cgt cgg ttc gac cat ttt aat tac ttc cca aaa ctg cga ctt cac gag aat-5’ 

 

     E   V   L   L   R   N   D   E   G   T   E   A   E   A   N  

4) 5’-a gtg ctc tta cgt aat gac gaa ggc acc gag gct gaa gcc aac-3’ 

 

     A   E   A   N   S   L   F   K   L   Q   T   L   G   S   T   K   G   R   Q   I 

5) 3’-a ctt cgg ttg tcg gac aaa ttt gac gtc tga aac ccg aga tga ttt cct gcc gtc taa-5’  

 

     G   R   Q   I   E   V   E   A   T    

6) 5’-a cgg cag att gaa gtt gaa gcg ac-3’ 

 

Figure 3D. Chimera 
 M   T   V   K   Q   T   V   E   I   T   N   P12  N13  G   M   H   T17  R 

atg acc gtc aag caa act gtt gaa atc aca aac ccg aac ggc atg cat acc cgg  

 

 P   A   A21  K   L   V24  K25  L   M   K28  G   F   D   A   E   V   L   L 

cct gca gcc aag ctg gta aaa tta atg aag ggt ttt gac gct gaa gtg ctc tta 

 

 R   N   D   E   G   T   E   A   E   A   N   S   L49  F50  K51  L   Q53  T54 
cgt aat gac gaa ggc acc gag gct gaa gcc aac agc ctg ttt aaa ctg cag act 

 

 L   G56  S   T58  K   G   R   Q   I   E   V   E   A   T   G   P   Q   E 

ttg ggc tct act aaa gga cgg cag att gaa gtt gaa gcg acc ggt cca cag gaa 

 

 E   E   A   L   A   A   V   I   A   L   F   N   S   G   F   D   E   D  

gag gaa gca ctg gcc gcc gtt atc gcc ctc ttt aat tct ggt ttt gat gaa gat 

 

taa  

Figure 3 continued
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Figure 4. General design of the PCR reactions used to generate the modified NPr gene. 6 

oligo-nucleotides were used along with the forward and reverse primers for pZE12. In the 

first round of reactions pZE12-NPr was used as a template for the two PCR reactions 

using the pZE12 fwd and rev primers. The second reaction step involved adding all of the 

PCR products from the first round together with the pZE12 fwd and rev primers. 

Residues targeted for site specific mutagenesis are marked in blue on the oligo-

nucleotides and the final gene product. 
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Figure 5A. NPr Mut 6 

 M   T   V   K   Q   T   V   E   I   T   N   P   N   G   M   H   T 

atg acc gtc aag caa act gtt gaa atc aca aac ccg aac ggc atg cat acc  

 

 R   P   A   A   K   L   V   K   L   M   Q   G   F   D   A   E   V 

cgg cct gca gcc aag ctg gta aaa tta atg cag ggt ttt gac gct gaa gtg 

 

 L   L   R   N   D   E   G   T   E   A   E   A   N   S   V   I   A 

ctc tta cgt aat gac gaa ggc acc gag gct gaa gcc aac agc gtt att gcg  

 

 L   L   M   L   D   S   A   K   G   R   Q   I   E   V   E   A   T 

ctg ctg atg ttg gat tct gcc aaa gga cgg cag att gaa gtt gaa gcg acc 

 

 G   P   Q   E   E   E   A   L   A   A   V   I   A   L   F   N   S  

ggt cca cag gaa gag gaa gca ctg gcc gcc gtt atc gcc ctc ttt aat tct 

 

 G   F   D   E   D 

ggt ttt gat gaa gat taa  

 

 

Figure 5B. NPr Mut 7 

 M   T   V   K   Q   T   V   E   I   T   N   P   N   G   M   H   T 

atg acc gtc aag caa act gtt gaa atc aca aac ccg aac ggc atg cat acc  

 

 R   P   A   A   K   L   V   K   L   M   Q   G   F   D   A   K   V 

cgg cct gca gcc aag ctg gta aaa tta atg cag ggt ttt gac gct aaa gtg 

 

 L   L   R   N   D   E   G   T   E   A   E   A   N   S   V   I   A 

ctc tta cgt aat gac gaa ggc acc gag gct gaa gcc aac agc gtt att gcg  

 

 L   L   M   L   D   S   A   K   G   R   Q   I   E   V   E   A   T 

ctg ctg atg ttg gat tct gcc aaa gga cgg cag att gaa gtt gaa gcg acc 

 

 G   P   Q   E   E   E   A   L   A   A   V   I   A   L   F   N   S  

ggt cca cag gaa gag gaa gca ctg gcc gcc gtt atc gcc ctc ttt aat tct 

 

 G   F   D   E   D 

ggt ttt gat gaa gat taa  

 

 

Figure 5: Nucleotide and amino acid sequences of additional mutated NPr proteins. 

Mutations are marked in red and bold. A. Sequence of Mut6, this gene contains only the 

first six N-terminal mutations as in chimera. B. Sequence of Mut7, this gene contains one 

more mutation than Mut6. C. Sequence of Mut8, this gene contains only the last 8 

mutations as in chimera. 
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Figure 5C. NPr Mut 8 
M   T   V   K   Q   T   V   E   I   T   N   K   L   G   M   H   A 

atg acc gtc aag caa act gtt gaa atc aca aac aag ctg ggc atg cat gcc  

 

 R   P   A   M   K   L   F   E   L   M   K   G   F   D   A   E   V 

cgg cct gca atg aag ctg ttt gaa tta atg aag ggt ttt gac gct gaa gtg 

 

 L   L   R   N   D   E   G   T   E   A   E   A   N   S   L   F   K 

ctc tta cgt aat gac gaa ggc acc gag gct gaa gcc aac agc ctg ttt aaa  

 

 L   Q   T   L   G   S   T   K   G   R   Q   I   E   V   E   A   T 

ctg cag act ttg ggc tct act aaa gga cgg cag att gaa gtt gaa gcg acc 

 

 G   P   Q   E   E   E   A   L   A   A   V   I   A   L   F   N   S  

ggt cca cag gaa gag gaa gca ctg gcc gcc gtt atc gcc ctc ttt aat tct 

 

 G   F   D   E   D 

ggt ttt gat gaa gat taa  

 

Figure 5. continued 

 



 

 

 

 

 

Figure 6. Growth of 2Δ-pZE12-HPr, 2Δ-pZE12-NPr, and 2Δ-pZE12-Chimera cells in M9-glucose minimal media. NPr serves as 

the negative control. Log growth for HPr is observed from hours one to three. Log growth of Chimera is observed from hours three 

to five. No significant growth of NPr is observed. Graph represents an average of two trials.  
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Figure 7. Growth of 2Δ-pZE12-HPr, 2Δ-pZE12-NPr, and 2Δ-pZE12-Chimera cells in M9-mannitol minimal media. NPr serves as 

the negative control. Log growth of HPr and Chimera is observed from hours on to six. No significant growth of NPr is observed. 

Graph represents an average of two trials. 
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Figure 8. Growth of 2Δ-pZE12-HPr, 2Δ-pZE12-NPr, and 2Δ-pZE12-Chimera cells in M9-N-acetylglucosamine minimal media. 

NPr serves as the negative control. Log growth of HPr and Chimera is observed from hours one to four. No significant growth of 

NPr is observed. Graph represents the data from one trial.  
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Figure 9. Growth of 2Δ-pZE12-HPr, 2Δ-pZE12-NPr, and 2Δ-pZE12-Chimera cells in M9-Mannose minimal media. NPr serves as 

the negative control. Log growth of both HPr and Chimera is observed from hours one to six. No significant growth of NPr is 

observed. Graph represents an average of six trials. 
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Figure 10. Growth of 2Δ-pZE12-HPr, 2Δ-pZE12-NPr, and 2Δ-pZE12-Chimera cells in M9-glucosamine minimal media. NPr 

serves as the negative control. Log growth of HPr and Chimera is observed from hours three to five. No significant growth of NPr 

is observed. Graph represents an average of two trials. 
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Figure 11.  Growth of 2Δ-pZE12-HPr, 2Δ-pZE12-NPr, and 2Δ-pZE12-Chimera cells in M9-ascorbate minimal media under 

anaerobic conditions. NPr serves as the negative control. Graph represents the average of one trial performed in triplicate. 
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Figure 12. Growth 2Δ-pZE12-HPr, 2Δ-pZE12-NPr, and 2Δ-pZE12-Chimera compared to additional NPr mutants Mut6, Mut7, 

and Mut8 in M9-mannose. Graph represents the results from a single trial. For the data points, see Table 6. 

0.1

1

10

0 1 2 3 4 5 6 7 8 9

O
D

6
0
0
 n

m

Time (hrs)

Growth of Additional Mutants in M9-Mannose

HPr

Chimera

NPr

Mut6

Mut7

Mut8

4
2
 



 

 

 

 

 

Figure 13. Radioactive counts per minute of 100ul of 2Δ-pZE12-HPr and 2Δ-pZE12-Chimera cells at ~1.0 OD600 after addition 

of C-14 Glucose. Cells were shaken by hand in a test tube at room temperature. Readings were taken every 30 seconds for 3 

minutes. Graph represents the data from one assay. 
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Figure 14. Radioactive counts per minute of 100ul of 2Δ-pZE12-HPr and 2Δ-pZE12-Chimera cells at ~1.0 OD600 after addition 

of C-14 2-Deoxy-D-Glucose. Cells were shaken at 250 rpm in a 37˚C incubator. Readings were taken at 1, 2, 4, 8, and 16 minutes. 

Graph represents an average of two trials. 
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Figure 15. Radioactive counts per minute of 100ul of 2Δ-pZE12-HPr and 2Δ-pZE12-Chimera cells at ~1.0 OD600 after addition 

of C-14 2-Deoxy-D-Glucose. Cells were hand shaken at room temperature. Readings were taken every 20 seconds for 4 minutes. 

Graph represents an average of four trials.
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Table 1. List of the GI numbers of the highly homologous HPr (A.) or NPr (B.) proteins 

found in gram negative bacteria. Their derived organism and protein size is given. As 

shown on the table, the average size of NPr is about 10 amino acids larger than that of 

HPr. 

Table 1A. Hpr 
GENE INDEX# 

(GI#) ORGANISM 

PROTEIN 

SIZE (aas) 

15594902 Borrelia burgdorferi B31 86 

219684224 Borrelia garinii PBr 86 

75481861 Salmonella enteric 85 

81638943 Yersinia pseudotuberculosis 85 

110180267 Klebsiella pneumonia 68 

81646037 Pectobacterium atrosepticum 85 

75486925 Serratia marcescens 85 

81572622 Photohabdus luminescens subsp. laumondii 85 

81758081 Vibrio vulnificus YJ016 85 

153820551 Vibrio cholerae NCTC 8457 76 

81728292 Vibrio parahaemolyticus 85 

81615412 Photobacterium profundum 85 
75431554 Vibrio fischeri ES114 85 

81609474 Mannheimia succiniciproducens MBEL55E 85 

81636922 Pasteurella multocida 85 

81578244 Haemophilus ducreyi 85 

21672355 Buchnera aphidicola str. Sg 85 

15616690 Buchnera aphidicola str. APS 85 

27904569 Buchnera aphidicola str. Bp 85 

81666904 Candidatus Blochmannia floridanus 90 

Average Protein Size ± S.D. 84.1 ± 4.5 

Table 1B. Npr 
GENEINDEX# 

(GI#) ORGANISM 

PROTEIN 

SIZE (aas) 

81734076 Bradyrhizobium japonicum 105 

81564308 Rhodopseudomonas palustris 110 

81647425 Bartonella Quintana 98 

75496065 Brucella abortus 104 

81778517 Mesorhizobium loti 98 

81635417 Sinorhizobium meliloti 96 

81591586 Agrobacterium tumefaciens str. C58 91 

81621298 Caulobacter vibrioides 92 

81558707 Ruegeria pomeroyi 89 
81598207 Zymomonas mobilis 90 

15642528 Vibrio cholerae O1 biovar El Tor str. N16961 92 

75354648 Vibrio fischeri ES114 92 

75480520 Salmonella enteric 90 

81591832 Salmonella enterica subsp. enterica serovar Typhi 90 

218691496 Escherichia coli ED1a 90 

1709908 Klebsiella oxytoca 90 

81646513 Pectobacterium atrosepticum 90 

81638350 Yersinia pseudotuberculosis 90 

81589038 Shewanella oneidensis 91 

Average Protein Size ± S.D. 94.1 ± 6.1 



47 

 

 
 

Table 2. Size of 2Δ-no plasmid, 2Δ-pZE12-NPr, 2Δ-pZE12-HPr, and 2Δ-pZE12-

Chimera cells after 48 hours of incubation at 37˚C in LB agar plates and M9-minimal 

media plates with glucose, mannitol, mannose, N-acetylglucosamine, glucosamine, 

fructose, and sorbitol. The 2Δ and 2Δ-pZE12-NPr cells were unable to grow in any of the 

M9-sugar plates. 2Δ-pZE12-Hpr and 2Δ-pZE12-Chimera cells grew in all sugars tested, 

with HPr performing better than or equal to Chimera in all sugars except for glucose, 

where slow growth was observed for Chimera and very slow growth was observed for 

HPr. 

Size of Colonies after 48 Hours (mm) 

Solid Growth Medium 2Δ Cells pZE12-NPr pZE12-HPr pZE12-Chim 

Luria Broth Agar 2.0 2.0 2.0 2.0 

0.5% M9-Glucose --- --- 1.3 1.0 

0.5% M9-Mannitol --- --- 1.0 0.8 

0.5% M9-Mannose --- --- 1.1 1.1 

0.5% M9-N-acetylglucosamine --- --- 1.5 1.5 

0.5% M9-Glucosamine --- --- 0.9 0.9 

0.5% M9-Fructose --- --- 0.3 0.5 

1.0% M9-Sorbitol --- --- 1.2 1.0 
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Table 3. Amount of fermentation of sugar as indicated by the intensity of color change of 

the white plates to red in MacConkey agar plates. Even though the colonies grew, NPr 

cells did not cause fermentation of any of the sugars tested. HPr and Chimera cells were 

able to ferment the sugars tested, with HPr causing a stronger or equal color change in all 

sugars and concentrations except for  0.20% Mannose, where very little fermentation was 

observed for HPr.  

MacConkey Agar Fermentation Plates (color change after 24hours) 

Sugar Percent Plate Color Red Intensity 

Glucose 0.20% HPr Red +++ 

  
Chimera Red ++ 

  

NPr White -- 

 

0.50% HPr Red +++ 

  

Chimera Red ++ 

  
NPr White -- 

 

1.00% HPr Red +++ 

  
Chimera Red ++ 

  

NPr White -- 

Mannitol 0.20% HPr Red +++ 

  

Chimera Red/White + 

  
NPr White -- 

 

0.50% HPr Red +++ 

  
Chimera Red ++ 

  

NPr White -- 

 

1.00% HPr Red +++ 

  

Chimera Red ++ 

  
NPr White -- 

Mannose 0.20% HPr Red/White + 

  
Chimera Red ++ 

  

NPr White -- 

 

0.50% HPr Red ++ 

  

Chimera Red ++ 

  
NPr White -- 

 

1.00% HPr Red ++ 

  
Chimera Red ++ 

  

NPr White -- 
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Table 4. Rate of growth of HPr and Chimera cells as based on the results of the liquid 

M9-sugar growth assays. Rates and doubling times were calculated using only the data 

from the logarithmic growth phases of the cells, as indicated by a linear growth curve in a 

logarithmic graph of their OD600nm as a function of time. (see Figures 5-9).  

 

HPr Chim 
M9-Minimal 

Substrate 

Rate of 

Growth (/hr) 

Doubling Time 

(hrs) 

Rate of Growth 

(/hr) 

Doubling Time 

(hrs) 

Glucose 60.80% 1.6447 41.40% 2.4155 

Mannitol 48.70% 2.0534 46.20% 2.1645 

N-Acetyl-

glucosamine 67.00% 1.4925 51.70% 1.9342 

Mannose 40.50% 2.4691 44.70% 2.2371 

Glucosamine 37.50% 2.6667 42.20% 2.3697 
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Table 5. Results of a single growth study in M9-fructose. OD600nm is measured over the 

course of the first seven hours, and then measured once more the following day. 

Time of day Hours OD600 HPr OD600 NPr OD600 Chim 

12:10 0 0.149 0.159 0.153 

1:50  1.67 0.166 0.158 0.201 

2:45 2.58 0.166 0.169 0.233 

4:00 3.80 0.168 0.185 0.272 

4:50 4.67 0.179 0.177 0.300 

6:10 6.00 0.176 0.199 0.360 

7:00 6.83 0.189 0.178 0.399 

2:30 next day 26.33 1.482 0.309 2.538 
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Table 6. Results of a single trial comparing the growth of HPr, Chimera, and NPr to 

other modified NPrs, Mut6, Mut7, and Mut8 in liquid M9 minimal media mannose 

(measured in OD600nm). For a graph of this data see Figure 12. 

Growth in M9-Mannose (OD600) 

Time (hrs) HPr Chimera Mut6 Mut7 Mut8 NPr 

0 0.216 0.187 0.182 0.166 0.208 0.199 

1.17 0.310 0.245 0.239 0.238 0.209 0.200 

2.17 0.417 0.367 0.343 0.331 0.209 0.207 

3.17 0.532 0.487 0.427 0.426 0.220 0.213 

4.42 0.825 0.750 0.612 0.608 0.209 0.207 

5.67 1.071 1.086 0.784 0.845 0.224 0.206 

6.67 1.368 1.396 0.954 1.038 0.227 0.215 

7.75 1.732 1.768 1.195 1.309 0.226 0.22 
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Part II 

P-type ATPase Analysis in Archaea, Spirochetes 

and Across All Known Domains of Life 
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Introduction 

 With the database of sequenced genomes growing rapidly, it becomes necessary 

to organize and analyze this information using advanced computational approaches. Here 

we bioinformatically identify and analyze the protein sequences of P-type ATPases from 

spirochetes and archaea. Finally, we compile and analyze the P-type ATPase sequences 

from a wide variety of organisms from all three domains of life (Archaea, Prokarya and 

Eukarya). These are derived from previous work of Saier lab students.  

 P-type ATPases are ion transport pumps that are present in nearly all living cells. 

To date there are nine families of functionally characterized P-type ATPases. Families 1-

6 are found in both eukarya and prokarya. Family 7 is found only in prokaryotes while 

Families 8 and 9 are found only in eukaryotes. These nine families are further classified 

into three topological types.  

 Type I ATPases (aka Heavy Metal ATPases) consist of Family 5 (Copper) and 

Family 6 (Heavy Metal). The Family 6 proteins are known to transport zinc, cadmium, 

lead, cobalt, mercury, nickel and copper. Type II ATPases consist of Family 1 

(Sodium/Potassium), Family 2 (Calcium), Family 3 (Proton), Family 4 (Magnesium), 

Family 8 (Phospholipid) and Family 9 (Sodium or Potassium). The Family 8 proteins are 

phospholipid flippases and are the only known P-type ATPases that do not transport ions. 

Type III ATPases consist only of Family 7 (Kdp-type Potassium). Family 7 proteins take 

up potassium but are characterized by a four-component uptake system that is distinct 

from other ATPases (BramKamp et al., 2007). 
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 Additionally there are 23 Functionally Uncharacterized P-type ATPase (FUPA) 

families as described in TCDB. Families 10-22 are found exclusively in eukaryotes while 

Families 23-32 are found exclusively in prokaryotes.  
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Computational Methods 

Archaea 

 The protein sequence of the copper ATPase CopA of Enterococcus hirae 

(Wunderli-Ye 2001) was used as the query against which the genomes of the archaeal 

species listed in Table 1 were individually BLASTed in NCBI. Hits with e values of 10
-4

 

or less were considered significant. Redundant sequences were eliminated using the 

make_table5 program. Truncated sequences were reconstituted to their original length 

when possible, or manually eliminated when not. CLUSTAL X was used to generate a 

multiple alignment and phylogenetic tree using these sequences. Trees were viewed using 

the Fig Tree program. A comparison between Fig Tree and TreeView (Thompson et al., 

1997; Zhai & Saier, 2002). A multiple alignment and phylogenetic tree was also 

generated from reference sequences of characterized or annotated ATPases from TCDB 

(TCDB; www.tcdb.org )(Saier et al., 2006; Saier et al., 2009), added to the above 

archaeal sequences. Family assignment of the archaeal ATPases was determined by 

analyzing this tree. The WHAT (Zhai & Saier, 2001a) and AveHas (Zhai & Saier, 2001b) 

programs were used to analyze the hydropathy profiles of individual and multiply aligned 

sequences respectively.   

 The nine conserved motifs of the P-type ATPases (described in Thever and Saier, 

2009) were examined by analyzing multiple alignments of each individual family. 

Paralogous and orthologous relationships were determined by analyzing the relative 

positions of the 16S rRNAs of each genus on a phylogenetic tree versus the relative 

positions of the ATPases on their respective trees. The 16S rRNA tree was generated 

using CLUSTALX and viewed using Fig Tree. These sequences were found via NCBI 
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searches. When the sequences were not previously annotated in NCBI, an NCBI BLAST 

search against the genome of a representative of the genus was performed, using the 

Escherichia coli 16S rRNA sequence as the query sequence to retrieve the genes. 

Spirochetes 

 The P-type ATPases of spirochetes were analyzed using the same approach as 

described above for archaea. The spirochete genomes analyzed are presented in Table 4. 

Integration 

Putative ATPases across all domains of life identified by Thever and Saier 2009 

(eukaryota) and by other students of the Saier lab (prokaryota) were combined with the 

archaeal and spirochete ATPases. These proteins were analyzed by CLUSTALX and the 

AveHas program. Phylogenetic trees were viewed using the FigTree program. 
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Results and Discussion 

Archaeal P-type ATPases 

Organisms and P-type ATPases included in This Study 

Table 1 summarizes the organisms included in this study and tabulates the P-type 

ATPases encoded within each of these genomes. Eight families from TCDB were 

identified among the Archaea. These include Families 1-7 and the Functionally 

Uncharacterized P-type ATPase (FUPA) Family 32. Of the functionally characterized 

families, only the eukaryotic phospholipid family, Family 8, and the Na+ or K+ family, 

Family 9, were lacking. A full list of the ATPases identified is presented in Table 2. In 

addition to the full length proteins listed in Table 2, many short sequences of ~250 aas 

were identified in both archaea and bacteria although others of larger sizes were also 

retrieved in BLAST searches. These hydrophilic proteins correspond to the P-type 

ATPase phosphatase domains and most resemble these domains from Family 5 (Cu). 

Many are annotated as dehydrogenases. 

The archaea listed include four phyla, (1) the Crenarchaeota with 18 genomes, 

(2) the Euryarchaeota with 44 genomes, (3) the Korarchaeota with one genome, and (4) 

the Nanoarchaeota with one genome. This last phylum includes a single small genome 

organism, Nanoarchaeum equitans, with no P-type ATPases. The Korarchaeota phylum 

also consists of a single organism, Candidtatus Korarchaeum cryptofilum, with a genome 

about 3 times larger than that of N. equitans, and encoding 2 P-type ATPases, one of 

Family 3 (H
+
) and one of Family 5 (Cu). The Euryarchaeota, with 44 organisms 

represented, has by far the largest representation with 175 of the 200 identified archaeal 

P-type ATPases.  
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The largest family in the Euryarchaeota is Family 5 (Cu), with 66 members. The various 

organisms possess from zero to eight of these enzymes. The second largest family, 

Family 2 (Ca
2+

), has 39 members, with numbers varying between zero to four proteins 

per organisms. The third largest family, Family 6 (heavy metal), has a total of 34 

proteins, from zero to five paralogues per genome. Finally the Crenarchaeota, with 18 

genomes represented, has 14 of its 23 ATPases in Family 5, with poor representation in 

both the Ca
2+

 and the heavy metal families, each of which is represented by only 2 

members. Surprisingly, Family 3 has four members. This family is therefore the second 

largest family within the Crenarchaeota. It is interesting to note that among the 

Euryarchaeota there is an average of four P-type ATPases per organism, while among the 

Crenarchaeota there is an average of 1.3 P-type ATPases per organism. This fact can be 

explained by the observation that the largest genome size for the Crenarchaeota is 

2.7Mbp, while many of the Euryarchaeota have genome sizes much larger, the largest 

being 5.75Mbp. 

Phylogenetic Analyses 

 The following observations result from examination of the phylogenetic tree in 

Fig. 1. (1) The members of each of the eight families represented fall into eight distinct 

phylogenetic clusters with a couple of exceptions (see below). (2) The Family 1-related 

putative Na
+
,K

+
 ATPases from archaea represent a subcluster of the Ca

2+
 ATPases, 

suggesting that the former arose from the latter. (3) The H
+
 ATPase Family 3 and the 

Mg
2+

 Family 4 are represented as two distinct clusters adjacent to the Family 2 proteins. 

(4) Family 7, the Kdp-type K
+
 ATPases (topological type III) cluster tightly together in 

between the Type I and Type II ATPases.  
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Cu ATPases predominate and form four subclusters: Sub-cluster 5a derives 

exclusively from the Euryarchaeota; 5b and 5c derive from both Crenarchaeota and 

Euryarchaeota, and 5d includes homologues from all three represented archaeal phyla. It 

is interesting to note that in this last cluster, all but one of the crenarchaeal homologues 

(Sma2) separate phylogenetically from the euryarchaeal homologues. Sma2 is a likely 

candidate for horizontal gene transfer from a Euryarchaeon to a Crenarchaeon. The 

single korarchaeal homologue (Kcr2) is the most distant from the other members of its 

sub-cluster. The euryarchaeal homologues in sub-cluster 5b are of ambiguous assignment 

as (a) TC blast searches suggested that these proteins are most closely related to Family 6 

(HM), and (b) the phylogenetic tree including standards from TCDB also suggest an 

association with Family 6.  

The heavy metal transporting ATPases (Family 6) cluster is mostly coherent. 

However, distantly related to these proteins are two proteins, Ape1 and Sma1, of 

unusually small size (585 and 600 aas respectively). Although assigned to Family 6, they 

are exceptionally distant from the other members of this family. When these two 

sequences were aligned with representative members of families 6, 29 and 32, the 

missing parts appeared to be N-terminal. Attempts to identify N-terminal extensions 

proved unsuccessful, suggesting that these two sequences are full length. This 

observation provides presumptive evidence that these two proteins might comprise a 

distinct family. The two archaeal FUPA 32 proteins, Mst3 and Msm4, appear to be very 

loosely associated to Family 6. 

A 16S rRNA was identified for each of the 43 archaeal genuses included in this 

study and organized into a phylogenetic tree (Fig. 3). Most of the Crenarchaeota fall 
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within a single coherent cluster at the top of the tree. Then comes the single 

Korarchaeum followed by the single Nanoarchaeum. All remaining 16S RNAs are 

derived from the Euryarchaeota with two possible exceptions. One of these is 

Nitrosopumilus, classified as a Thaumarchaeota. The other is Thermofilum, currently 

classified as a Crenarchaeota; the length of this branch suggests that this 16S RNA, 

although of full length, is not fully correct. We suggest that these two organisms, lying 

within the very broad group of Euryarchaeota, may have been incorrectly assigned. 

The tree shown in Fig. 3 reveals that the Euryarchaeota represented are far more 

numerous and diverse than the Crenarchaeota. They fall effectively into five distinct, 

well-separated clusters designated Eury-1 through Eury-5. Eury-1 includes methanogens 

and thermophiles. Eury-2 includes only thermophiles. Eury-3 consists exclusively of 

halo-tolerant archaea. Eury-4 and Eury-5 consist exclusively of methanogens. Thus, we 

see that methanogens occur in three clusters, thermophiles occur in two clusters, and 

halophiles occur in just one cluster. Finally, we suggest that Nitrosopumilus and 

Thermophilum should be investigated further. 

Table 2 summarizes the properties of the 200 ATPases included in this study. The 

seven Family 1 putative Na
+
,K

+
-ATPase homologues are found exclusively in 

methanogens and have an average size of 924 aas. Comparing Figs. 1 and 3, we see that 

the positions of the proteins correlate perfectly with relative positions of the 16S RNAs, 

consistent with orthology. 

The Ca
2+

-ATPases (Family 2) are more numerous and widely spread, and their 

average size is substantially smaller (885 aas). Analyzing this family for orthology 

reveals about equal numbers of sub-clusters that could (but might not be) orthologous. 
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For example, the two sub-clusters adjacent to the Family 1 proteins do exhibit the 

relationships expected for orthology. However, the next three sub-clusters do not. The six 

membered sub-cluster, flanked by Mms3 and Mtp10, can not be orthologous. We suggest 

that horizontal transfer has occurred frequently during the evolutionary divergence of the 

Ca
2+

 ATPases.  

Family 3 ATPases (average size of 800 aas) are less well represented but derive 

from more phyla than the Ca
2+

-ATPases, particulary since the single species from the 

Korarchaeota contains a Family 3, but not a Family 2 ATPase homologue. Somewhat 

ambiguous is the analysis of orthology of the Family 3 proteins. Two sub-clusters are 

apparent, one derived exclusively from methanogens, and the other derived from a more 

diverse group of organisms. In the former sub-cluster, closely related sequences occur 

roughly according to phylogenetic grouping of the 16S RNAs, but in the second sub-

cluster, the proteins clearly do not exhibit orthologous relationships.  

The Mg
2+

-ATPases (Family 4), like the Na
+
,K

+
-ATPases, are derived exclusively 

from methanogens and have an average size of 852 aas. However, in only one case does 

an organism contain both of these two types of ATPases. Comparison of Fig. 1 with Fig. 

3 shows that the five Mg
2+

 ATPases may be orthologous.  

The Cu-ATPases (Family 5), with an average size of 795 aas, are represented in 

all phyla that contain these ATPases. As noted above, Family 5 includes four subfamilies 

designated 5a – 5d. SubFamily 5a is derived exclusively from a single type of 

Euryarcheota, the halo-tolerant archaea, designated in Fig. 3 as Eury-3. However, several 

of these organisms possess Cu-ATPase paralogues. However, aside from the paralogues, 

the relationships are largely (but not fully) consistent with orthology. SubFamily 5b 
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consists of just two proteins from two different species of Sulfolobus. The majority of 

Cu-ATPases belong to the diverse subFamily 5.c. This subfamily can be further 

subdivided into eight sub-subfamilies that generally (but not always) include members 

from a single group of archaea, based on the Fig. 3 tree. Thus, sub-subfamily i (i) 

proteins are from Eury-2; ii and iii are from Eury-4; iv are from Eury-1; v includes 

proteins that are derived from Eury-1, 4 and 5; vi is from Eury-4 exclusively; vii is 

present in halotolerant archaea (Eury-3), and viii homologues are derived exclusively 

from Crenarchaeota. In some of these sub-subclusters, relationships are consistent with 

orthology, but in others, such as v, where proteins from three major groups of 

Euryarchaeota cluster together, orthology is not possible. SubFamily 5d includes a 

mixture of Euryarcheota proteins, as well as a single Crenarchaeal protein and a single 

Korarchaeal protein. It seems likely that the diversity of this subcluster resulted from 

horizontal transfer, particularly for the exceptional protein, Sma2.  

Family 6 (HM) ATPases have an average size of 712 aas, but they are extremely 

divergent in length. They are well represented in Euryarchaeota, but poorly represented 

in Crenarchaeota. They can be subdivided into six subclusters, 6a – 6f. Subcluster 6a, the 

most distant members within Family 6, consists of two short Crenarchaeal homologues 

(Sma1 and Ape1); 6b is derived from Eury-4; 6c consists of the only two Family 32 

proteins identified in archaea. Although they cluster with Family 6, their sequences may 

differ substantially (see below). The large subcluster 6d subdivides largely into two sub-

subclusters, one containing only halophilic archaeal proteins, and the other containing 

only methanogenic archaeal proteins. Additionally, there are several proteins of diverse 

phylogenetic background in subcluster 6d, and these in general are distant from each 
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other. One protein, Mms11, in the methanogenic group exhibits phylogenetic clustering 

strongly suggesting horizontal transfer. Subcluster 6e consists of proteins primarily from 

Eury-1, but with a single protein from Eury-4 (Mla3), probably the result of horizontal 

transfer, while subcluster 6f consists of proteins from both Eury-4 and Eury-5. Again, 

orthology is not suggested.  

These results strongly suggest that lateral transfer of genetic material among 

archaea has been rampant. Kdp-type K
+
 pumps (Family 7; average size 691 aas) are 

poorly represented in all archaea with only one protein from the Crenarchaeota and eight 

from the Euryarchaeota. A single organism, Candidatus Methanoregula boonei, has two 

such enzymes. These proteins show phylogenetic relationships consistent with orthology.  

Family 32 (average size 702 aas), phylogenetically related to Family 6 as 

discussed above, is represented only in methanogenic Euryarchaeota, and only two 

members were identified within this FUPA family. 

Motif Analyses 

Table 3 summarizes the characteristics of the nine conserved motifs in the eight 

families of P-type ATPases identified in archaea. These motifs are listed by family in 

Table 3 and will be discussed in this section. 

Motif 1 (PGD) in Family 1 deviates from the consensus motif by exhibiting a V 

in place of the P in position 1. Other archaeal Type II Ptype ATPases (Families 2-4) 

exhibit the consensus PGD motif. Type I (Families 5 and 6) both have PGE as the 

consensus motif, differing from all other families in this respect. Family 7 has PRD while 

Family 32 has EKD. Although Family 32 appears to group phylogenetically with Family 

6, motif analyses, as indicated here and below, suggest that it functions dissimilarly. 
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Motif 2 (PAD) is found in all Type II P-type ATPases (Families 1-4) as well as 

Family 32. Both Type I P-type ATPase families have PVD while Family 7 has SVD. This 

shows motif divergence in accordance with topological type, but Family 32 differs from 

the other Type I ATPases. 

Motif 3 (TGES) exhibits the same consensus motif in all archaeal families 

represented, with the sole exception of Family 4 which shows the very similar consensus 

sequence, TGET. 

Motif 4 (PEGL) shows the consensus motif in only Families 1 and 2. Families 3 

and 4 exhibit substantial deviation in positions 2 and 3, while Families 5 and 6 show the 

expected PCAL motif, usually observed for Type I enzymes. This motif is known to 

function in heavy metal binding. Family 7 exhibits PTTI, dissimilar from all of the other 

families. Most interestingly, Family 32 proteins exhibit SCAL. Since cysteine at position 

2 is involved in heavy metal binding in Families 5 and 6, it is possible that these proteins 

also transport related cations. 

Motif 5 (DKTGTLT) exhibits this consensus motif in all families with the sole 

exception of Family 7, where a fully conserved I replaces the L in the sixth position. It 

should be noted, however, that only in Families 1 and 32 is the L fully conserved. 

Otherwise, with one exception (Family 5), all residues in Motif 5 are fully conserved in 

all families. 

Motif 6 (KGAPE) is observed as the consensus motif for all Type II families (1-

4). Type I ATPases (Families 5 and 6) exhibit the sequence divergent consensus motif, 

KGVRA. In Family 7, KGALD is found as the consensus motif, but Family 32 shows 
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consensus HGIAT, and this motif is observed for both archaeal members of Family 32. 

Thus, Family 32 exhibits the most divergent sequence for Motif 6. 

Motif 7 (DPPR) is found in all Type II ATPases as well as Family 32, except that 

the fourth residue is a K in Family 4. Families 5 and 6 exhibit differing poorly conserved 

motifs, DTIK and DEVR, respectively. Family 7 is also distinctive with the DILK motif. 

It can therefore be seen that the acidic residue, D, at position one is almost fully 

conserved, and that the basic residues, R or K, are found at position four. This is in 

agreement with this proposed function of this motif in ATP binding. 

Motif 8 (MVTGD) is conserved as such only in Family 3. For the remaining 

families, the expected consensus sequence is observed except for the residue at position 

2, which is variable and can be L, I or V. Only in one case is the M at position one, 

dissimilar, being an I in Family 4. 

Motif 9 (the hinge motif) exhibits substantial variation, particularly in Families 5 

and 6, but the GDG-ND is best conserved in all families, as is generally true for P-type 

ATPases from other organismal types. 

Topological Analyses 

A multiple alignment was generated for each of the families represented in 

archaea. These were used as the basis for deriving average hydropathy, amphipathicity, 

and similarity plots using the AveHAS program (data not shown). Additionally, AveHAS 

plots were generated using multiple alignments generated from each of the topological 

types represented in these archaeal proteins (Fig. 4 A, B, C). The results of these studies 

are summarized here. Families 1, 2, 3, and 4 all conformed to the Type II topology with a 

total of 10 transmembrane segments; no exceptions were observed (Fig. 4B). Although 
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the hydropathy plots were in excellent agreement, the average amphipathicity plots 

revealed differences. For example, immediately following peak 2 was a strong peak of 

amphipathicity in Family 1, but only a small peak of amphipathicity in the other three 

families. Additionally, immediately preceding peak 3 was a strong peak of 

amphipathicity in Family 1 and Family 4, but only very small peaks of amphipathicity 

were observed for Families 2 and 3. Again, preceding peak 5, was a strong peak of 

amphipathicity for Families 1 and 2, while in Family 3, two smaller peaks of 

amphipathicity were observed. In Family 4, only the first of these two peaks was present. 

These results revealed significant differences between these four families. It is interesting 

to note that all of these peaks of amphipathicity occur in regions that are well conserved 

within the families. 

Based on comparable plots generated with the AveHAS program, Families 5 and 

6 show the topology expected for Type I with eight TMSs, A, B and 1-6 (Fig. 4A). In 

both families, peaks of amphipathicity follow TMSs 2 and precede TMSs 3. Both 

families exhibit a long hydrophilic N-terminal region that contains the heavy metal 

binding domains (Yamaguchi et al., 2007). Multiple such domains were observed for 

some members of Family 5, while at least two such domains were observed in some 

members of Family 6. In Family 5 two of these domains appeared well conserved, while 

in Family 6, only one was well conserved. 

Family 7 exhibits the typical Type III topology with seven peaks of 

hydrophobicity (Fig. 4C). Interestingly, the peak of amphipathicity following TMS 2, 

noted for topological Types I and II, was not present. However, a strong peak of 

amphipathicity preceded TMS 3. These proteins lack hydrophilic extensions at both the N 
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and C-termini. These observations illustrate the differences in amphipathicity between 

the three topological types of these ATPases, and in some cases, between the individual 

families within each of these topological types. 

The last family identified in archaea is FUPA Family 32. These proteins exhibit 

anomalous and sometimes confusing AveHAS plots. However, close examination 

revealed that although they show very substantial sequence divergence, they nevertheless 

have all of the hydrophobic peaks typical of the Type I topology. Thus, peaks A and B 

are present but sequence divergent, almost to the point of non-recognition. Peaks 1 and 2 

are less divergent, and correspond most closely to those found in Families 5 and 6. Peaks 

3 - 6 are easily recognizable. We therefore conclude that these Family 32 proteins are 

likely to be of the typical Type I topology. 

Conclusions 

 Within the archaeal genomes analyzed, only 8 families of P-type ATPases were 

identified, Families 1-7 and 32. This is far less than observed for either bacteria or 

eukaryotes. As expected, Families 8 and 9 proteins, identified previously only in 

eukaryotes were not present although Family 7, previously found only in bacteria, was. 

Family 32 was the only FUPA family identified in these organisms. While Family 32 is 

most closely related to Family 6, individual hydropathy plots and alignments revealed 

that the putative archaeal Family 32 proteins are indeed distinct from Family 6 proteins.  

 AveHAS plots of the Type I, II and III archaeal ATPases showed them to be in 

agreement with the predicted topologies for each family. Motif analysis showed high 

conservation of the nine motifs among all families identified and conservation was 

greater between members of a family from the three domains of life than between 
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members of two families within a single domain. These data, along with the near absense 

of FUPA families, suggests that there has been minimal pressure for P-type ATPases to 

diverge in structure and function within the archaeal domain. 

P-type ATPases in Spirochetes 

Distribution of P-type ATPases in Spirochetes 

Table 4 presents the organisms included in this study and summarizes the data 

concerning their genome sizes, numbers of predicted open reading frames (ORFs) and 

numbers of P-type ATPases identified. Seven different species were examined. Among 

them were twelve strains of B. burgdorferi, only one of which is included in Table 4. Not 

one single P-type ATPase was identified in the genomes of any of these Borrelia species. 

They have reduced genome sizes within the range of 0.9-1.8 Mbps. It is obvious that 

these organisms can survive without the function of a P-type ATPase. This fact may 

reflect the life style of Borrelia species within animal hosts (MacDonald, 2006). It 

confirms our proposal that P-type ATPases are more important for extracellular life than 

intracellular life.  

Three species (two strains each) of Leptospira were examined. Although only one 

strain from each species is included in Table 4, each of these strains has the same 

complement of P-type ATPases except that the Aims strain of L. biflexa has six 

paralogues while the Paris strain has only five. The missing orthologue is Lbi7 (see 

below). Their genome sizes vary between 3.9 and 4.7 Mbps. Thus, L. biflexa has 5 or 6 P-

type ATPases; L. borgpetersenii has two, and L. interrogans has 3. Finally Treponema 

pallidum (genome size 1.1 Mbps) has just one P-type ATPase while T. denticola, with a 
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genome size about 2.5 fold larger, has three. There is a poor correlation between genome 

size and numbers of P-type ATPases in these bacteria. 

The spirochete ATPases are listed in Table 5 according to their TC family 

assignments. One protein from L. biflexa (Lbi4) associates loosely with the Na
+
,K

+
-

ATPases of eukaryotes, and only one spirochete Ca
2+

-ATPase (Bhy1; Family 2) was 

identified. Two spirochaete Mg
2+

 ATPases (Family 4) were also identified. A single Kdp-

type K
+
-ATPase was found in Leptospira interrogans. Remaining ATPases of known 

function fall either within the large Family 5 copper ATPases, (seven non redundant 

members from three genuses) or the smaller Family 6 heavy metal (HM) ATPases with 

three members, one each from Brachyspira hyodysenteriae, Leptospira biflexa and 

Treponema denticola. The only P-type ATPase in T. pallidum is a copper ATPase. 

Finally, four spirochete proteins were found to branch with three types of 

functionally uncharacterized P-type ATPase (FUPA) families, two in Family 27 from 

Leptospiral species, one in Family 30 from a Leptospiral species, and one treponemal 

Family 32 protein. While Family 27 and 32 enzymes are of the Type I topology and may 

transport heavy metal ions, Family 30, with a Type II topology, most resembles Ca
2+

-

ATPases. It is possible that Family 32 proteins function as Ca
2+

 pumps. 

Phylogenetics of Spirochaete P-type ATPases 

The phylogenetic tree of the 19 spirochaete proteins included in Table 5 is shown 

in Fig. 5. The tree with relevant representative standards from TCDB is shown in Fig. 6. 

These standards provide a basis for family assignment as indicated in Fig. 5. The 

clustering patterns are clear although Lbi4 clusters only loosely with Family 1 ATPases. 

The Lbi8 protein clearly clusters with the FUPA30 standards. 
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The largest family represented in spirochaetes, the copper family (Family 5), with seven 

members, shows similarities with two proteins of the FUPA27 family. These two proteins 

cluster loosely between the copper and the heavy metal (HM) proteins. Three proteins 

also cluster together with established members of Family 6 (HM). A single protein from 

T. denticola, Tde1, clusters loosely with other FUPA32 proteins while a single Kdp-type 

K
+
-ATPase (Family 7; Lin3) clusters tightly with the standard member of this family, and 

the Bhy2 and Lin6 homologues appear to be Mg
2+

-ATPases (Family 4). Lin6 was 

reported to be present as two overlapping ORFs, due to one or more sequencing errors. 

Its close orthologue in L. interogans serovar Copenhagen strain Fiocruz L1-130 was 843 

aas long and of full length. This last protein has been entered into TCDB under TC# 

3.A.3.4.2. 

Motif Analyses 

 Motif 1 (PGD) is altered in all families except Families 1 and 4 (Table 6), but 

only with respect to the first amino acid (P). Thus, in Families 2 (Ca
2+

) and 5 (copper), 

that residue is a V; in Families 6 (HM) and 7 (K
+
), it is an I; in Family 27, it is an L, and 

in Family 32, it is an A. Only in Family 30 is motif 1 different in positions 1 and 2; this 

motif for the one member of the family represented is FDD. Residues at position 1 are 

thus poorly conserved, but almost always hydrophobic.  

In motif 2 (PAD) of all spirochaete ATPases, the third residue (D) is conserved. 

In all topological Type II proteins, including FUPA30 members, the entire PAD motif is 

conserved. Also, in the spirochaete Families 30 and 32 ATPase, PAD is retained. 

However this motif is poorly conserved in all other ATPases where other residues (V, L 

and G) can occur in position 2 (Table 6). 
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Motif 3 (TGES) is almost fully conserved in all spirochete enzymes, but motif 4 

(PEGL) is much more variable. The P at position 1 is conserved in all proteins. However, 

in all but one putative metal transporter of topological Type I (Families 5, 6 and 27), this 

motif is well conserved but is PCAL instead of PEGL. Only in Family 7, 30 and 32 

members does this motif differ substantially. The only residue in motif 5 (DKTGTLT) 

that exhibits variability is the next to the last residue (L) which can be substituted 

conservatively with I. Only in Families 7 and 30 does this substitution occur. 

Motif 6 (KGAPE) is not conserved in any of the spirochete families, but the first 

two residues, KG, are conserved in all families except FUPA27. The last three residues 

are variable, but the third residue is usually a small semipolar residue (A, G or S) 

although exceptions exist (Table 6). 

Motif 7 (DPPR) contains an invariable D (position 1) and only conservative 

substitutions (K for R) at position 4. Four of the families have K in this position while 

five have R. Which residue occurs at this last position does not correlate with topological 

type suggesting that they are essentially interchangeable. 

The last three residues in Motif 8 (MVTGD) are well conserved in all spirochete 

ATPases. In fact, the (T/S)GD submotif is fully conserved. The M at position 1 is 

occasionally substituted by a V or an I (Table 6). The V at position 2 is usually an L or 

an I. Finally, the long ―hinge‖ motif 9 contains a submotif, GDG-ND that is fully 

conserved (Table 6) as is true for most other ATPases. These motif analyses suggest that 

all spirochete ATPases included in this study are probably functional using the E1E2 

mechanism established for other P-type ATPases. 
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Spirochete P-type ATPase topologies 

The spirochaete ATPases were analyzed for predicted topology based on the 

results obtained with the WHAT (Zhai & Saier, 2001a) and AveHAS (Zhai & Saier, 

2001b) programs. 

The Type I topology was observed for Families 5 and 6 as expected, but also for 

the FUPA27 family and possibly for the FUPA32 family as well. The Type II topology 

was observed for members of Families 1, 4 and 30. Finally, the Type III topology was 

observed for the lone Kdp-type K
+
 pump of L. interrogans, also as expected. Thus, no 

novel topological types were revealed. 

Conclusions 

 Because few spirochaetes currently have fully sequenced genomes, because 

several of those that do, have small genomes, and because their P-type ATPase 

representation is poor, statistical analyses of the distribution of topological and functional 

types may not be representative of this bacterial kingdom. However, copper pumps 

outnumber all others with heavy metal pumps coming in a poor second. The one putative 

Na
+
, K

+
-ATPase is by no means certain to have the same specificity as their animal 

counterparts, particularly because the spirochaete homologue branches from a point near 

the base of the tree (Fig. 5). The proteins within the FUPA 27, 30 and 32 families exhibit 

the expected topologies (Types I, II and I, respectively). Thus, no new topologies were 

identified with confidence. However, it should be remembered that these data are only 

representative because of the small numbers of homologues available for analyses. In 

general, however, the motif analyses correlated well with topological type, and variations 

that were observed were the same as those that occurred within the same families in the 
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bacterial, archaeal and eukaryotic domains of life. Perhaps of greatest interest is the 

complete lack of P-type ATPases in 22 Borrelia strains examined, representing ten 

distinct species (data not presented). This may be a characteristic feature of this genus 

and could reflect their intracellular lifestyles. 

Phylogenetic Analyses of the Three P-Type ATPase Topological Types Across the Three 

Domains 

Phylogenetic Analysis of Type I ATPases 

 All Type I P-ATPases included in this study, the study of Thever and Saier 

(2009), and TCDB were included in a single file for phylogenetic analysis. 453 

prokaryotic (119 archaeal and 334 bacterial) and 51 eukaryotic proteins are represented. 

The Type I ATPase sequences were multiply aligned, and a phylogenetic tree was 

constructed without protein abbreviations (Fig. 8). A tree with abbreviations was also 

generated but are omitted due to the large number of proteins. The tree presented in Fig. 

8 can be divided into two main parts. The top half of the tree consists entirely of Family 5 

(Cu-ATPases) and its FUPA homologues (Families 27, 28, 29), while the bottom half 

consists entirely of Family 6 (HM-ATPases) and its FUPA homologues (Families 25, 26, 

31 and 32). We will refer to these two major subdivisions of proteins as sub-

superfamilies 5 and 6.  

 Family 5 Cu-ATPases fall into nine somewhat arbitrarily assigned clusters (5A - 

5I), distinguishable in part by the organisms from which they derive and by their 

phylogenetic branch positions. The major cluster (5A) consists exclusively of proteins 

assigned to Family 5, and these proteins come from all three major domains of life. This 

cluster can be further subdivided into 10 subclusters (5A.1 – 5A.10). Subclusters 5A.1, 4, 
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5, 7, and 10 are derived exclusively from bacteria. Subcluster 8 derives exclusively from 

eukaryotes. No subcluster derives exclusively from archaea. However, subclusters 2, 3, 6, 

and 9 contain both archaeal and bacterial homologues. Subcluster 6 additionally contains 

one eukaryotic homologue (EnoDdi6 gi:66822883) and is from the bacterium-eating 

slime mold, Dictyostelium discoideum. This protein is the most distant member of cluster 

5A.6, but it nevertheless serves as a potential candidate for horizontal transfer. The 

results, in general, however, suggest that horizontal gene transfer between prokaryotes 

and eukaryotes has been rare. 

 All remaining clusters in the Family 5 group are relatively small, and several 

include members from the FUPA families. Cluster 5B consists of three archaeal proteins 

and one eukaryotic protein, this last protein being the most distant member of the cluster. 

Cluster 5C represents a tight cluster of fungal proteins. Cluster 5D consists exclusively of 

plant and cyanobacterial proteins, where the two types segregate from each other 

remarkably closely, in agreement with the suggestion that these plant ATPases may be, or 

were derived, from chloroplasts. Cluster 5E consists exclusively of crenarchaeal proteins. 

Cluster 5F represents a second cluster of fungal proteins with no member from another 

kingdom. All of these clusters (5A – 5F) include members, all of which had been 

assigned to Family 5 in TCDB (Saier et al., 2009). 

 Cluster 5G is the first family to include members from the functionally 

uncharacterized P-type ATPase (FUPA) families. It includes members from FUPA 

families 27 – 29 as well as Family 5. All three Family 29 proteins cluster together 

without the inclusion of proteins assigned to any other family. The two assigned Family 

28 proteins also comprise a coherent cluster, but these two proteins are distantly related 
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to three Family 5 proteins. The three Family 27 proteins in this subcluster are 

interspersed with proteins assigned to Family 5. However, most of the assigned Family 

27 proteins are found as a coherent group in cluster 5H, and these proteins subdivide 

according to source organism, -, - and -proteobacteria with one outlier, the most 

distant member (BChCch3 gi:78189332) of this cluster being from a Chlorobi species. 

Finally, cluster 5I is derived exclusively from Euryarchaeota. It is thus apparent that 

segregation of Family 5 proteins into subclusters occurs according to expectation based 

on organismal source as well as family (5, 27, 28, 29). The only exception to this 

generalization is the occurrence of Family 27 proteins in both clusters 5G and 5H. It is 

possible that the three Family 27 in cluster 5G had been mis-assigned and should have 

been assigned to Family 5.  

Recently, a study was conducted on the Rhodobacter capsulatus and 

Bradyrhizobium japonicum protein ctpA (ccoI). This study found that inactivation of ctpA 

resulted in a decrease in the amount of certain transmembrane copper carrying proteins, a 

phenotype partially rescuable by excess copper in the medium (Hassani, et al., 2010). It 

was also found that this protein does not affect sensitivity to copper toxicity. The authors 

suggested that ctpA does not transfer copper in the traditional efflux or influx mode, but 

rather transports copper from the cytoplasm directly to the immature copper requiring 

membrane proteins. TCDB BLAST searches with this protein as the query sequence 

brought up FUPA 27 proteins as the top hits, suggesting that this protein is a member of 

the FUPA 27 family. This study thus suggests that FUPA 27 family members transport 

copper in a novel process involving transfer of copper from the cytoplasm to an 

intramembrane site (Hassani et al., 2010). 
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 As mentioned above, Family 6 Heavy Metal ATPases clearly segregate from 

Family 5 proteins with a substantial phylogenetic distance between them (Fig. 8). These 

Family 6 proteins can be divided into five recognizable clusters (6A – 6E). The four 

proteins of Cluster 6A are derived exclusively from Euryarchaeota. Cluster 6B includes 

all members assigned to FUPA families 26, 31, and 32. The three FUPA Family 26 

proteins group tightly together within this cluster, while the Family 31 and 32 proteins 

are intermixed with each other in a separate loose subcluster. An exception to this is a 

member of Family 31, BGaMca1 (gi: 53804058). This protein appears to be loosely 

associated with the Family 26 subcluster, but based on branch length and motif analysis, 

it appears to be a pseudogene.  

 Cluster 6C consists of four Family 6 proteins and the assigned FUPA Family 25 

proteins. With the exception of one member (BDeDvu5 gi:46581204), all of these Family 

25 proteins subcluster tightly together. BDeDvu5 groups loosely with the four Family 6 

proteins in cluster 6C. A BLAST search of this protein revealed that it may have been 

mis-assigned to Family 25, as it brings up Family 6 proteins as the top BLAST hits with 

the smallest e-values and the highest similarity scores.  

 Cluster 6D includes the majority of the proteins in the Family 6 group. These 

proteins fall into 12 subclusters (6D.1 – 6D.12) as indicated in Fig. 8. Subcluster 1 

includes a group of four eukaryotic proteins, three from plants and one from a 

photosynthetic diatom. Subclusters 2-4 contain only bacterial proteins from firmicutes, 

mollicutes and α-, β- and ɤ-proteobacteria. Subcluster 5 consists of two subsubclusters, 

one from eukaryotes (one plant and one alga) and one from chlorobi. Since all of these 

organisms are photosynthetic, the two eukaryotic proteins could be present in 
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chloroplasts. The remaining subclusters (6-12) are all derived from prokaryotes. Thus, 

subcluster 6 is derived from both bacteria and archaea; subcluster 7 is found exclusively 

in archaea; subcluster 8 proteins are exclusively from bacteria; subcluster 9 members are 

mostly from bacteria with a single archaeal protein, and subcluster 10, a tight subcluster 

of 11 proteins, contains members that are derived exclusively from Euryarchaeota. 

Subcluster 11 falls into several subsubclusters. Going counterclockwise, one of them 

includes proteins only from Euryarchaeota, one from firmicutes, a third from 

Bacteroides, and the remainder, a divergent mixture of bacterial and archaeal proteins. 

The last subcluster, 12, consists of two crenarchaeal proteins. Finally, cluster 6E consists 

of a mixture of archaeal and bacterial proteins.  

 In summary, based on the phylogenetic relationships revealed in Fig. 8, we 

conclude that there are two primary Type I ―sub-superfamilies‖ as discussed above. One 

of these corresponds to the characterized Cu-ATPases, and the other to the HM-ATPases. 

The FUPA families, in general, are the most distant members of these two superfamilies. 

These analyses reveal the advantages of constructing trees both with many members of 

divergent sequences and with limited numbers of members from specific organismal 

types for revealing subfamily relationships. 

Phylogenetic Analysis of Type II ATPases 

 All Type II P-ATPases included in this study, the study of Thever and Saier 

(2009), and TCDB were put into a single file for phylogenetic analysis. 232 prokaryotic 

(72 archaeal and 160 bacterial) and 470 eukaryotic proteins are represented. These 

sequences were multiply aligned, and a phylogenetic tree was constructed without protein 

abbreviations (Fig. 9). A tree with abbreviations was generated but is omitted due to the 
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large number of proteins. We will analyze the tree presented in Fig. 9 by family, 

beginning with Family 1.  

 Family 1 Na
+
, K

+
-ATPases fall into three clusters: 1A, 1B and 1C (Fig. 9). 

Cluster 1A includes all bacterial and archaeal homologues while clusters 1B and 1C 

include all eukaryotic homologues. In cluster 1A two proteins, BTeOye5 (gi: 39938516) 

from Onion Yellows phytoplasma and BFiLga1 (gi 116629205) from Lactobacillus 

gasseri had been assigned to Family 2 in the original studies, based on the organismal 

type-specific trees. However, the studies presented here and BLAST searches agreed that 

these proteins belong to Family 1. Cluster 1B contains a large subcluster of animal 

proteins plus a smaller subcluster of four fungal proteins. By contrast, cluster 1C includes 

only paralogues from the ciliate Tetrahymena thermophilum plus five pseudogene 

products, three of which are similarly derived from Tetrahymena, but EMeDme2 is from 

Drosophila melanogaster and BFiCac3 is from the firmicute, Clostridium 

acetobutylicum. Based on motif analyses, revealing that the nine functional motifs are 

poorly conserved, we conclude that these more distantly related members of cluster 1C 

are not functional.  

 Family 2 Ca
2+

-ATPases fall into multiple clusters, but the vast majority of them 

group together at the top of the tree. These proteins group roughly into three major 

clusters which can be subdivided into multiple subclusters. Additionally, there are a few 

putative calcium ATPases that cluster together with FUPA Family 30 (see below).  

All of the former proteins were used for the construction of a separate tree, including only 

the putative calcium ATPases (see Fig. 10). These clusters are labeled 2a-2m on both 

trees where they segregate according to the designated subcluster. Subcluster 2a includes 
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proteins exclusively from eukaryotes with four proteins previously identified as Golgi 

ATPases. These proteins derive from fungi, animals and the diatom, Thalassiosira 

pseudonana. Subclusters 2b - 2f derive exclusively from prokaryotes, and all of these 

clusters include members from both bacteria and archaea. Subcluster 2g includes only 

eukaryotic proteins derived from the Apicomplexa group. The large subcluster 2h 

includes members from almost all eukaryotic kingdoms included in this study. Some of 

these proteins are well characterized eukaryotic homologues which have been identified 

as either endoplasmic reticular or golgi ATPases. The adjacent subclusters 2g and 2i are 

possibly the prokaryotic counterparts of the subcluster 2h proteins.  

 Subcluster 2i consists exclusively of prokaryotic proteins from both bacteria and 

archaea. Within this subcluster are three sequence divergent subsubclusters which 

separate clearly from each other in Fig. 10. Subcluster 2j consists of just two bacterial 

proteins, one from a spirochete, and one from an actinobacterium. Subcluster 2k 

surprisingly includes one member from the bacterial domain (BFiSth8 gi: 55822737) and 

one from the eukaryotic domain (EnoDdi7 gi: 66809547). We consider it likely that the 

latter protein is an example of horizontal gene transfer since it derives from the slime 

mold, D. discoidium, which eats bacteria. Subcluster 2k also contains a putative 

pseudogene with poor conservation of the nine P-type ATPase functional motifs. By far 

the largest subcluster, 2l, includes characterized plasma membrane and vacuolar 

ATPases. These enzymes are derived from virtually all eukaryotic kingdoms represented. 

Distantly related to these proteins are subclusters 2j, 2k, and 2m, all including prokaryotic 

members. We suggest that these prokaryotic proteins may have been precursors of the 
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eukaryotic members of 2l. Finally, the subcluster 2m, mentioned above, contains 

members from both archaea and bacteria.  

 Family 3 H
+
/Cd

2+
, Mn

2+
-ATPases fall into a single cluster with two exceptions: 

ETrLma6 (gi: 76363822) and EViOsa22 (gi 77550906) which cluster very loosely with a 

FUPA 21 protein. Motif analyses revealed that these last two proteins, which according 

to BLAST search results belong to Family 3, are, in fact, pseudogenes. In the large 

phylogenetic cluster for Family 3, all proteins fall into five subclusters, 3a-3e. The most 

distantly related cluster includes archaeal proteins with a single exception. This exception 

is the functionally characterized Mn
2+

, Cd
2+

-ATPase of the firmicute,  Lactobacillus 

plantarum, MntA; BfiLpl1(gi 81325414) (Hao et al., 1999). This protein is more distantly 

related to the archaeal proteins of this cluster than all of them are to each other. The 

archaeal proteins of this cluster are derived from three kingdoms, Crenarchaeota, 

Euryarchaeota, and Korarchaeota.  

 Subcluster 3b consists of six proteins, five from the Trypanosomatidae group 

(four from Trypanosoma species and one from Leishmania major). The sixth protein is 

from Thalassiosira pseudonana of the Bacillariophyta group. This last protein is the most 

distant member of the subcluster as expected assuming a lack of horizontal transfer.  

 Subcluster 3c is derived exclusively from fungi, and these proteins fall into two 

groups. Neither subsubcluster appears to separate phylogenetically based on species 

type.  

 Subcluster 3d consists of 10 Euryarchaeota proteins and 3 bacterial proteins. As 

expected, assuming a lack of horizontal gene transfer, the tree suggests that the 

euryarchaeal proteins are more closely related to each other than to the bacterial proteins.  
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 Subcluster 3e derives exclusively from eukaryotic organisms. The majority of 

these proteins are from plants, and these proteins cluster more tightly with each other 

than they do with the three remaining proteins. These three proteins are from three 

different eukaryotic kingdoms, a red alga (Cyanidioschyzon merolae), a fungus 

(Cryptococcus neoformans), and a slime mold (Dictyostelium discoidium). Because these 

proteins are more distantly related to each other than they are to any of the plant proteins, 

one cannot suggest that they arose by horizontal gene transfer.  

 Family 4 Mg
2+

-ATPases fall into a single coherent cluster which divides into two 

subclusters, a large one and a small one. Only two homologues have been identified in 

eukaryotes, one from the slime mold, Dictyostelium discoidium, and the other from the 

fungus, Coccidioides posadasii. Surprisingly, these two proteins are not outliers of either 

cluster, but instead, each of them is present on a single internal branch within the larger 

subcluster. Because these two proteins are completely surrounded by prokaryotic 

proteins, we suggest that they were obtained via horizontal gene transfer from 

prokaryotes. Excluding the two eukaryotic proteins, the large subcluster proved to derive 

exclusively from bacteria. By contrast, the small cluster includes members from both 

bacteria and archaea.  

We noticed that the members of the large subcluster are, on average, 

approximately 50 aas larger than those in the small subcluster. A multiple alignment 

revealed that most of this size difference proved to be in the N-terminal regions of the 

proteins. Presumably, these two groups of proteins diverged relatively early during the 

evolution of this family, giving rise to two groups that differ both with respect to 

sequence and size.  
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 Family 8 Phospholipid flipping-ATPases are all derived from eukaryotes and 

are found in one coherent cluster.  Most of these proteins form a reasonably tight cluster, 

but a few of them are substantially more distant members of the Family 8 cluster. The 

most distant member is EOlTth14 (gi 118360224), from the ciliate, Tetrahymena 

thermophilum, and is 2814 aas in length. The extra domains in this large protein are 

found at the C-terminus and proved to be homologous to adenylate and guanylate 

cyclases of the Class III nucleotidyl cyclase superfamily. Motif analysis showed that the 

nine conserved motifs were well conserved, suggesting that this ATPase is functional. 

We presume that the C-terminal domains serve a regulatory function, either in regulating 

the activity of the ATPase itself, or in regulating some other cellular function(s).  

 One additional large protein from Tetrahymena thermophilum was even larger 

than EOlTth14. This protein, EOlTth70 (gi 118374377), of 3047 aas proved to also have 

a long C-terminal extension that contains regions of homology with elements commonly 

found in histidine sensor kinases. Thus, three domains from N-terminus to C-terminus 

were a histidine kinase A domain, a histidine kinase-like ATPase domain, and an aspartyl 

phosphoreceptor domain, commonly found in sensor kinases. These domains 

undoubtedly function in regulation.  

 Analyzing the cluster of Family 8 proteins in the counterclockwise direction, we 

find these proteins group into 12 subclusters (8a - 8l) as indicated in Fig. 9. 8a consists of 

a single protein, the most divergent member of this cluster, from the ciliate Tetrahymena 

thermophilum (EOlTth14) as discussed above. 8b also consists of a single protein, but is 

derived from Plasmodium falciparum (8ApPfa7 gi:3758839). 8c consists of many 

proteins. Surprisingly, the two outliers in this subcluster are from the same two 
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unicellular eukaryotes, T. thermophilum and P. falciparum. All remaining proteins within 

8c cluster relatively tightly together. These proteins are derived from unicellular 

eukaryotes, a red alga, animals, and fungi. Proteins of subclusters 8d-8g all derive from 

unicellular eukaryotes, but cluster 8h is from the slime mold D. discoidium and higher 

plants. Subcluster 8i derives from two types of organisms, Trypanosoma and Entameoba, 

where the proteins from the two types of organisms cluster separately. Subcluster 8j is 

derived exclusively from fungi. The large cluster 8k includes most of the homologues 

from higher organisms. Their sources include fungi, plants, animals, and a variety of 

unicellular eukaryotes. While clustering can be observed according to organism, we note 

that there are four distinct clusters of animal homologues, two of plants, and two of fungi. 

Finally subcluster 8l consists largely of proteins from T. thermophilum, but two proteins 

are from the apicomplexa group.  

Functionally Uncharacterized Type II P-type ATPases (FUPA Families 10-24, 30) 

 Eukaryotic FUPA families 10-22 have been analyzed bioinformatically by Thever 

and Saier (2009). FUPA Families 23, 24, and 30 are the only prokaryotic Type II FUPA 

families. Families 10-22, with the exception of the single FUPA 21 protein, cluster 

loosely together at the bottom right hand side of the tree. FUPA 10 is a unified family 

where every eukaryotic organism examined possesses just one member of this family. All 

of these proteins cluster together as expected. Families 11 and 12 are each represented by 

a single protein which stems from points near the center of this FUPA cluster. FUPA 

families 13 – 16, each family from a different type of eukaryote, have been shown to 

form a sub-superfamily in agreement with the results shown in Fig. 9 (Thever & Saier, 

2009). In fact, FUPA Family 17 may also be a part of this sub-superfamily although the 
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protein representing Family 17 is clearly more distant from all other members of this 

group. Remaining families 18, 19, 20, and 22 prove to be more distant from all 

previously mentioned FUPA families. One eukaryotic family, FUPA 21, is on a branch 

all by itself (lower left hand side), distantly related to two pseudogenes previously 

thought to be part of Family 3. FUPA 23 and 24 each comprises a coherent group of 

bacterial proteins. Finally, FUPA Family 30, once again, a coherent cluster, is comprised 

of both bacterial and archaeal members. The archaeal members were previously assigned 

to Family 2 on the basis of BLAST searches and analysis of the archaeal phylogenetic 

tree (Fig. 1). However, in Fig. 9, these archaeal proteins clearly cluster with the bacterial 

FUPA 30 proteins and are in fact interspersed with them.  

Phylogenetic Analysis of all Type III P-type ATPases (Family 7) 

 Sixty-six Family 7 P-type ATPases have been identified in the prokaryotic 

organisms included in this study. None was found in eukaryotes. A multiple alignment of 

these protein sequences revealed that all of them are full length and exhibit well 

conserved motifs. We could find no evidence for pseudogenes among them. Fig. 11 

shows the phylogenetic tree of all Family 7 P-type ATPases. The proteins in this tree fall 

into 15 distinct clusters, labeled 1-15. Surprisingly, these proteins cluster almost 

exclusively according to organismal type. However, an exception to this generalization is 

found for the ɤ-proteobacterial proteins. Of the five distinct clusters that contain these 

proteins, one (cluster 5) contains a protein from Deinococcus radiodurans and a second 

(cluster 11) is a mixed cluster of two ɤ-proteobacterial proteins and the only three β-

proteobacterial Family 7 proteins found. The other three ɤ-proteobacterial clusters (6, 10 

and 14) are exclusively from this organismal type. The only other cluster of mixed 
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organismal origin is cluster 9. This cluster contains 3 euryarchaeal ATPases and one δ-

proteobacterial ATPase. The remaining δ-proteobacterial protein is off by itself on branch 

15, while the rest of the archaeal ATPases group together in cluster 1.  

 The archaeal cluster 1 proteins have branch lengths substantially longer than those 

observed for the other proteins, indicating sequence divergence from the other Family 7 

members. Analysis of these proteins revealed that this sequence divergence is not a result 

of motif differences or a significant difference in protein size. A multiple alignment of 

Family 7 proteins showed that the proteins in this cluster do not align as well as the other 

proteins do for the first 80 alignment positions. These proteins diverge in sequence 

largely in this region. Remaining portions of these proteins exhibit comparable degrees of 

sequence conservation. We believe this N-terminal region explains the large differences 

in branch lengths. 

 All of the Bacteroides ATPases cluster tightly together in cluster 2. The firmicute 

proteins are present in two exclusive clusters, with most of them appearing in cluster 3 

with the remaining two in cluster 12. The cyanobacterial proteins cluster tightly and 

exclusively together in cluster 4. The actinobacterial and α-proteobacterial ATPases each 

group exclusively in their own clusters, cluster 7 and cluster 8, respectively. Finally, the 

single spirochete Family 7 ATPase branches by itself in cluster 13.  

 The results summarized above indicate a surprising lack of horizontal transfer 

between kingdoms, more so than for any of the other established families within the P-

type ATPase superfamily. As noted above, cluster 11 consists of about equal numbers of 

proteins from β- and ɤ-proteobacteria. This is not surprising because of all the 

proteobacterial orders, the β- and ɤ-proteobacteria are most closely related. The most 
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likely examples of horizontal transfer occur in clusters 5 and 9. In cluster 5, the 

exceptional member is the protein, BDeDra4 (gi10957402), which clusters loosely with 

two proteins from ɤ-proteobacteria. The other potential example of horizontal transfer 

(cluster 9) consists of euryarchaeal proteins with one protein from δ-proteobacteria.  

Distributions of P-type ATPases Across Three Domains  

Distributions of P-Type ATPase Families 

 Table 9 shows the percent distribution of P-type ATPases per family for each 

domain. Family 1(Na
+
/K

+
) is moderately represented in eukarya (7.5%), poorly 

represented in bacteria (1%), and archaeal representation (3.5%) represents the 

approximate median of the two. Family 2 (Ca
2+

) is well represented by all three domains, 

comprising a quarter of the eukaryotic ATPases, a fifth of archaeal, and about a sixth of 

bacterial. Family 3 (H
+
) represents about a tenth of the eukaryotic and archaeal proteins, 

while representation in bacteria is less than 1%. Family 4 (Mg
2+

) is very poorly 

represented in eukaryotes (.4%), moderately in bacteria (6.8%), and weakly in archaea 

(2.5%). Family 5 (Cu) is the largest family in bacteria and archaea at ~30% and 40% 

respectively, while only representing about 8% of the eukaryotic proteins. Family 6 (HM) 

is also well represented in bacteria and archaea, both at ~18%, while only comprising 

~1% of eukaryotic ATPases. Family 7 (Kdp-K
+
) is not present in eukaryotes, but is 

moderately represented in bacteria and archaea, 10% and 5% respectively. Family 8 

(phospholipids) is the largest family in eukaryotes, comprising 30% of the ATPases and 

is not present in prokaryotes. Families 9 and 10 are present in eukaryotes only at about 

5%. Families 11 – 22 are also eukaryotic only, all very weakly represented at 0.2 – 2%. 
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Families 23 – 31 are found only in bacteria all ranging from .4 – 5%. Family 32 is found 

in archaea at 1% and bacteria at 2.5%. 

Distributions of the Three Topological Types 

 The distribution of the three primary topological types of P-type ATPases is 

summarized in Table 10A-C. Table 10A presents the numbers of these enzymes, Table 

10B presents the fractions of the total, and Table 10C presents the distribution of the 

three topological types within the relevant domains (archaea, bacteria or eukaryotes). A 

total of 1272 homologues were analyzed. These proteins include 200 archaeal proteins, 

671 bacterial proteins, and 521 eukaryotic proteins. There are nine times as many Type I 

ATPases in prokaryotes as in eukaryotes, but there are nearly twice as many Type II 

ATPases in eukaryotes as in prokaryotes. In prokaryotes, Type I ATPases predominate 

over Type II enzymes by two-fold, while in eukaryotes, Type II ATPases predominate 

over Type I ATPases by nine-fold. Type III ATPases are present exclusively in 

prokaryotes. Of the archaeal proteins, 60% are of type I, 36% are of type II, and only 5% 

are of Type III. These percentages are probably the same as those for bacteria within 

experimental error. Thus, the corresponding values for bacteria are 60%, 29%, and 10%. 

The only significant difference might be the decrease in the percentages of archaeal type 

III ATPases relative to those of bacteria. However, because only nine archaeal Type III 

homologues were identified, there is likely to be substantial error in this number. These 

percentages are entirely different from those observed in eukaryotes where only 10% of 

the proteins are of type I but 90% are of Type II. The overall totals reveal that 40% of all 

ATPases analyzed are of type I, 55% are of type II, and 5% are of type III. These 

numbers reflect the fact that eukaryotes contain far more P-type ATPases than do 
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prokaryotes. These observations define the relative distributions of the three topological 

types of ATPases found in nature.  

Conclusions 

 Phylogenetic analysis of the compiled list of P-type ATPases has afforded more 

information than the separate analyses of the proteins from each of the individual 

organismal types. A tree with such a large sampling of proteins across all the main 

organismal types provides the relative position of each protein with respect to the 

different ATPase families as well as to the different host organisms. Additionally, it is 

important to note that with few exceptions, the results from the analyses of the compiled 

proteins are consistent with the data from the individual studies. A drawback of such a 

large analysis is that the probability of random statistical error occurring in the 

CLUSTALX program becomes larger, as was seen with inconsistent branching/clustering 

of some highly divergent proteins. Such variations were virtually non-existent in the 

individual analyses in which the number of proteins analyzed was rarely much greater 

than 200.  

 A comparison of the Type I and Type II phylogenetic trees revealed striking 

differences. The Type I tree was segregated into two main parts, which we classified as 

sub-superfamilies 5 and 6. The putative Type I FUPA families were integrated and 

dispersed among the larger characterized families, suggesting similar functionalities, 

possibly involving transport of heavy metals. On the other hand, the FUPA families in the 

Type II tree clearly segregate from the characterized families, suggesting different 

functionalities.  
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 Sub-clustering within family clusters provides valuable information as to the 

evolution of those proteins. Sub-clusters with several organismal types probably evolved 

earlier than those with less variety of organismal origin. This is supported by the 

observation that the more organismally diverse clusters almost always have a branch 

point closer to the center of the tree than those with less diversity, another indicator of 

evolutionary age.  

 Based on the familial and topological distribution of the ATPases among the three 

domains of life, we can make a few additional inferences. The ubiquity of Families 1, 2, 

3, 5 and 6 indicate that these ATPases evolved before the domain split. We suspect 

Family 2 to be one of the oldest ATPases based on the high level of functional and 

phylogenetic divergence observed (Figure 10). Family 4, though identified in two 

eukaryotes, is far more prevalent in prokaryotes, and their presence in the two eukaryotes 

was likely a result of horizontal gene transfer. Families 7 and FUPA Family 32, present 

in both archaea and bacteria, may have evolved at around the same time that the domain 

split occurred. Conversely, FUPA Families 23 – 31, minimally present in bacteria, and 

FUPA Families 10 – 22, found only in eukaryotes, may be more recent additions. The 

Family 8 and 9 proteins are exclusively eukaryotic and these too may have evolved after 

the split. Curiously, the Family 9 proteins, being closely related to the ubiquitous Family 

2 proteins, must have evolved relatively shortly after the domain split. The Family 8 

proteins, due to their high prevalence and eukaryotic exclusivity, must also have evolved 

around the same time. 

 While bioinformatic and phylogenetic analyses are useful, they very rarely 

provide definitive answers. Such studies serve best as a guide and sometimes as an 
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approximate substitute for more concrete research. However, for more ambiguous 

subjects such as protein evolution, sequence analysis is one of the best methods of 

experimentation. As computational approaches become more sophisticated and as more 

putative proteins become identified, such analyses will be of increasingly greater value. 

 Parts in this thesis in the Results and Discussion (Part II) have been published in 

―The P-type ATPase Superfamily‖ (2010). The thesis author is first author and a co-

investigator for this paper. Co-authors include: Milton H. Saier, Vartan Babayan, Charmy 

Gandhi, Kunal Hak, Danielle Harake, Kris Kumar, Perry Lee, Tze T. Li, Hao Yi Liu, 

Tony Chung Tung Lo, Cynthia J. Meyer, Steven Stanford and Krista S. Zamora.
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Figure 1. Phylogenetic tree of 200 archaeal P-type ATPases included in this study. 

Functionally characterized Families 1-7 are represented as well as FUPA 32, which can 

be found within the Family 6 cluster.  
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Figure 2. Phylogenetic tree of the 200 archaeal proteins with standards from TCDB as 

references. Reference proteins are marked with a number at the beginning of their 

abbreviation to indicate familial assignment. 
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Figure 3. Phylogenetic tree of 16S rRNAs from the 43 archaeal genuses that were 

analyzed for P-type ATPases. They cluster according to their respective phyla, 

Nanoarchaeota, Korarchaeota, Thaumarchaeota, Crenarchaeota, and Euryarchaeota, but 

several clusters include members of the Euryarchaeota. 
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Figure 4A.  

 

 
Figure 4B.  

 

Figure 4. AveHAS plots of the three topological types of P-type ATPases identified in 

the archaeal genomes included in this study. Top, light line, amphipathicity; Top, dark 

line, hydropathy; Bottom line, similarity. Vertical lines indicate putative TMSs. A. 

AveHAS plot of Type I archaeal P-type ATPases generated from a multiple alignment of 

the archaeal proteins from Families 5, 6, and 32. B. AveHAS plot of Type II archaeal P-

type ATPases generated from a multiple alignment of the archaeal proteins from Families 

1-4. C. AveHAS plot of Type III archaeal P-type ATPases generated from a multiple 

alignment of the archaeal proteins from Family 7. 
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Figure 4. continued 
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Figure 5. Phylogenetic tree of the 19 spirochaete ATPases identified in this study. Four 

functionally characterized families 1, 2, and 4-7 are represented along with three 

functionally uncharacterized families 27, 30, and 32. 
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Figure 6. Phylogenetic tree of the 19 spirochete proteins with standards from TCDB as 

references. Reference proteins are marked with a number at the beginning of their 

abbreviation to indicate familial assignment. 
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Figure 7. 16S rRNA tree of the seven spirochete species included in this study. 
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Figure 8. Phylogenetic tree of all Type I P-type ATPases included in Thever & Saier 

(2009) and in this study without protein abbreviations. Functionally characterized 

Families 5 and 6 as well as functionally uncharacterized Families 25-29, 31, and 32 are 

represented. The uncharacterized families are grouped according to which of the 

characterized families they cluster with. As described in the text, Families 27-29 cluster 

with Family 5; Families 25, 26, 31, and 32 cluster with Family 6. The two major families 

are divided by a dark line in the middle of the tree. Dark brackets indicate the major 

clusters while light brackets indicate the subclusters.  
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Figure 9. Phylogenetic tree of all Type II P-type ATPases included in Thever & Saier 

(2009) and in this study without protein abbreviations. Functionally characterized 

Families 1-4 as well as functionally uncharacterized Families 8-24 and 30 are 

represented.  
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Figure 10. Phylogenetic tree of all Family 2 (Ca
2+

) ATPases included in this study with 

extended abbreviations. The number in front denotes original family assignment based on 

analysis from individual organismal studies. The first letter denotes domain, the next two 

letters denote the kingdom, the next letter denotes genus, the last two letters denote 

species (these letters may be changed if the genus and species abbreviations are the same 

for different organisms), and the last number is arbitrarily assigned based on order in 

which the make_table5 program processed the sequence. The cluster assignment is based 

on the cluster assignment given to the Family 2 proteins in Figure 30. Proteins marked 

with a dot indicated a pseudogene. Proteins marked with a star indicate Family 1 proteins 

that have been misassigned. The asterisks indicate proteins that group with subcluster ‗i‘ 

in Figure 30, but cluster separately in this tree. 
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Figure 11. Phylogenetic tree of all Type III P-type ATPases included in this study. 

Family 7 is the only family represented in Type III P-type ATPases. Protein abbreviations 

are as listed in Figure 10.  

 

 



 

 

Table 1. P-type ATPases per family encoded within 64 archaeal genomes. A total of 200 P-type ATPases were identified (11 are 

in TCDB). The numbers of P-type ATPases in Families 1-7 and FUPA 32 are compiled. The complete organismal names along 

with the corresponding abbreviations (in parenthesis) are provided in column 1. 

Organism 

Genome 

size(Mbp) 

ORF 

count 

King-

dom 

Family 

1 

Family 

2 

Family 

3 

Family 

4 

Family 

5 

Family 

6 

Family 

7 

FUPA 

32 Total 

Aeropyrum pernix K1 (Ape) 1.7 1700 Cren 0 0 0 0 1 1 0 0 2 

Caldivirga maquilingensis IC-167 (Cma) 2.1 1963 Cren 0 0 0 0 1 0 0 0 1 

Desulfurococcus kamchatkensis 1221n (Dka) 1.4 1471 Cren 0 1 1 0 0 0 0 0 2 

Hyperthermus butylicus DSM 5456 (Hbu) 1.7 1602 Cren 0 0 0 0 0 0 0 0 0 

Igniococcus hospitalis (Iho) 1.3 1434 Cren 0 0 0 0 0 0 0 0 0 

Metallosphaera sedula DSM 5348 (Mse) 2.2 2256 Cren 0 0 1 0 1 0 0 0 2 

Pyrobaculum aerophilum str. IM2 (Pae) 2.2 2605 Cren 0 0 0 0 1 0 0 0 1 

Pyrobaculum arsenaticum DSM 13514 (Par) 2.1 2299 Cren 0 0 0 0 1 0 0 0 1 

Pyrobaculum calidifontis JCM 11548 (Pca) 2 2149 Cren 0 0 0 0 1 0 0 0 1 

Pyrobaculum islandicum DSM 4184 (Pis) 1.8 1978 Cren 0 0 0 0 1 0 0 0 1 

Staphylothermus marinus F1 (Sma) 1.6 1570 Cren 0 0 0 0 1 1 0 0 2 

Sulfolobus acidocaldarius DSM 639 (Sac) 2.23 2223 Cren 0 0 0 0 1 0 0 0 1 

Sulfolobus islandicus Y.N.15.51 (Sis) 2.7 2737 Cren 0 0 0 0 2 0 0 0 2 

Sulfolobus solfataricus P2 (Sos) 3 2977 Cren 0 0 0 0 2 0 0 0 2 

Sulfolobus tokodaii str. 7 (Sto) 2.7 2825 Cren 0 0 0 0 1 0 0 0 1 

Thermofilum pendens Hrk 5 (Tpe) 1.83 1824 Cren 0 1 1 0 0 0 1 0 3 

Thermoproteus neutrophilus V24Sta (Tne) 1.8 1966 Cren 0 0 1 0 0 0 0 0 1 

Crenarchaeota (17); ~1.4 P-type ATPases per organism    0 2 4 0 14 2 1 0 23 

             

Archaeoglobus fulgidus DSM 4304 (Afu) 2.18 2420 Eury 0 0 0 0 2 0 0 0 2 

Candidatus Methanoregula boonei 6A8 (Mbo) 2.5 2450 Eury 0 0 3 1 1 0 2 0 7 

Haloarcula marismortui ATCC 43049 (Hma) 4.27 3131 Eury 0 1 0 0 6 5 0 0 12 

Halobacterium salinarum R1 (Hsa) 2.66 2110 Eury 0 0 0 0 2 1 1 0 4 

Halobacterium sp. NRC-1 (Hsp) 2.57 2075 Eury 0 0 0 0 2 1 1 0 4 

Halogeometricum borinquense DSM 11551 (Hbo) 3.92 4005 Eury 0 1 0 0 3 1 0 0 5 

Halomicrobium mukohataei DSM 12286 (Hmu) 3.33 3399 Eury 0 0 0 0 2 1 0 0 3 1
0
4
 



 

 

Table 1. continued             

Haloquadratum walsbyi DSM 16790 (Hwa) 3.15 2610 Eury 0 0 0 0 1 1 0 0 2 

Halorhabdus utahensis DSM 12940 (Hut) 3.1 2998 Eury 0 0 0 0 0 0 0 0 0 

Halorubrum lacusprofundi ATCC 49239 (Hla) 3.66 2711 Eury 0 0 0 0 8 1 0 0 9 

Methanobrevibacter smithii DSM 2375 (Hsm) 1.9 1793 Eury 0 1 0 0 1 3 0 1 6 

Methanocaldococcus fervens AG86 (Mfe) 1.5 1546 Eury 0 1 1 0 0 0 0 0 2 

Methanocaldococcus infernus ME (Min) 1.31 1498 Eury 0 0 0 0 0 0 0 0 0 

Methanocaldococcus jannaschii DSM 2661 (Mja) 1.76 1729 Eury 0 0 1 0 0 0 0 0 1 

Methanocaldococcus vulcanius M7 (Mvu) 1.74 1777 Eury 0 0 1 0 0 0 0 0 1 

Methanococcoides burtonii DSM 6242 (Mbu) 2.58 2273 Eury 1 2 1 0 1 0 0 0 5 

Methanococcus aeolicus Nankai-3 (Mae) 1.6 1490 Eury 0 1 1 0 1 1 0 0 4 

Methanococcus maripaludis S2 (Mmp) 1.66 1722 Eury 1 1 0 0 1 1 0 0 4 

Methanococcus vannielii SB (Mva) 1.7 1678 Eury 0 1 0 0 1 1 0 0 3 

Methanococcus voltae A3 (Mvo) 1.87 1690 Eury 0 0 0 0 1 1 0 0 2 

Methanocorpusculum labreanum Z (Mla) 1.8 1739 Eury 0 2 0 0 1 1 0 0 4 

Methanoculleus marisnigri JR1 (Mms) 2.5 2489 Eury 0 2 0 0 2 1 0 0 5 

Methanopyrus kandleri (Mka) 1.69 1687 Eury 0 0 0 0 0 0 0 0 0 

Methanosaeta thermophila PT (Mtp) 1.9 1696 Eury 0 3 0 1 1 0 0 0 5 

Methanosarcina acetivorans C2A (Mac) 5.75 4540 Eury 1 2 2 0 2 1 0 0 8 

Methanosarcina barkeri str. Fusaro (Mba) 4.84 3606 Eury 1 2 2 1 2 1 0 0 9 

Methanosarcina mazei Go1 (Mma) 4.1 3370 Eury 1 5 0 0 2 0 0 0 8 

Methanosphaera stadtmanae DSM 3091 (Mst) 1.77 1534 Eury 0 1 0 0 1 2 0 1 5 

Methanosphaerula palustris E1-9c (Mpa) 2.9 2655 Eury 0 2 0 1 2 2 1 0 8 

Methanospirillum hungatei JF-1 (Mhu) 3.54 3139 Eury 1 4 0 0 1 1 0 0 7 

Methanothermobacter thermautotrophicus str. Delta H (Mth) 1.8 1873 Eury 1 1 0 0 2 1 0 0 5 

Natrialba magadii ATCC 43099 (Nma) 4.44 4361 Eury 0 1 0 0 3 2 0 0 6 

Natronomonas pharaonis DSM 2160 (Nph) 2.75 2661 Eury 0 0 0 0 4 1 0 0 5 

Picrophilus torridus DSM 9790 (Pto) 1.5 1583 Eury 0 0 1 0 1 0 1 0 3 

Pyrococcus abyssi GE5 (Pab) 1.8 1780 Eury 0 0 0 0 0 1 0 0 1 

Pyrococcus furiosus DSM 3638 (Pfu) 1.9 2125 Eury 0 0 0 0 1 0 0 0 1 

Pyrococcus horikoshii (Pho) 1.7 1955 Eury 0 0 0 0 0 0 0 0 0 

1
0
5
 



 

 

Table 1. continued             

Thermococcus gammatolerans (Tga) 2 2156 Eury 0 0 0 0 0 0 0 0 0 

Thermococcus kodakarensis KOD1 (Tko) 2.09 2306 Eury 0 0 0 0 1 0 0 0 1 

Thermococcus onnurineus NA1 (Ton) 1.8 1975 Eury 0 0 0 0 2 0 0 0 2 

Thermococcus sibiricus MM 739 (Tsi) 1.8 2035 Eury 0 0 0 0 1 0 0 0 1 

Thermoplasma acidophilum DSM 1728 (Tac) 1.6 1482 Eury 0 0 1 0 1 0 1 0 3 

Thermoplasma volcanium GSS1 (Tvo) 1.58 1499 Eury 0 0 0 0 1 0 1 0 2 

Uncultured methanogenic archaeon RC-I (Orf) 3.2 3085 Eury 0 5 0 1 2 2 0 0 10 

Euryarchaeota (44) ~4 P-type ATPases per organism    7 39 14 5 66 34 8 2 175 

             

Candidatus Korarchaeum cryptofilum (Kcr) 1.6 1602 Kora 0 0 1 0 1 0 0 0 2 

Korarchaeota    0 0 1 0 1 0 0 0 2 

             

Nanoarchaeum equitans (Neq) 0.49 536 Nano 0 0 0 0 0 0 0 0 0 

Nanoarchaeota    0 0 0 0 0 0 0 0 0 

             

Nitrosopumilus maritimus (Nma) 1.6 1795 Cren 0 0 0 0 0 0 0 0 0 

Thaumoarchaeota    0 0 0 0 0 0 0 0 0 

Grand Total (64) ~3.1 P-type ATPases per organism    7 41 19 5 81 36 9 2 200 

 

1
0
6
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Table 2. Archaeal P-type ATPases included in this study organized by family, but in 

alphabetical order by organismal name for each family. 200 Archaeal P-type ATPases 

were categorized according to family (Families 1-7 and FUPA 32). Protein size is given 

in numbers of amino acyl residues. The average size ± standard deviations (S.D.) of the 

proteins in each family are presented in bold print. 

Abbreviation Organism 

Protein 

Size 

(#aa) 

GenBank 

Index (GI) 

# 

Family 1 (Na
+
,K

+
)   

Mbu4 Methanococcoides burtonii  871 91772477 

Mmp7 Methanococcus maripaludis  926 45358273 

Mac8 Methanosarcina acetivorans  929 20093165 

Mba1 Methanosarcina barkeri  949 73668586 

Mma15 Methanosarcina mazei  955 21227171 

Mhu6 Methanospirillum hungatei  931 88601933 

Mth8 Methanothermobacter thermautotrophicus  910 15679513 

Average Protein size ± S.D. 924 ± 28  

Family 2 (Ca
2+

)   

Dka2 Desulfurococcus kamchatkensis 894 218883995 

Hma5 Haloarcula marismortui  860 55376702 

Hbo3 Halogeometricum borinquense  896 227882380 

Msm5 Methanobrevibacter smithii  818 222445196 

Mfe1 Methanocaldococcus fervens  848 256811177 

Mbu2 Methanococcoides burtonii  887 91772892 

Mbu5 Methanococcoides burtonii  894 91773644 

Mae4 Methanococcus aeolicus  889 150401324 

Mmp17 Methanococcus maripaludis  834 45358083 

Mva2 Methanococcus vannielii  842 150400086 

Mla4 Methanocorpusculum labreanum  886 124485548 

Mla1 Methanocorpusculum labreanum  844 124485805 

Mms3 Methanoculleus marisnigri  919 126178302 

Mms1 Methanoculleus marisnigri  903 126180071 

Mtp6 Mmp13 thermophila  885 116753694 

Mtp10 Methanosaeta thermophila  831 116754316 

Mtp3 Methanosaeta thermophila  838 116754767 

Mac5 Methanosarcina acetivorans  947 20091332 

Mac4 Methanosarcina acetivorans  909 20092875 

Mba8 Methanosarcina barkeri 944 73667954 

Mba5 Methanosarcina barkeri 914 73668047 

Mma5 Methanosarcina mazei  910 21226937 

Mma4 Methanosarcina mazei  945 21227003 

Mma6 Methanosarcina mazei  939 21227563 

Mma12 Methanosarcina mazei  885 21228643 
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Table 2. continued   

Mma8 Methanosarcina mazei  942 21229171 

Mst4 Methanosphaera stadtmanae  839 84489996 

Mpa6 Methanosphaerula palustris 859 219852270 

Mpa5 Methanosphaerula palustris  910 219852507 

Mhu2 Methanospirillum hungatei  905 88601643 

Mhu1 Methanospirillum hungatei  880 88601653 

Mhu3 Methanospirillum hungatei  910 88601837 

Mhu5 Methanospirillum hungatei  863 88603901 

Mth5 Methanothermobacter thermautotrophicus 844 15679019 

Nma4 Natrialba magadii  934 224822622 

Tpe2 Thermofilum pendens  888 119719115 

Orf7 uncultured methanogenic archaeon RC-I 894 147918898 

Orf5 uncultured methanogenic archaeon RC-I 826 147920270 

Orf4 uncultured methanogenic archaeon RC-I 902 147920845 

Orf1 uncultured methanogenic archaeon RC-I 847 147921402 

Orf9 uncultured methanogenic archaeon RC-I 876 147921726 

Average Protein size ± S.D. 885 ± 36  

Family 3 (H
+
)    

Kcr1 Candidatus Korarchaeum cryptofilum  803 170290012 

Mbo6 Candidatus Methanoregula boonei  809 154150470 

Mbo7 Candidatus Methanoregula boonei  810 154150800 

Mbo5 Candidatus Methanoregula boonei  813 154151044 

Dka1 Desulfurococcus kamchatkensis  777 218884512 

Mse2 Metallosphaera sedula  785 146303288 

Mfe2 Methanocaldococcus fervens  800 256810532 

Mja1 Methanocaldococcus jannaschii  805 15669411 

Mvu1 Methanocaldococcus vulcanius  800 255052090 

Mbu1 Methanococcoides burtonii  815 91772147 

Mae2 Methanococcus aeolicus  804 150401231 

Mac1 Methanosarcina acetivorans  839 20090530 

Mac2 Methanosarcina acetivorans  819 20091657 

Mba3 Methanosarcina barkeri 739 73670243 

Mba9 Methanosarcina barkeri 810 73670244 

Pto2 Picrophilus torridus  781 48478554 

Tpe1 Thermofilum pendens 802 119720332 

Tac1 Thermoplasma acidophilum  780 16082076 

Tne1 Thermoproteus neutrophilus  817 171185631 

Average Protein size ± S.D. 800 ± 21  

Family 4 (Mg)   
Mbo1 Candidatus Methanoregula boonei  864 154150828 

Mtp4 Methanosaeta thermophila  846 116754240 

Mba4 Methanosarcina barkeri  842 73669599 
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Table 2. continued   

Mpa3 Methanosphaerula palustris  861 219850902 

Orf6 uncultured methanogenic archaeon RC-I 845 147919201 

Average Protein size ± S.D. 852 ± 10  

Family 5 (Cu)   
Ape2 Aeropyrum pernix 838 118431463 

Afu1 Archaeoglobus fulgidus  690 11497769 

Afu2 Archaeoglobus fulgidus  804 11498084 

Cma1 Caldivirga maquilingensis  806 159041816 

Kcr2 Candidatus Korarchaeum cryptofilum  680 170290133 

Mbo3 Candidatus Methanoregula boonei  820 154150332 

Hma11 Haloarcula marismortui  868 55376454 

Hma4 Haloarcula marismortui  760 55376462 

Hma12 Haloarcula marismortui  790 55376465 

Hma1 Haloarcula marismortui  758 55376552 

Hma3 Haloarcula marismortui  873 55377382 

Hma8 Haloarcula marismortui  793 55377956 

Hsa3 Halobacterium salinarum  857 169235603 

Hsa2 Halobacterium salinarum  801 169236777 

Hsp2 Halobacterium sp. NRC-1 857 15789882 

Hsp3 Halobacterium sp. NRC-1 801 15791027 

Hbo5 Halogeometricum borinquense  771 227881475 

Hbo4 Halogeometricum borinquense  810 227882185 

Hbo1 Halogeometricum borinquense  876 227882961 

Hmu1 Halomicrobium mukohataei  865 227390050 

Hmu2 Halomicrobium mukohataei  779 227392137 

Hwa2 Haloquadratum walsbyi  942 110667093 

Hla1 Halorubrum lacusprofundi  775 222475774 

Hla4 Halorubrum lacusprofundi  756 222475901 

Hla7 Halorubrum lacusprofundi  866 222475960 

Hla2 Halorubrum lacusprofundi  777 222475963 

Hla9 Halorubrum lacusprofundi  842 222479012 

Hla5 Halorubrum lacusprofundi  833 222480165 

Hla6 Halorubrum lacusprofundi  741 222480280 

Hla8 Halorubrum lacusprofundi  816 222480817 

Mse1 Metallosphaera sedula  744 146303275 

Msm2 Methanobrevibacter smithii  815 222445444 

Mbu3 Methanococcoides burtonii  942 91772641 

Mae3 Methanococcus aeolicus  744 150400731 

Mmp13 Methanococcus maripaludis  723 45358728 

Mva1 Methanococcus vannielii  724 150399237 

Mvo2 Methanococcus voltae  1046 163799482 

Mla2 Methanocorpusculum labreanum  810 124486053 
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Table 2. continued   

Mms9 Methanoculleus marisnigri  678 126179299 

Mms10 Methanoculleus marisnigri  821 126179816 

Mtp7 Methanosaeta thermophila  802 116754215 

Mac6 Methanosarcina acetivorans  764 20089064 

Mac7 Methanosarcina acetivorans  982 20090203 

Mba6 Methanosarcina barkeri  954 73669394 

Mba7 Methanosarcina barkeri  829 73668360 

Mma14 Methanosarcina mazei  711 21227565 

Mma16 Methanosarcina mazei  962 21228430 

Mst1 Methanosphaera stadtmanae  810 84489052 

Mpa7 Methanosphaerula palustris  816 219850803 

Mpa4 Methanosphaerula palustris  724 219851317 

Mhu7 Methanospirillum hungatei  861 88602273 

Mth1 Methanothermobacter thermautotrophicus 675 15678780 

Mth9 Methanothermobacter thermautotrophicus  790 15679531 

Nma5 Natrialba magadii  890 224819030 

Nma1 Natrialba magadii  874 224821384 

Nma2 Natrialba magadii  842 224822684 

Nph1 Natronomonas pharaonis  851 76801976 

Nph2 Natronomonas pharaonis  818 76802127 

Nph4 Natronomonas pharaonis  782 76802210 

Nph5 Natronomonas pharaonis  812 76802784 

Pto3 Picrophilus torridus  671 48477236 

Pae1 Pyrobaculum aerophilum  789 18313568 

Par1 Pyrobaculum arsenaticum  789 145590808 

Pca1 Pyrobaculum calidifontis  792 126459341 

Pis1 Pyrobaculum islandicum  791 119872935 

Pfu1 Pyrococcus furiosus  799 18977112 

Sma2 Staphylothermus marinus  660 126465496 

Sac1 Sulfolobus acidocaldarius  741 70606661 

Sis1 Sulfolobus islandicus  727 229583364 

Sis2 Sulfolobus islandicus  748 229583435 

Sso1 Sulfolobus solfataricus  755 15899375 

Sso2 Sulfolobus solfataricus  695 15899608 

Sto1 Sulfolobus tokodaii  740 15922019 

Tko1 Thermococcus kodakarensis  799 57640772 

Ton1 Thermococcus onnurineus  800 212223984 

Ton2 Thermococcus onnurineus  642 212223989 

Tsi1 Thermococcus sibiricus  799 242399679 

Tac2 Thermoplasma acidophilum  672 16082160 

Tvo2 Thermoplasma volcanium  686 13542071 

Orf2 uncultured methanogenic archaeon RC-I 680 147918783 
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Table 2. continued   

Orf3 uncultured methanogenic archaeon RC-I 812 147920132 

Average Protein size ± S.D. 795 ± 77  

Family 6 (HM)   
Ape1 Aeropyrum pernix  585 118431927 

Hma7 Haloarcula marismortui  639 55376427 

Hma2 Haloarcula marismortui  894 55376485 

Hma6 Haloarcula marismortui  787 55376530 

Hma10 Haloarcula marismortui  859 55377209 

Hma9 Haloarcula marismortui  806 55380298 

Hsa4 Halobacterium salinarum  736 169235179 

Hsp4 Halobacterium sp. NRC-1 757 15789464 

Hbo2 Halogeometricum borinquense  902 227881027 

Hmu3 Halomicrobium mukohataei  785 227392278 

Hwa1 Haloquadratum walsbyi  861 110668188 

Hla3 Halorubrum lacusprofundi  812 222480495 

Msm1 Methanobrevibacter smithii  703 222444846 

Msm6 Methanobrevibacter smithii  608 222445257 

Msm3 Methanobrevibacter smithii  681 222445418 

Mae1 Methanococcus aeolicus 690 150400770 

Mmp2 Methanococcus maripaludis  691 45357779 

Mva3 Methanococcus vannielii  696 150399974 

Mvo1 Methanococcus voltae  658 163799944 

Mla3 Methanocorpusculum labreanum  626 124485885 

Mms11 Methanoculleus marisnigri  698 126179296 

Mac3 Methanosarcina acetivorans  647 20092432 

Mba2 Methanosarcina barkeri  645 73667892 

Mst2 Methanosphaera stadtmanae  731 84488951 

Mst5 Methanosphaera stadtmanae  644 84489487 

Mpa8 Methanosphaerula palustris  637 219852898 

Mpa2 Methanosphaerula palustris  637 219853196 

Mhu4 Methanospirillum hungatei  643 88602629 

Mth2 Methanothermobacter thermautotrophicus  605 15678439 

Nma3 Natrialba magadii  926 224822407 

Nma6 Natrialba magadii  675 224823153 

Nph3 Natronomonas pharaonis  730 76800784 

Pab1 Pyrococcus abyssi  689 14521140 

Sma1 Staphylothermus marinus  600 126465500 

Orf10 uncultured methanogenic archaeon RC-I 708 147919504 

Orf8 uncultured methanogenic archaeon RC-I 647 147919933 

Average Protein size ± S.D. 712 ± 92  

Family 7 (K)    

Mbo2 Candidatus Methanoregula boonei  700 154149987 
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Table 2. continued   

Mbo4 Candidatus Methanoregula boonei  700 154150438 

Hsa1 Halobacterium salinarum  719 169237380 

Hsp1 Halobacterium sp. NRC-1 719 16120121 

Mpa1 Methanosphaerula palustris  689 219853053 

Pto1 Picrophilus torridus  659 48477228 

Tpe3 Thermofilum pendens  701 119720385 

Tac3 Thermoplasma acidophilum  665 16082298 

Tvo1 Thermoplasma volcanium  668 13541331 

Average Protein size ± S.D. 691 ± 23  

FUPA 32    

Msm4 Methanobrevibacter smithii 707 222444459 

Mst3 Methanosphaera stadtmanae  705 84489626 

Average Protein size ± S.D. 706 ± 1  
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Table 3. Conserved motifs for the eight Archaeal P-type ATPase families. 

The nine conserved motifs of the nine families identified in these organisms were 

characterized based on multiple alignments. Only the most common motif residues in a 

family are presented along with the degree of conservation for the members of that 

family.
1
 

Consensus: PGD PAD TGES PEGL DKTGTLT KGAPE DPPR MVTGD VAVTGDGVNDSPALKKADIGVAM 

Family 1           

Seq. Motif: VGD PAD TGES PEGL DKTGTLT KGAPE DPPR MITGD VTMTGDGVNDAPAIKNADMGVAM 

Conservation _** *** ***: *:.* ******* ***_. **_: ::*** *::**********::.:.:**** 

Family 2          

Seq. Motif: PGD PAD TGES PEGL DKTGTLT KGAPE DPPR MITGD VAMTGDGVNDAPALKAADIGVAM 

Conservation _.* _** ***: *___ *****:* .*:__ *__: ::*** :_..***_**__*:__:_:*::: 

Family 3          

Seq. Motif: PGD PAD TGES PAAL DKTGTLT KGAPQ DPPR MVTGD VGMTGDGVNDAPALKQADVGIAV 

Conservation *.* *** **** *_*: *****:* ***__ *__: *:*** _.*****:**.*:*:_*:_*:** 

Family 4          

Seq. Motif: PGD PAD TGET PQLL DKTGTLT KGALE DPPK ILTGD VGYMGDGINDAPALHAADVGISV 

Conservation *** *.* ***. *:** *****:* ***__ **_* ::*** **::******..:::_:*:.*** 

Family 5          

Seq. Motif: PGE PVD TGES PCAL DKTGTLT KGVRA DTIK MITGD VAMVGDGINDAPALAQADVGIAI 

Conservation _._ ._* .**_ *__. **:**:* _.___ ___: :_:** __::*** **__::__:__._:. 

Family 6          

Seq. Motif: PGE PVD TGES PCAL DKTGTLT KGVRA DEVR MLTGD VAMVGDGINDAPALATADVGIAM 

Conservation _*_ ._* ***: *_.. *****:* _.___ :_:_ :_:** __::*:*_**___:__:_:.:.: 

Family 7          

Seq. Motif: PRD SVD TGES PTTI DKTGTIT KGALD DILK MITGD VAMTGDGTNDAPALAKADVGLAM 

Conservation *_* _*: **** **** ******* **:_. *_:* *_*** *.:_**********::***.:** 

FUPA 32          

Seq. Motif: EKD PAD TGES SCAL DKTGTLT HGIAT DPPR MLTGD VIMVGDGINDSPALSAADVSVAM 

Conservation :.* *.* ***. ***: ******* ***** ** * ***** :*************:******:* 

 
1  

* signifies an identity 

: signifies similarity 

. signifies a more distant similarity as determined by the CLUSTAL X program. 

_   indicates a lack of similarity among the residues present at a particular position.  



 

 

Table 4. Numbers of P-type ATPases per family encoded within 13 Spirochaete genomes. A total of 19 P-type ATPases were 

identified. The complete organismal names along with the corresponding abbreviations (in parenthesis) are provided in column 1, 

with genome sizes (column 2), ORF counts (column 3), and family distribution of the ATPases (columns 4-13). 

Organism 
Genome 

size 

ORF 

count 

Family 

1 

Family 

2 

Family 

4 

Family 

5 

Family 

6 

Family 

7 

FUPA 

27 

FUPA 

30 

FUPA 

32 Total 

Borrelia afzelii PKo 1.24 855 0 0 0 0 0 0 0 0 0 0 

Borrelia burgdorferi B31 1.52 851 0 0 0 0 0 0 0 0 0 0 

Borrelia duttonii Ly 1.57 820 0 0 0 0 0 0 0 0 0 0 

Borrelia garinii PBi 1.22 832 0 0 0 0 0 0 0 0 0 0 

Borrelia hermsii DAH 0.92 819 0 0 0 0 0 0 0 0 0 0 

Borrelia recurrentis A1 1.24 800 0 0 0 0 0 0 0 0 0 0 

Borrelia turicatae 91E135 0.92 818 0 0 0 0 0 0 0 0 0 0 

Brachyspira hyodysenteriae WA1 3.04 2611 0 1 1 1 1 0 0 0 0 4 

Leptospira biflexa serovar Patoc strain &apos;Patoc 1 (Ames)&apos; 3.95 3277 1 0 0 2 1 0 1 1 0 6 

Leptospira borgpetersenii serovar Hardjo-bovis L550 3.92 2703 0 0 0 1 0 0 1 0 0 2 

Leptospira interrogans serovar Copenhageni str. Fiocruz L1-130 4.66 4357 0 0 1 1 0 1 0 0 0 3 

Treponema denticola ATCC 35405 2.8 2767 0 0 0 1 1 0 0 0 1 3 

Treponema pallidum subsp. pallidum str. Nichols 1.14 1036 0 0 0 1 0 0 0 0 0 1 

TOTAL   1 1 2 7 3 1 2 1 1 19 

 

1
1
4
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Table 5. Spirochaete P-type ATPases included in this study organized by family, but in 

alphabetical order by organismal name for each family. 19 Spirochaete P-type ATPases 

were categorized according to family (Families 1, 2, 4-7, FUPA 30, and FUPA 32). 

Protein size is given in numbers of amino acyl residues. The average size ± standard 

deviations (S.D.) of the proteins in each family are presented in bold print. 

Abbreviation Organism 

Protein 

Size (#aa) 

GenBank 

Index (GI) # 

Family 1 (Na
+
,K

+
)   

Lbi4 Leptospira biflexa 1046 189912170 

Family 2 (Ca
2+

)    

Bhy1 Brachyspira hyodysenteriae 878 225619178 

Family 4 (Mg
2+

)   

Bhy2 Brachyspira hyodysenteriae 904 225621428 

Lin7 Leptospira interrogans 843 45657576 

Average Protein size ± S.D. 874 ± 43  

Family 5 (Cu)   

Bhy4 Brachyspira hyodysenteriae 758 225620657 

Lbi3 Leptospira biflexa 734 189912159 

Lbi7 Leptospira biflexa 777 189909987 

Lbo4 Leptospira borgpetersenii 742 116330313 

Lin4 Leptospira interrogans 739 45658809 

Tde3 Treponema denticola 891 42525527 

Tpa1 Treponema pallidum 792 15640020 

Average Protein size ± S.D. 776 ± 55  

Family 6 (HM)   

Bhy3 Brachyspira hyodysenteriae 645 225619998 

Lbi2 Leptospira biflexa 671 189912523 

Tde2 Treponema denticola 643 42526892 

Average Protein size ± S.D. 653 ± 16  

Family 7 (K
+
)   

Lin2 Leptospira interrogans 692 45656879 

FUPA 27    

Lbi9 Leptospira biflexa 820 189912906 

Lbo1 Leptospira borgpetersenii 813 116331093 

Average Protein size ± S.D. 817 ± 5  

FUPA 30    

Lbi8 Leptospira biflexa 837 189911895 

FUPA 32    

Tde1 Treponema denticola 699 42525989 
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Table 6. Conserved motifs for the eight spirochaete P-type ATPase families. The nine 

conserved motifs of the nine families identified in these organisms were characterized 

based on multiple alignments. Only the most common motif residues in a family are 

presented along with the degree of conservation for the members of that family. 
1
 

 

Consensus: PGD PAD TGES PEGL DKTGTLT KGAPE DPPR MVTGD VAVTGDGVNDSPALKKADIGVAM 

Family 1           

Seq. Motif: PGD PAD TGES PEGL DKTGTLT KGGPA DPIR MITGD VAVTGDGVNDGPALKKADIGIAM 

Lbi4          

Family 2          

Seq. Motif: VGD PAD TGES PEGL DKTGTLT KGSPE DPVR MLTGD VAVTGDGINDAPAIKNADVGVAM 

Bhy1          

Family 4          

Seq. Motif: PGD PAD TGES PQLL DKTGTLT KGALE DPPK ILTGD VGFIGDGINDVLALKSADIGISV 

Conservation  ** *** ***: *::* ******* ***: **** ::*** **::******* *:: :*:.*** 

Family 5          

Seq. Motif: PGD PAD TGET PQLL DKTGTLT KGALE DPPK ILTGD VGYMGDGINDAPALHAADVGISV 

Conservation *** *.* ***. *:** *****:* ***__ **_* ::*** **::******..:::_:*:.*** 

Family 6          

Seq. Motif: IGD PLD TGES PCAL DKTGTLT KGASA DSLK MLSGD VAFVGDGINDAPALARADVGIAM 

Conservation  .*  :* *** ***: *****:* :* .  *.:* :::**   ::***:**** :  :::***: 

Family 7          

Seq. Motif: IGD PGD TGES PTTI DKTGTIT KGAGD DIVK MITGD VAMIGDGTNDAPALAQSDVGVAM 

Lin3          

FUPA 27          

Seq. Motif: LGD PVD TGES PCAL DKTGTLT KLIAS DTVR ILSGD VVMVGDGINDSASLARANVGISM 

Conservation  ** *** **** **** ******* *: .* * :* ***** *:********* .** **:.** 

FUPA 30          

Seq. Motif: FDD PAD TGES PEEL DKTGTIT KGSPE DPIR MITGD VAMTGDGVNDAPALRTANIGVAM 

Lbi8          

FUPA 32          

Seq. Motif: AGD PAD TGES SCAM DKTGTLT KGEEL DPVR MLTGD IVMIGDGINDSPALSEADVGIAM 

Tde1          

 
1  

* signifies an identity: 

: signifies similarity 

. signifies a more distant similarity as determined by the CLUSTAL X program. 

A space indicates a lack of similarity among the residues present at a particular position. 

Some families only include one member protein and thus do not have conservation 

analysis.



 

 

Table 7. Percent distribution of P-type ATPases based on family for each domain. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Domain       Percent         

Family 1 2 3 4 5 6 7 8 

Eukarya 7.52 24.16 8.91 0.4 8.32 1.39 0 29.9 

Archaea 3.5 20.5 9.5 2.5 40.5 18 4.5 0 

Bacteria 1.13 15.88 0.57 6.81 29.68 17.77 10.78 0 

                  

Family 9 10 11 12 13 14 15 16 

Eukarya 4.75 5.15 0.2 0.2 0.99 1.19 0.59 2.18 

Archaea 0 0 0 0 0 0 0 0 

Bacteria 0 0 0 0 0 0 0 0 

                  

Family 17 18 19 20 21 22 23 24 

Eukarya 0.2 0.2 0.2 2.18 0.2 1.19 0 0 

Archaea 0 0 0 0 0 0 0 0 

Bacteria 0 0 0 0 0 0 2.84 1.32 

                  

Family 25 26 27 28 29 30 31 32 

Eukarya 0 0 0 0 0 0 0 0 

Archaea 0 0 0 0 0 0 0 1 

Bacteria 1.89 0.57 5.29 0.38 0.57 1.32 0.57 2.56 

1
1
7
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Table 8. Distribution of three primary topological types in the three domains of life. 

A. Numerical representation of the three topological types among the domains of life 

of all the organisms included in this study. B. Ratio of the number proteins in each 

topological type for each domain of life, versus the total number of proteins of that 

topological type for all organisms included in this study. C. Ratio of the number of 

proteins in each topological type for each domain versus the total number of proteins 

of that domain of life. 

Table 8A.  

Numerical Representation of the Three Topological Types Among the Domains  

Numbers Archaea Bacteria 

Prokaryota 

(A+B) Eukaryota Total 

Type I 119 334 453 51 504 

Type II 72 160 232 470 702 

Type III 9 57 66 0 66 

Total 200 551 751 521 1272 

 

Table 8B.  
Ratio of Domain Topological Types Against Total for Topological Type 

Ratios Archaea Bacteria 

Prokaryota 

(A+B) Eukaryota Arch/Prok 

I/Total 

(Type) 0.24 0.66 0.90 0.10 0.26 

II/T 0.10 0.23 0.33 0.67 0.31 

III/T 0.14 0.86 1.00 0 0.14 

 

Table 8C.  
Ratio of Domain Topological Types Against Total P-type ATPases for that Domain 

Ratios 

A/Total 

(D) B/Total (D) P/Total (D) E/Total (D) 

Type/Total 

(All) 

Type I 0.60 0.60 0.60 0.10 0.40 

Type II 0.36 0.29 0.31 0.90 0.55 

Type III 0.05 0.10 0.09 0.00 0.05 
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