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al., 2008) and chapter 2 is a submitted manuscript. The last chapter is currently in preparation for 

publication. These three chapters represent the results of this study, which provides new insights 

into the structure of the KdpFABC complex from Escherichia coli and into the functional dynamics 
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GENERAL INTRODUCTION 
 
 
Ion gradients and potassium transporting proteins in Bacteria 

The accumulation of potassium ions (K+) within the cytoplasm and the exclusion of sodium ions 

(Na+) is a major attribute of every living cell (1, 2). The potassium ions are primarily used for the 

generation of turgor pressure. In addition, cytoplasmic K+ plays a role in the activation of enzymes 

(3) and in pH homeostasis (For overview: 4), whereby the regulation of cytoplasmic pH is a sum 

effect of the K+,H+-antiporter (5) and the Na+,H+-antiporter (6). These ion fluxes are carried out and 

regulated by a variety of membrane proteins including ion channels, transporters and proteins in 

response to environmental conditions.  

One of the most important stress factor in bacteria is connected to the osmolality of the 

surrounding medium. Due to fast fluctuations in osmolality, the prokaryotic cell needs a fast 

response system. As a first response to an osmotic upshock, a massive K+ accumulation in the 

cytoplasm can be observed in order to avoid extreme water efflux, which rises the concentration of 

K+ from 200-500 mM under normal conditions up to the molar range. The K+ influx is mainly 

achieved by activation of the Trk potassium uptake systems (7). Simultaneously, the bacteria 

synthesize organic anions like glutamate (8, 9), which serve as a counterbalance for the positively 

charged potassium ions. As a secondary response when the K+ concentration reaches a critical 

point, the cells synthesize or take up so-called compatible solutes, which can either be zwitterionic 

like proline, glycine betaine or ectoine (7, 10-12), or they can be uncharged carbohydrates like 

trehalose (13, 14). In the case of a fast decrease of medium osmolality (osmotic downshock) 

bacteria counteract with a complete loss of potassium glutamate and trehalose (15). Due to these 

different reactions upon a change in medium osmolality, the E. coli cell requires a set of specialized 

potassium transport systems (Figure 1). 

The homologous potassium channels KefB and KefC (16) are mainly responsible for K+-efflux. 

In addition, they are essential for the detoxification of electrophile reagents like methylglyoxal or 

NEM (17). Beside the Kef systems, a so far biochemically uncharacterized K+/H+-antiporter also 

plays a role in potassium efflux (18). In the case of a rather drastic decrease of external osmolality, 

K+ ions leave the cytoplasm together with other small molecules by means of mechanosensitive 

channels. Electrophysical data led to the notion that there are three types of mechanosensitive 

channels according to their different opening behaviour over a membrane pressure gradient (19). 

At external K+ concentrations above 200 µM, K+ is taken up by the constitutively expressed 

TrkG/TrkH and Kup systems. The Trk systems exhibit moderate affinities for potassium (KM: 0.3-1 

and 2.2-3 mM, respectively) but high uptake rates (vmax: 240 µmol g-1 min-1 and  

310-450 µmol g-1 min-1, respectively) (20). This transport system is built up of at least three 
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subunits. The membrane-integral subunit TrkG or TrkH transports the ion into the cytoplasm (4). 

The TrkA protein is capable of binding NAD(H), whereas the membrane-associated Sap protein 

binds ATP. However, although the transport depends on both the proton motive force and ATP, the 

ATP is merely needed for activation and is not hydrolyzed (21)  

The Kup system doesn’t seem to play a role in osmoadaptation (15). It transports potassium 

with rather low affinity as well as low uptake rates (KM: 0.3 mM; vmax: 30 µmol g-1 min-1) (22) and, 

in contrast to the other potassium uptake systems, it lacks the discrimination between K+ and Rb+ 

and also transports Cs+. Similar to the Trk systems, the K+ transport seems to be driven by a H+ 

symport (4) 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Regulation of Kdp expression 

When the K+ concentration in the medium falls below 100 µM, the constitutively expressed low 

affinity K+ uptake systems (Trk, Kup) are no longer sufficient to meet the cell’s demand for 

potassium. Therefore, under these conditions many prokaryotes express a high affinity K+ uptake 

system, the KdpFABC complex (26, 27). The coupling of ion transport to ATP hydrolysis leads to 

a very high potassium affinity (KM: 2 µM) but only to moderate transport rates  

(vmax: 150 µmol g-1 min-1) (28). 

The Kdp system is genetically organized in a regulon, which consist of two adjacent operons 

(Figure 2). The first operon is built up of four structural genes, which are coding for the membrane-

integrated KdpFABC complex (26, 29, 30). The regulation of this operon is mediated by the gene 

products of the second operon (31, 32). The membrane-bound sensor kinase KdpD and the 

cytoplasmic response regulator KdpE belong to the family of two-component sensor 

Figure 1: Schematic overview of K+-transporting systems in Escherichia coli. According to ref 23 with 
changes described in ref 4, 24 and 25.  
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kinase/response regulator systems (33). KdpD is inserted into the membrane by a bundle of four 

transmembrane helices. The N-terminal and C-terminal part of the protein is oriented toward the 

cytoplasm (34).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Upon sensing a so far controversially discussed stimulus, dimerized KdpD undergoes ATP-

mediated autophosphorylation at the conserved histidine residue 673 in the C-terminal part of the 

protein (35, 36). The phosphoryl group is then transferred to the conserved aspartate 52 of the 

response regulator KdpE (35, 37), which thereupon also dimerises. Dimeric KdpE-P finally binds 

to the promoter region of the kdpFABC operon and induces its transcription as a classical helix-

turn-helix transcription factor (37). If there is no stimulus, non-phosphorylated KdpD is also able to 

dephosphorylate KdpE-P, which leads to a termination of KdpFABC synthesis (38).  

 

 

The KdpFABC complex – a P-type ATPase 

The KdpFABC complex belongs to the superfamily of P-type ATPases, a family of homologous 

enzymes of both eukaryotic and prokaryotic origin. All members of these family comprise the 

formation of an acid-stable and alkali-labile phosphointermediate (39). They function as primary 

ion pumps, generally transporting cations across membranes by use of the free Gibbs energy 

provided by the phosphorylation, resulting in the formation and maintenance of large ion gradients 

(40). All P-type ATPases share some common structural features. The catalytic subunit can be 

structurally divided into four domains, each of which comprising specific functions. In the case of 

Figure 2: Organization and Regulation of the kdpFABCDE regulon.  
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the KdpFABC complex, only the KdpB subunit exhibits all these structural domains (41) (see also 

Figure 1 of Chapter 2). Furthermore, the KdpFABC complex comprises three additional subunits, 

which have no counterparts in other P-type ATPases: KdpA, which shares similarities to K+-

channels from the KcsA-type and mediates K+ transport, KdpC, which seems to play a role in ATP 

binding, and KdpF, which probably acts as a molecular glue (42). These four subunits form the 

KdpFABC complex in a 1:1:1:1 stoichiometry (42). Based on kinetic data, the KdpFABC complex 

seems to exhibit two catalytically active ATP binding sides. However, the structure of the 

nucleotide binding domain (N-domain) of KdpB as well as the comparison with other P-type 

ATPases renders the presence of two ATP-binding sides within one KdpB subunit unfavorable 

(43). Therefore, the KdpFABC complex most likely exhibits an at least dimeric state like many 

other P-type ATPases. The functional state of the Na+,K+-ATPase is most likely a tetramer (44). 

For the H+-ATPase from Neurospora crassa, an active oligomeric ring-like structure as well as an 

active monomeric state has been shown (45, 46). However, experimental data regarding the 

oligomeric state of the KdpFABC complex is still lacking. Hence, the first chapter of this thesis 

deals with the analysis of the oligomeric state of the KdpFABC complex via several biochemical 

and biophysical approaches. 

 

 

The KdpB subunit 

As already mentioned, only the KdpB subunit (72 kDa) comprises the typical four common 

functional and structural domains of P-type ATPases: The transmembrane domain, the 

phosphorylation domain, the actuator domain and the nucleotide binding domain (41).  

The transmembrane domain: The transmembrane domain (TM-domain) anchors the protein into 

the membrane. According to the transport specificity and to the origin of the particular P-type 

ATPase, P-type ATPases span the membrane seven to ten times. The KdpB subunit of the 

KdpFABC complex most likely exhibits seven transmembrane helices as predicted by extensive 

sequence comparison (47). These transmembrane helices also most likely reflect the core motif of 

the TM-domain of every P-type ATPase known so far (48). The heavy metal-transporting ATPases 

exhibit up to nine transmembrane helices due to N-terminal extensions carrying the large 

cytoplasmic heavy metal binding cluster. Many other mainly eukaryotic P-type ATPases are 

anchored to the membrane by ten transmembrane helices, with the additional three helices 

extending at the C-terminus. In general, the TM-domain carries the ion binding sites. Only the 

KdpFABC complex, in which ion binding and transport is mediated by a separate subunit, is an 

exception (41). However, in this case of KdpFABC, the TM-domain is involved in coupling ATP 

hydrolysis to ion transport. Instead of a conserved ion binding site, two residues, namely D583 and 

K586, which are located in the center of transmembrane helix five (TM5), are conserved among all 
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KdpB polypeptides sequenced so far (49). Substitutions of these residues resulting in the 

elimination of the corresponding charge readily lead to a more or less severe uncoupling of ATP 

hydrolysis and K+ transport (49). Therefore, these charged residues seem to play an essential role 

for functional coupling. 

The actuator domain: The actuator domain (A-domain) is connected to the transmembrane 

domain by short linker sequences. The structure of the A-domain of the sarcoplasmic reticulum 

Ca2+-ATPase (SERCA) exhibits ten β-strands together with two α-helices (50). A conserved TGE 

motif can be found in the A-domain of almost all P-type ATPases. Most likely, this motif plays a 

role in the dephosphorylation of the E2-P catalytic state of P-type ATPases (40, 51). Furthermore, 

during the catalytic cycle (see below) the TGE motif is supposed to approach the phosphorylation 

site in the E2-P and E2 states of the enzyme. In SERCA, mutation of any residue within the TGE 

motif hindered the E1~P ↔ E2-P transition resulting in a non-functional enzyme, thereby 

indicating a mediating function of the A-domain in the communication between the ATP and the 

calcium binding sites (52). 

The phosphorylation domain: The phosphorylation domain (P-domain) resembles the most 

conserved module among P-type ATPases and carries the conserved DKTGT motif (48). The mere 

presence of this key motif classifies a protein to the superfamily of P-type ATPases. This motif 

contains the asparte residue, D307 in KdpB, which is reversibly phosphorylated by the  

γ-phosphoryl group of ATP. Due to its core structure, the P-domain belongs to a large group of 

enzymes named according to the L-2-haloacid dehalogenase, the HAD superfamily (53). All  

P-domains comprise the same secondary structural elements with six- or seven-stranded parallel  

β-sheets flanked by short α-helices forming a typical Rossman fold (50, 54). As already mentioned, 

the aspartate residue forms the characteristic transient acylphosphate. The typical P-type ATPase 

inhibitor ortho-vanadate most likely seems to bind near the aspartate, thereby sterically preventing 

the formation of an acylphosphate (50). Other conserved residues within the P-domain are involved 

in the coordination of Mg2+, which, in turn, is needed to stabilize the γ-phosphate group of the ATP 

molecule during hydrolysis. The P-domain is also structurally linked to the transmembrane domain, 

whereby one transmembrane helix (TM5 in most cases) extends through the membrane into the P-

domain and ends right underneath the phosphorylation site. It was shown for SERCA, that the P-

domain changes its internal structure and orientation with respect to TM5 upon binding of the  

γ-phosphate of ATP together with Mg2+ (55), which results in a rearrangement of the ion binding 

sides within the transmembrane domain. In the case of KdpB, the orientation of the conserved 

charged residues in TM5 towards the neighboring KdpA subunits is supposed to be altered by a 

similar mechanism, which could exert an effect on the K+ bound by KdpA (40). However, despite 

these internal structural changes the orientation of the P-domain within KdpB most likely remains 

the same during catalysis. 
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The nucleotide binding domain: Due to its solubility and its folding properties, the structure of 

the nucleotide binding domain (N-domain) of many P-type ATPases has been solved by either 

NMR spectroscopy or by X-ray crystallography. The N-domain of SERCA has been solved in 

several conformational states via crystallography (50, 55-60). The structure of the Na+,K+-ATPase 

N-domain has been solved by NMR (61) and also by crystallography (62). Furthermore, the 

cytoplasmatic loop including the N- and P-domains of the copper-transporting P-type ATPase 

CopA from Archeoglobus fulgidus has been solved by crystallization (54). The solution structures 

of the N-domains of the eukaryotic Wilson disease protein (WDP) (63) and of the bacterial KdpB 

subunit (43, 65) have also been solved by NMR. This set of solution structures from N-domains of 

different P-type ATPases offered the ability to compare the nucleotide binding mechanism of  

P-type ATPases in detail. 

The N-domain is linked to the P-domain via two flexible loops. Although especially the  

N-domains of eukaryotic P-type ATPases comprise rather large insertions, their core structure is 

basically the same. This core structure is resembled by the N-domain of KdpB (KdpBN), which is 

the smallest representative known so far (65). KdpBN is composed of a curved, six-stranded anti-

parallel β-sheet domain, which is flanked by two α-helices on one side (43, 64). Evolutionary 

progress from bacterial to eukaryotic P-type ATPases most likely led to the insertion of additional 

sequences into this minimal structure due to the necessity of more complex regulatory circuits (65). 

These insertions could interact with accessory proteins, which, therefore, could be responsible for 

altered nucleotide binding affinities in eukaryotic P-type ATPases (66-68). 

With the growing number of N-domain structures available it becomes apparent that despite of 

the same core structure, the particular mode of nucleotide binding differs among P-type ATPases. 

However, in all cases the nucleotide is oriented within a binding pocket in a way that the  

γ-phosphate protrudes out of the pocket and, thus, faces the conserved aspartate residue in the  

P-domain. Furthermore, most P-type ATPases like SERCA or KdpB exhibit a conserved 

KGXX(D/E) motif. The conserved lysine residue together with a phenylalanine located 20-25 

amino acids towards the N-terminus were shown to be crucial for nucleotide binding (69-70).  

In order to analyze the particular ATP-binding mode of KdpBN, the solution structure of 

KdpBN was solved by NMR both in the absence of a nucleotide (apo-form) and with bound AMP-

PNP (holo-form). The results revealed that the ATP-binding mode comprises similarities to 

SERCA but also some unique features (Figure 3) (43, 71). The contacts between the N-domain and 

the nucleotide were shown to be limited to only a few residues. As in almost all P-type ATPases 

(For overview: 72), a conserved phenylalanine residue, F377 in KdpB, interacts with the aromatic 

rings of the bound ATP by means of stacking of their π-electron systems. In contrast to SERCA, 

the conserved lysine residue K395 of the KGXX(D/E) motif interacts with the purine ring system 

of the nucleotide by a cation-π-stacking mode. In KdpB, the phosphate groups of the ATP are 



GG ee nn ee rr aa ll   II nn tt rr oo dd uu cc tt ii oo nn       

- G / 7 - 

flanked by the two arginine residues R317 and R382, which is corresponding to SERCA with its 

counterparts in R489 and R560. The NMR spectroscopy-derived structures of KdpBN show only 

slight differences between the apo- and the holo-form indicating a preformed nucleotide binding 

pocket, in which the nucleotide is merely clipped in an almost linear conformation, which 

facilitates the release of the γ-phosphate to the neighboring P-domain (43). The major consequence 

of this proposed ATP-binding mode of KdpBN is the rather high binding constant for ATP, i.e. 

1.4 mM (43), which is in strong contrast to other P-type ATPases. The N-domain of SERCA 

comprises a Kd for ATP in the range of 10-100 µM (73), which is similar to that of the Wilson 

disease protein N-domain with 70 µM, although the latter is more closely related to KdpB than 

SERCA (63). This discrepancy, especially with respect to the Wilson disease protein N-domain 

structure, most likely results from the fact that KdpBN comprises no interactions with the ribose 

moiety of the bound ATP molecule (43), whereas in the Wilson disease protein, the ribose is well 

coordinated within a proper ribose binding pocket (63). With respect to this discrepancy, a 

mechanism has been suggested, in which the KdpC subunit acts as a catalytical chaperone for a 

cooperative ATP binding (see below). 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

The KdpA subunit 

Although KdpB comprises the typical features of P-type ATPases, the lack of ion binding sites 

within the catalytical subunit distinguishes the KdpFABC complex from all other representatives of 

this superfamily (48). In fact, the translocation of potassium is mediated by a single subunit, KdpA 

(59 kDa), which has no corresponding counterpart or domain element in other P-type ATPases  

Figure 3: The nucleotide binding pocket of the N-domain of KdpB. The schematic drawing of the 
nucleotide binding pocket illustrates the rather simple nucleotide binding mode, enabling the rapid nucleotide 
exchange necessary for a functional reaction cycle. Highlighted are the residues F377, K395, R317 and 
R382. D344 is depicted as a negative charge at the bottom of the binding pocket by a red circle (43) 
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(74-77). The reduction of the transmembrane domain of KdpB to only seven transmembrane 

helices reflects this unique mechanism of ion translocation among P-type ATPases. The KdpA 

subunit shows strong similarities to potassium channels from the KcsA-type, which has initially 

been demonstrated by comparative computational sequence analysis of potentially related proteins 

(78). Whereas KcsA from Streptococcus lividans is built up of four identical polypeptides each 

with one MPM-motif (membrane/P-loop/membrane) (79), KdpA comprises four MPM-motifs 

within one polypeptide, which are flanked by two additional transmembrane helices. These 

findings led to the notion, that KdpA is evolutionary derived from a homotetrameric K+-channel of 

the MPM-type by gene duplication and fusion events (78). Experimental evidence supporting this 

hypothesis came from already existing data on mutations affecting the K+-selectivity and from the 

analysis of the transmembrane topology (75, 78). Additionally, the resulting model has successfully 

been used as a template for the identification and characterization of the corresponding ion 

selectivity filter regions within KdpA (74, 77). In these studies, mutations affecting ion selectivity 

were found to cluster within four distinct hydrophilic regions, each which is flanked by one 

transmembrane helix on either side. Another KcsA-derived structural model of KdpA based on a 

corresponding pairwise alignment of the four MPM-motifs together with the connecting loop 

regions also clearly demonstrated the clustering of these mutations in properly assembled pore 

regions (41). Despite the similarities of KdpA to potassium channels of the KcsA-type, K+ gating 

and transport have to differ from K+-channels. Whereas KcsA enables a passive diffusion of 

potassium ions across membranes, the KdpFABC complex is able to generate an over 10,000-fold 

gradient by active transport. Therefore, the KdpA subunit has to be tightly sealed from the 

cytoplasmatic side in order to prevent potassium backflow. Furthermore, the ion transport against 

the concentration is energized by the ATP hydrolysis in KdpB. As described above, the conserved 

dipole residues in TM5 of KdpB seem to play a crucial role in functional coupling of the two 

subunits. However, the distance between these residues and the potassium binding side in KdpA is 

too large for direct electrostatic interactions. Hence, there have to be other residues within the 

KdpA subunit in order to further transmit coupling events. In this respect, the two additional 

helices of KdpA, which don’t comprise any homology to K+-channels, as well as arginine 493, 

which is located in the C-terminal helix of the endmost MPM-motif, eventually play an essential 

role in energy coupling. In this context it is noteworthy that mutagenesis of this residue was shown 

to result in a complete loss of function of the KdpFABC complex (80). 

 

 

The KdpC subunit 

The function of the third subunit of the KdpFABC complex, namely KdpC (21 kDa), is still not yet 

fully understood. Earlier experiments showed that KdpC is essential for the function of the 
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KdpFABC complex (81). Nevertheless, the polypeptide comprises no homologies to any other 

protein known so far. KdpC consists of only one N-terminal transmembrane helix followed by a 

large cytoplasmic extension (81). For some time, this subunit was regarded as a member of the 

FXYD protein family like phospholamban or calmodulin as in the case of SERCA (66) or like the 

γ-subunit of the Na+,K+-ATPase (68), which all regulate protein activity via interactions with the 

large cytoplasmic loops of the catalytic subunit. However, none of these enzymes proved to be 

essential for protein activity, which led to the notion that KdpC exhibits a more unique function. 

The distinct function of the KdpC subunit became much clearer when it was found that the 

hydrophilic portion of KdpC (KdpCsol) was able to bind one ATP molecule to a well-defined 

binding site within its C-terminal part (82). This KdpC domain could reach the catalytic domains of 

KdpB, which led to the notion that KdpC might exert a regulatory function by binding of ATP 

directly or in interaction with the nucleotide binding pocket of KdpB. The experiments further 

demonstrated that KdpC binds the ATP with a rather high binding constant in the millimolar range, 

i. e. weak binding, which was explained by the fact that only the ribose moiety of ATP is supposed 

to interact with KdpCsol (82). These findings resulted in a new model of cooperative ATP binding 

by KdpC and KdpB. As already described, the isolated N-domain of KdpB (KdpBN) also exhibits 

a rather untypical low binding affinity for ATP (Kd: 1.4 mM), which is most likely due to lacking 

interactions with the ribose moiety of the nucleotide. These findings suggest that KdpC acts as a 

catalytical chaperone by binding the ATP via the ribose moiety, thereby orienting and/or locking 

the nucleotide into the nucleotide binding pocket of KdpB (41).  

 

 

The KdpF subunit 

The KdpF subunit (3 kDa) is one of the smallest proteins known so far and comprises only one 

transmembrane helix with no further extensions. Nevertheless, it is an important component of the 

KdpFABC complex. Although the deletion of KdpF has no effect on the activity of the complex in 

vivo, purification of resulting KdpABC complexes resulted in an enzyme preparation with a 

complete loss in ATPase activity, combined with a high tendency of the complex to disintegrate 

(83). However, the addition of purified KdpF or simply E. coli lipids restored ATPase activity, 

which indicates that this hydrophobic subunit acts as a lipid-like stabilizer of the complex (83).  

 

 

Subunit arrangement within the KdpFABC complex 

Although there is yet some information about the structure and function of the single subunits 

within KdpFABC, only rudimentary data is available about their functional arrangement within the 
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complex. Electron microscopic or tomographic low resolution structures of KdpFABC arranged in 

2D crystal lattices only solved the cytoplasmic domains of the complex, thereby lacking any 

information on the large membrane fraction of the enzyme (84, 85). However, structural 

information on also the membrane portion of the complex is of fundamental importance for the 

understanding of the interplay between the subunits. Especially the elucidation of the energy 

coupling mechanism between KdpB and KdpA as well as the cooperative ATP binding mechanism 

of KdpB and KdpC would clearly benefit from structural information on the arrangement of the 

corresponding transmembrane domains. In this thesis, the solution structure of the entire KdpFABC 

complex was solved by single particle analysis of negatively stained electron microscopic images 

(Chapter 2), thereby providing new insights in subunit arrangement and also resolving the 

transmembrane fraction of the enzyme.  

 

 

The putative reaction cycle of the KdpFABC complex 

All P-type ATPases share a widely accepted reaction scheme, which became prominent under the 

name “Albers-Post mechanism” (86, 87). The characteristic feature of this reaction cycle is the 

alternating presence of two distinct states, called E1 and E2, each of which comprising different 

structural as well as biochemical properties (40). In the transition between these two states, large 

domain movements occur, whereby the most drastic one is the N-domain swinging back and forth 

toward the P-domain (50, 55). Furthermore, the A-domain is supposed to rotate to some extend 

along its long axis, which results in an alteration of the orientation of the conserved TGES motif 

with respect to the P-domain (50, 55). The P- and the TM-domains undergo rather minor structural 

alterations in order to couple the energy of ATP hydrolysis/(de-)phosphorylation to ion transport. 

The putative reaction cycle of the KdpFABC complex according to ref 41 is shown in Figure 4.  

In the E2 state of the complex, KdpA is supposed to exhibit a high affinity for potassium ions 

on the extracellular side of the membrane. Due to its low binding constant, ATP is in rapid 

exchange with the flexibly hinged N-domain (movement indicated by arrows). The absence of a 

distinct ATP-induced conformational change in the N-domain supported the idea that the N-domain 

is flexibly linked to the P-domain and engages or disengages the P-domain merely by thermal 

Brownian fluctuations (43, 65). The binding of potassium ions within KdpA probably triggers the 

rearrangement of the transmembrane helices of KdpB, which is depicted by the stretching of 

transmembrane helix five, thus converting the complex into the E1 state with an increased affinity 

for ATP. This increase is eventually mediated by a movement of the cytosolic part of KdpC toward 

the ATP binding pocket of the KdpB N-domain, which is explained by the cooperative ATP 

binding of the N-domain and KdpC. In this state, the N-domain is, however, supposed to retain its 



GG ee nn ee rr aa ll   II nn tt rr oo dd uu cc tt ii oo nn       

- G / 11 - 

flexibility, which allows swinging back and forth for the unlikely case that no cytoplasmic ATP is 

present.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Upon ATP binding, the N-domain moves toward the P-domain, which results in the trapping of 

the nucleotide between the N-domain and residue D307 of the P-domain, thereby rendering the 

cooperative interaction with KdpC dispensable. This transition state (TSI) has been introduced into 

the Post-Albers-scheme in order to describe this rather complex domain interaction pattern. 

Although there is yet no experimental evidence on the position of the A-domain within the 

transition state, it presumably rotates its TGES motif toward the P-domain as indicated by the 

circular arrow. Nucleotide binding and subsequent activation of the γ-phosphate group leads to the 

high energy E1~P state. Subsequently, the formation of the phosphoenzyme causes a 

conformational change within the transmembrane region (E2-P state), which alters the orientation 

E2 

E1 

TSI 

E1~P E2–P 

cytoplasm

cytoplasm

cytoplasm

membrane membrane

membrane

periplasm

periplasm

periplasm

cytoplasm 

membrane

cytoplasm

membrane

periplasm periplasm 

Figure 4: Proposed reaction cycle of the KdpFABC complex. Binding of a potassium ion to the E2 state of 
the enzyme promotes high affinity ATP binding within the N-domain of KdpB, which is probably mediated by 
KdpC. Subsequently, the KdpFABC complex is transformed to its E1 state, and the potassium ion is able to 
enter the binding site within KdpA. Upon entering the transition state (TSI) followed by phosphorylation, the 
potassium ion becomes occluded. The subsequent E1/E2 transition, which is accompanied by major 
conformational rearrangements in KdpB, alters the orientation of the dipole formed by D583 and K586 in the 
transmembrane domain of KdpB, which finally results in pushing the ion toward the cytoplasmic side of the 
membrane, where it is released. Dephosphorylation of the complex regenerates the E2 state. According to ref 
41. 
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of the dipole formed by D583 and K586 in the transmembrane helix five of KdpB. This somehow 

renders the position of the potassium ion in KdpA energetically unfavorable and, as a consequence, 

pushes the ion toward the cytoplasmic side of the membrane, where it is subsequently released. 

Finally, the ADP molecule, which still bridges the N- and the P-domains, is released by a 

backswing of the N-domain, which enables the nucleotide to diffuse out of its binding pocket. The 

E2 state is then regenerated by the dephosphorylation of D307 via the TGES motif of the A-

domain.  

Although the current view on putative domain motions during the catalytic cycle of P-type 

ATPases is rather detailed, these conclusions merely result from the interpretation of indirect data 

like crystallization of inactive or inhibited protein conformations representing substeps within the 

reaction cycle, from the modulation of the intrinsic tryptophan fluorescence or from proteolytic 

digestion experiments (For overview: 72, 88-91). Therefore, direct conclusions regarding the 

dynamics and transitions of and between the conformational states, especially with respect to dwell 

times and flexibility, are rather rare. In order to solve this eminent problem in the understanding of 

the P-type ATPase reaction mechanism, single molecule fluorescence resonance energy transfer 

(FRET) using the alternating laser excitation (ALEX) of reconstituted and catalytically active 

KdpFABC complexes was measured in this thesis (Chapter 3). For the first time, these experiments 

bridge over the cleft between crystal structures and real time protein dynamics in the field of P-type 

ATPases.  
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NOTE 
 

This chapter is based in part on the results obtained by former results, which were described in the 

diploma thesis of René Kalinowski (2003, Universität Osnabrück) and are listed in the following. 

The products resulting from oxidative cross-linking of intrinsic cysteines of KdpB were 

characterized with respect to the formation of intermolecular and intramolecular cross-links. 

Furthermore, a gel filtration experiment using cross-linked and non-cross-linked KdpFABC 

complexes demonstrated the co-elution of both populations. These experiments were reproduced 

and extended by the quantification of cross-link products and the determination of the molecular 

weight of the co-elution peak. 

Furthermore, plasmids encoding cysteine-free kdpA and kdpB mutants were kindly provided by 

Doris Becker. In this study, these plasmids were used to generate the pGS4ΔCys plasmid for the 

production of a KdpFABC complex lacking all cysteines.  

Finally, homology modeling of KdpB was carried out by Henrik Strahl. In the present chapter, 

the corresponding pdb-file was used to generate Figure 1.  
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NOTE 
 

This chapter includes three structural models made by Henrik Strahl. These are the homology 

models of KdpB and KdpA as well as the ab initio model of KdpC90-188. In the case of KdpB, the 

corresponding pdb-files were slightly modified in this study in order to fill some structural gaps. 

Subsequently, the pdb-files were used in the present thesis for fitting of the models into the 3D map 

obtained from electron microscopic single particle analysis as well as for generating Figure 1.  
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ABSTRACT 
 
 
P-type ATPases share a structurally and biochemically well-studied reaction cycle, which includes 

dynamic movements of cytoplasmic domains. Although a lot of structural data on P-type ATPases 

in different substeps of the reaction cycle is yet available, domain movements have so far never 

been shown directly within the catalytically active enzyme. In the present study, the KdpFABC 

complex from Escherichia coli, which is a rather unique multi-subunit, K+-translocating P-type 

ATPase, was used to directly observe these domain movements within the working enzyme. The 

two large cytoplasmic domains of KdpB, which shares the structural features of P-type ATPases, 

were site-directedly labeled with different fluorophores. By use of single molecule FRET on freely 

diffusing proteoliposomes combined with an alternating laser excitation scheme (ALEX), we were 

able to measure the distances and, thus, dynamic fluctuations between these domains. Three 

different distances, namely S1 (~5 nm), S2 (~4 nm) and S3 (~6 nm), could be measured in either 

the catalytically active or in the vanadate- as well as in the OCS-inhibited states. Thereby, the S1 

and the S2 distances are in well accord with the expected distances of an open and closed 

conformation of KdpB. The S3 distance occurred rather seldom and traversed only to the S1 

conformation, thereby indicating a conformation, which merely resides from the high flexibility of 

one domain and which is not part of the reaction cycle itself. Furthermore, dwell times of both the 

S1 and S2 state could be determined for both the non-inhibited and the inhibited complex. These 

dwell times indicate that despite the protein is biochemically blocked, it retains a high grade of 

flexibility.  
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INTRODUCTION 
 
 
One of the most fundamental prerequisites of life is the generation and maintenance of ion 

gradients across biological membranes. These gradients are used for processes like energy 

conversion, transport and maintenance of a cell turgor and pH. For both the generation and 

maintenance of these ion gradients, active ion transport processes are necessary. In the case of high 

cation gradients, the corresponding transport is mainly catalyzed by P-type ATPases, which are 

characterized by a primary ion transport across membranes at the expense of ATP (1) and which 

are broadly distributed among prokaryotes and eukaryotes (2). Because of their great importance, 

especially eukaryotic representatives such as the sarco(endo)plasmatic Ca2+-ATPase (SERCA), the 

Na+,K+-ATPase of animal cells and the H+,K+-ATPase of the gastric mucosa have been 

investigated in great detail with respect to both structure and function (3-10).  

The multisubunit potassium-transporting KdpFABC complex of Escherichia coli also belongs 

to the family of P-type ATPases. However, it exhibits some unique features, which are reflected by 

the subunit composition of the complex. Only the KdpB subunit (72 kDa) shares the structural and 

functional features of P-type ATPases according to their mode of ATP hydrolysis (Figure 1A). 

Like all members of this family, KdpB is composed of one transmembrane domain (TM-domain) 

and three soluble domains, referred to as the nucleotide binding domain (N-domain), 

phosphorylation domain (P-domain) and actuator domain (A-domain) (Figure 1A). Furthermore, 

KdpB features the formation of a transient phosphointermediate by autophosphorylation of a 

conserved aspartic acid residue, which separates this class of enzymes from other ATPases (11). 

However, the lack of ion binding sites in the TM-domain and the presence of a separate subunit, 

which is responsible for the translocation of the substrate, the KdpA polypeptide (59 kDa), is a 

unique feature among P-type ATPases (12-15). Based on the analyses of sequence alignments it 

has been concluded that KdpA is evolutionary derived from a homotetrameric MPM-type 

(membrane/P-loop/membrane) K+ channel by gene duplication and fusion events, thus assigning 

KdpA to the superfamily of prokaryotic MPM-type K+ channel proteins (15, 16). Homology 

modelling of KdpA led to the notion that KdpA consists of eight central transmembrane helices 

forming four consecutive MPM-motifs, which are flanked by an N-terminal and a C-terminal 

transmembrane helix, thus summing up to 10 transmembrane helices in KdpA (13, 16). Due to its 

unique division of labor, the KdpFABC complex shows a special energy coupling mechanism, 

which is still under investigation. KdpB exhibits a highly conserved dipole within transmembrane 

helix five of the TM-domain, which is crucial for the coupling of ATP-hydrolysis in KdpB to ion 

transport in KdpA (17). The KdpC subunit (21 kDa) is reported to be essential for the activity of 

the complex (18), and comprises one N-terminal transmembrane helix followed by a large 
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cytoplasmatic extension. It has recently been shown that the soluble part is capable of ATP binding 

via the ribose moiety of the nucleotide, which led to the suggestion that KdpC acts as a catalytical 

chaperone in a cooperative ATP-binding together with KdpB (19). The KdpF subunit (3 kDa) 

consists of only one transmembrane helix with no further cytoplasmic or periplasmic extensions. 

However it is an integral part of the KdpFABC complex and is thought to play a role in 

stabilization of the complex, especially in vitro (20). 

Despite the differences to other P-type ATPases regarding the subunit organization of 

KdpFABC, the reaction cycles are essentially equal. The characteristic feature of the reaction cycle 

of all P-type ATPases is the presence of two major structural and biochemical different states, the 

open E1 state and the closed E2 state (1) (Figure 1A). Binding of ATP to the E1 state and 

subsequent phosphorylation of the conserved aspartate residue in the P-domain triggers the 

formation of the E1~P state. The conversion into the E2-P state is coupled to the transport of the 

ions across the membrane. Subsequent dephosphorylation of the aspartate residue results in the 

formation of the E2 state. During this reaction cycle, the N- and A-domains are supposed to 

undergo rather large swivel and tilt movements (3, 6). The reaction cycle with two main 

conformational states involving phosphorylation, substrate binding and release, is put together in a 

reaction scheme, which became prominent under the name Albers-Post mechanism (21, 22).  

However, conformational changes between E1 and E2 have so far only been derived rather 

indirectly by the crystallization of locked-in protein conformations representing substeps within the 

reaction cycle, by the modulation of intrinsic tryptophan fluorescence or by proteolytic digestion 

experiments (For overview: 23-27). Additionally, only rudimentary information is yet available 

about the dwell times of the E1 and E2 state and the flexibility of the N- and A-domain in these 

states of both the catalytically active and the inhibited enzyme. 

In this work, we used single molecule FRET with alternating laser excitation (ALEX) to directly 

measure the conformational changes within KdpB during ATP hydrolysis. Purified KdpFABC 

complexes were reconstituted into liposomes and subsequently labeled with fluorescent maleimides 

at both the N- and the A-domain. The ALEX-approach allowed for the simultaneous recording of 

fluorescence intensity and fluorescence lifetime in a time-dependent manner. Furthermore, the 

alternating excitation of both the donor and the acceptor rendered the discrimination of FRET 

events from photophysical effects possible. Hidden-Markov-Models have been evaluated for the 

detection of fast fluctuations in a millisecond time scale. Additionally, the results of the Hidden-

Markov-Model were scrutinized by manual analysis. With this approach, the distances and dwell 

times for three conformational states in the working cycle as well as in the ortho-vanadate and the 

OCS-inhibited (oligocyclic suboxides) complex were determined. 
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EXPERIMENTAL PROCEDURES 
 
 
Bacterial Strains and Growth Conditions.  

For the expression of kdpFABC-wild type and mutants, strain TKW3205 (ΔkdpABC'05 nagA- 

trkA405 trkD1 Datp706) was used, which contains no functional K+ uptake system but still carries 

the chromosomal kdpDE operon for K+-induced kdpFABC expression. This strain was transformed 

with one of the plasmids listed in the following section. All plasmids are derivatives of plasmid 

pGS4 carrying the kdpFABC genes under control of the kdp promotor. In addition, the kdpA gene 

comprises a 3’ (CATCAC)7 extension coding for a C-terminal His14 tag. TKW3205 cells 

transformed with pGS4 derivatives were grown as described in ref 28. 

Generation of kdpB Mutants. 

For the site-specific incorporation of fluorescent FRET labels, all native cysteines in the KdpFABC 

complex except residues C261 and C609 of KdpB were replaced by alanine or serine according to 

ref 28 (For primer list: Appendix, Table 1). The resulting plasmid pGS4ΔCys-KdpB(C261/C609) 

was used as template for the site-directed introduction of cysteine residues at the position of the 

exposed glycine-150 within the A-domain and/or at the position of the exposed alanine-407 in the 

N-domain of KdpB (Figure 1). The corresponding PCR products were cloned into pGS4ΔCys-

KdpB(261C/609C) via the restriction sites Mfe I and Hpa I in case of G150C or via the Cla I and 

BamH I restriction sites in case of A407C, resulting in the three plasmids pGS4ΔCys-

KdpB(C261/C609/G150C), pGS4ΔCys-KdpB(C261/C609/A407C) and pGS4ΔCys-

KdpB(C261/C609/G150C/A407C). For further information about the used plasmids, see also 

Appendix, Table 2. 

Purification of the KdpFABC Complex.   

His14-tagged KdpFABC complexes were purified from TKW3205 cells via metal chelate affinity 

chromatography followed by size exclusion chromatography as described in ref 28 using the 

following modifications. Immediately after cell lysis, the protease inhibitor cocktail complete 

EDTA-free (Roche) was added following the manufacturer's instructions. In order to avoid protein 

interactions due to cystine formation, all subsequent buffers contained 1 mM β-mercaptoethanol. 

Furthermore, solubilized proteins were applied to Ni-NTA agarose (Quiagen) pre-equilibrated with 

buffer containing 20 mM instead of 10 mM imidazole followed by washing steps with the same 

buffer containing 30 mM imidazole and 43 mM imidazole prior to the elution of KdpFABC with 

135 mM imidazole. Concentrated Ni-NTA fractions were loaded on a 10/30 Superdex-S200 

column (Amersham Biosciences) equilibrated with 50 mM Tris-HCl pH 7.0, 10 % glycerol, 
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150 mM NaCl, 0.5 mM PMSF, 0.2 % (v/v) aminoxide WS-35 and developed at a flow rate of 0.5 

mL/min. Protein-containing peak fractions were again pooled and concentrated according to ref 28.  

Reconstitution of the KdpFABC Complex.  

Reconstitution of KdpFABC into proteoliposomes was carried out as described in (28).  

ATPase Activity Assay.  

ATPase activities of purified KdpFABC complexes were determined using the microtiter plate 

assay of Henkel et al. (29) following the modifications described in (30). For the analyses of 

ATPase activities in proteoliposomes, measurements were carried out in the absence of detergent. 

A total of 0.5 µg of purified protein was routinely used for a single measurement.  

Fluorometric Transport Measurements:  

The fluorometric transport measurements with reconstituted KdpFABC complexes were carried out 

in 1 mL of 50 mM Tris-HCl, pH 7.5, 50 mM KCl, 2 mM MgCl2 as described (30, 31) by use of an 

SLM-Aminco 8100 spectrofluorometer (SLM-Aminco) at an excitation wavelength of 650 nm, an 

emission wavelength of 675 nm, a monochromator bandwidth of 4 nm and an integration time of 

1 s. The reaction mixture containing 10 µL of proteoliposomes was supplied with 1 µM DiSC3(5). 

The addition of 1 mM ATP initiated the transport reaction. Ortho-vanadate (100 µM) served as a 

specific P-type ATPase inhibitor, whereas 1 µM valinomycin was used as a K+-specific uncoupling 

ionophore. 

Fluorescence Labeling of Cysteines.  

Labeling of cysteines with fluorescent maleimides was done essentially according to ref 28. In this 

study, the fluorescent dyes ATTO 655-maleimide (ATTO-TEC) and Alexa 488-maleimide 

(Molecular Probes) were used. Labeling specificity was determined by SDS-PAGE with 

subsequent visualization under UV-light. Labeling efficiency was calculated using the KdpFABC 

concentration determined via SDS-PAGE as described above together with the fluorophor 

absorption at 493 nm for Alexa 488 (ε = 72,000 M-1 cm-1) and at 663 nm for ATTO 655  

(ε = 125,000 M-1 cm-1). To exclude eventual shifts in the spectra of the fluorophores upon binding 

to the protein moiety, the absorbance spectra of the labeled KdpFABC complexes were measured 

photometrically. In order to minimize light scattering effects during the absorbance measurements, 

a corresponding aliquot of the labeled proteoliposome sample was solubilized with 2 % (v/v) 

Triton-X-100 as a control. Finally, labeled proteoliposomes were diluted with preformed plain 

control liposomes containing no protein to adjust a KdpFABC/liposome ratio of 0.4. Subsequently, 

solubilisation with 1 % (w/v) Triton-X-100 and consecutive detergent removal as described in (28) 
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allowed for an equal distribution of the reconstituted and labeled KdpFABC complexes. 

Proteoliposomes were stored at 4 °C and were used for FRET measurements within one week. 

ALEX-FRET Analysis.  

Single molecule FRET measurements were performed on a custom-designed confocal microscope 

based on an inverted Olympus IX 71 (For overview: Supplemental Figure I). Droplets (50 μL) of 

the labeled proteoliposomes were placed on a glass coverslip. For excitation, fiber-coupled  

ps-pulsed laser sources were used at 488 nm (PicoTa 490, operated at 40 MHz repetition rate; 

Picoquant, Berlin, Germany) and 635 nm (LDH-P-C-635B, 40 MHz repetition rate; Picoquant), 

which were triggered by the laser driver unit PDL-808 SEPIA (2-channel version, Picoquant). 

Excitation power of the PicoTA 490 was adjusted to 150 μW, and the excitation power of the red 

laser was reduced to 25 μW. For alternating laser excitation, the red laser pulse was delayed by 

15 ns with respect to the 488 nm pulse using a prolonged trigger cable. The laser beams were 

compressed to beam diameters of about 3 mm for the solution measurements and overlaid by 

reflection from (488 nm beam) or transmission through (635 nm beam) a dichroic beam splitter 

(DXCR 540, AHF, Tübingen, Germany). In epi-fluorescence configuration, both beams were re-

directed by a dual band dichroic filter (HC dual line beam splitter 488/633-638, AHF) and focused 

in the buffer droplet by use of a water immersion objective (UPlanSApo 60xW, 1.2 N.A., 

Olympus, Hamburg, Germany). To prove the co-localization of the overlaid excitation foci, a 

sample with immobilized fluorescent microbeads on a glass cover slide was scanned in three 

dimensions, and resulting image stacks from the two lasers were compared. Fluorescence of FRET 

donor and acceptor dyes were simultaneously detected by two avalanche photodiodes (AQR-14, 

Perkin Elmer, Germany). After passing the 150 μm pinhole, fluorescence was separated by a 

dichroic HQ640LP mirror (AHF) and detected in the FRET donor channel at a bandwidth of 

497 nm to 567 nm (interference filter HQ532/70, AHF) and in the acceptor channel above 665 nm 

(long pass filter HQ665LP, AHF). Single photons were recorded by a time-correlated single 

photon-counting PC card (SPC-630, Becker&Hickl, Berlin, Germany) combined with an 8-channel 

router (HRT-82, Becker&Hickl). For triggering the SPC-630 card, the trigger output of the  

PDL-808 SEPIA was used in combination with an LTT100 sync adaptor (Picoquant). Photons were 

stored in the FIFO mode of the TCSPC card. Therefore, the so-called “macro time” of each photon 

had a time resolution of 50 ns, which was used for 1 ms binning of the fluorescence intensity data 

and for fluorescence correlation spectroscopy. The “micro time” of each photon (arrival time with 

respect to the laser pulses) was used to calculate the fluorescence lifetime histograms within each 

selected photon burst or time bin. Furthermore, the “micro time” information of the photons in the 

FRET acceptor channel was applied to discriminate between photons detected as a result of FRET 

following excitation at 488 nm and photons originating from the direct excitation of the FRET 
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acceptor with the red laser pulse. Time trajectories of the FRET signals as well as the FRET 

acceptor control were analyzed by the custom-designed software Burst_Analyzer (32). At first, 

photon bursts of KdpFABC-containing labeled proteoliposomes were selected by fluorescence 

intensity thresholds using the acceptor control time trajectory. That is, each burst had to exceed 

20 counts per ms for direct excitation of the acceptor at an average frequency of 5 kHz  

(i.e., 5000 counts per second or 5 counts per millisecond, respectively) throughout the burst. 

Thereby, photon bursts showing apparent FRET merely caused by spectral fluctuations of the 

FRET donor in the absence of an acceptor could effectively be excluded from further analysis. Vice 

versa, photon burst originating from the direct excitation of the FRET acceptor at 635 nm could 

also be removed by a minimum threshold of 5 kHz on average due to the lack of signal in the 

corresponding donor channel at 488 nm. 

 

 

 

RESULTS 
 
 
Single molecule FRET techniques represent a useful tool for the determination of intra- and 

intermolecular movements in the range of a few nanometers. For example, the rotation of the γ and 

the ε subunit of the F1FO-ATP-Synthase from Escherichia coli were analyzed in detail by single 

molecule FRET measurements (32-35). In the case of P-type ATPases, rather large movements of 

the N- and A-domain are generally assumed. Crystal structures of P-type ATPases like SERCA or 

the Na+,K+-ATPase caught in different substeps of the reaction cycle fortify this model (3-6, 10). 

Nevertheless, these movements have never been shown directly in the catalytically active enzyme. 

Hence, although these conformational changes are supposed to be highly dynamic, no detailed 

information is yet available on the actual distance changes between the cytosolic domains of a P-

type ATPase during its catalytic cycle as well as on their dwell times and on their overall 

flexibility.  

At this point, single molecule FRET measurements allow for a direct analysis of distance 

changes between two specific fluorescently labeled positions in a native environment and, in 

particular, in the active enzyme. The FRET efficiency highly depends on the distance between the 

donor and acceptor fluorophores as described by the Förster equation (36) 

      

      (1) 

with R0 representing the Förster radius (i.e., the fluorophore distance at which 50 % energy transfer 

occurs) and rDA representing the actual distance between the donor and acceptor. Therefore, if the 
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donor and acceptor fluorophores are positioned around the Förster radius, even small changes in 

the distance result in strong modulations of the FRET efficiency. To achieve measurements on the 

single molecule level, the detection volume is set to a size of only a few femtoliters by diffraction-

limited focusing of a laser beam with a microscope objective into the sample buffer (Figure 1B and 

Supplemental, Figure I). In principle, this enables the counting and characterization of each 

fluorescently labeled enzyme complex traversing the laser spot. The emitted fluorescence is stored 

as individual, time-separated photon bursts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

In case of KdpFABC, enzyme complexes were labeled with both donor (Alexa 488) and 

acceptor (ATTO 655) in order to determine FRET efficiencies modulated by distance changes 

between the A- and N-domain of KdpB. The R0 of the Alexa 488/Atto 655 pair of dyes chosen as 

maleimide derivatives is 5.0 nm. This perfectly matches the proposed distance between the two 

residue positions taken for labeling, which is supposed to shift from 3.9 to 4.9 nm during the 

reaction cycle (Figure 1A). For the site-specific incorporation of the fluorescent labels at the N- and 

A-domain of KdpB, all native cysteines beside KdpB-C261 and KdpB-C609, which turned out to 

be essential for enzyme activity but could not be labeled due to their membrane-embedded location 

(Supplemental, Figure II), were substituted by alanine or serine depending upon the proposed 

hydrophobicity of the environment. Subsequently, cysteines were introduced at positions 150 and 

407 (Figure 1A), which could selectively be labeled with fluorescent maleimides (Supplemental, 

A 

Figure 1: Supposed structures and single-molecule FRET of reconstituted KdpFABC. (A) Two possible 
conformations of KdpB with two cysteine residues introduced in the nucleotide binding domain (N-domain, 
blue; position 407) and in the actuator domain (A-domain, red, position 150) for labelling and single-molecule 
FRET analyses. The distances between these two positions are highlighted. The biochemical states 
belonging to the open and closed structural states are given in parentheses. Structures were modeled
against published PDB files (1SU4, 1T5T) of SERCA (3, 36). (B) Confocal single-molecule FRET detection of 
freely diffusing proteoliposomes in solution with alternating two-colour laser excitation. 

B 
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Figure II). Both the exchange of the wildtype cysteines as well as the introduction of new cysteine 

residues had no influence on enzyme activity as demonstrated by analyses of ATP-driven, ortho-

vanadate-sensitive K+ transport in proteoliposomes (Supplemental, Figure III).The reconstituted 

complexes were simultaneously labeled with both the donor and acceptor dye, which resulted in a 

stochastic labeling of individual KdpB with either only one dye or two dyes attached. Binding of 

the fluorescent dyes to the protein had only negligible effects on the absorbance spectra of the dyes 

and, as a consequence, should also not affect the fluorescence properties of the dyes (Supplemental, 

Figure IV). The labeling ratios for each fluorophore range from 20 to 30 %, which are rather high 

for reconstituted, highly diluted protein. However, only in case of a mixed labeling with both donor 

and acceptor at the same KdpB, FRET is supposed to occur. In order to separate these FRET events 

from false signals residing from KdpB only labeled with either Alexa 488 or Atto 655, the 

alternating laser excitation approach was used (ALEX).  

As the protein traversed the confocal excitation volume, a burst of fluorescence photons was 

created (Figure 1B, Figure 2B-D). The diffusion time of the KdpFABC proteoliposomes was about 

30 ms as calculated from the autocorrelation function of the FRET acceptor (directly excited at 

635 nm), which corresponded to liposome diameters between 100 and 200 nm as expected from the 

sizing procedure. In order to prevent FRET artifacts caused by rotational immobility of the 

fluorescence labels, the anisotropy of Alexa 488 bound at either the A- or N-domain was 

determined (Supplemental, Figure V). Only the dye bound at the A-domain showed a slight 

anisotropy, which could, however, be neglected because of the free mobility of the dye bound at 

the N-domain. Because the mobility of fluorescent maleimides mainly depends on the protein 

environment, the ATTO 655 dye was not tested extra.  

Resulting typical time traces as a result of donor excitation at 488 nm are shown in  

Figures 2B-D. The concomitant presence of donor, FRET and acceptor signal accounted for real 

FRET events instead of photophysical effects caused by the donor label. This is especially 

important in the case of low labeling efficiencies, which enhance the possibility of donor-only 

labeled complexes. The intensities of donor, FRET and acceptor signal transiently increased when 

a proteoliposome traversed the detection volume. The observed fluctuations in intensity of the 

measured time traces result from two major effects. First, fluctuating fluorescence intensities for 

the FRET donor (green trace) and the FRET acceptor (red trace) can be caused by Brownian 

motion of the KdpFABC complex, which affects the position-dependent detection efficiency within 

the confocal volume. Simultaneously, the FRET acceptor intensities (orange trace) are fluctuating 

when excited with 635 nm. Second, conformational fluctuations change the intramolecular 

donor/acceptor distance and, accordingly, the FRET transfer efficiency (equation 1), which leads to 

anti-correlated fluctuations in the fluorescence intensities of FRET donor and acceptor. From the 
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corrected intensity ratios at every timestep and the given Förster radius, the distance trajectory 

(Figure 2B-D, blue traces with standard deviation in light blue) between the FRET donor and 

acceptor at the N- and A-domain was calculated. In the presence of 1 mM KCl and 2 mM MgATP, 

the distance trajectory showed fast fluctuations between 4 to 5 nm (Figure 2B). This is in good 

agreement with the distance between the selected labeling positions in the modeled structures of 

KdpB in the closed (4 nm) and open state (5 nm) (Figure 1A).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In order to trap one conformation, 200 µM ortho-vanadate was added (Figure 2C), which is 

assumed to block the enzyme in the closed E2-P state (3, 38-40). Surprisingly, both distances still 

occurred but the dwell times of these states were elongated. To large extent, the same results were 

obtained with 500 µM OCS, which is reported to block Na+,K+- ATPase presumably in the E1 state 

(41). However, in case of OCS, the distances were slightly enlarged and mainly ranged between 5 

to 6 nm (Figure 2D). 

Figure 2. Single-molecule FRET data of reconstituted KdpFABC. (A) Fluorescence autocorrelation 
functions for FRET-labeled KdpFABC during catalysis. FRET donor (green curve) and acceptor (red curve) 
exhibit the same diffusion time of about 16 ms, whereas the cross-correlation (blue curve) of FRET donor 
and acceptor shows the characteristic deviation (blue arrow) due to FRET state transitions with a time 
constant of about 3.5 ms. (B-D), FRET-induced photon bursts of single KdpFABC complexes. The lower 
panels show fluorescence intensity traces of FRET donor (green trace) and FRET acceptor (red trace) 
excited with 488 nm as well as FRET acceptor intensities excited with 635 nm (orange trace). Time traces 
are shown as moving average of 50 photons for each detection channel. Corresponding distance trajectories 
(blue traces with standard deviation in light blue) between the labels bound to the N- and the A-domain are 
shown in the upper panels. (B) Catalysis in the presence of 1 mM KCl and 2 mM ATP. (C) As B, plus inhibitor 
200 µM ortho-vanadate. (D) As B, plus inhibitor 500 µM OCS. 

A B

C D
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Dwell times of fast fluctuating states in the millisecond time scale can be estimated using 

fluorescence correlation methods. We selected a set of 33 KdpFABC complexes apparently 

switching between several interdomain distances in the presence of ATP and KCl and calculated 

the normalized autocorrelation functions of the FRET donor and of the FRET acceptor intensities 

as well as the corresponding cross correlation function (Figure 2A). Conformational dynamics of 

the N- and A-domain were expected to result in anti-correlated FRET donor and acceptor 

intensities. For the autocorrelation function, this causes an additional decay term with a specific 

time constant and, simultaneously, a rise term in the cross correlation function. The deviation in the 

cross correlation function was associated with a time constant of about 3.5 ms, which indicated a 

fast dwell time for one particular conformation in KdpFABC complexes. 

In order to discriminate between specific conformational states, especially in the case of rather 

small dwell times, a Hidden-Markov-Model (HMM) approach (42-47) was elaborated based on the 

FRET efficiency trajectories from the 1 ms time-binned intensity data. A three-state HMM 

(Supplemental, Figure VI) has recently been successfully used to analyze single molecule FRET 

data of the rotary motions of subunits in FOF1-ATP synthase (48). Here, the HMM was further 

refined to overcome the problems of FRET state turning points within one time bin (49). These 

time bins occur with a rather high frequency and could lead to an assignment of a hidden state to an 

averaged observable. However, state transitions are indicated by a reduced corresponding 

likelihood value of the Markov chain for those time bins. So far, we used the summed number of 

FRET donor and acceptor photons per time bin as a weighting key for the accuracy of the measured 

proximity factor. Now, including the reduced likelihood value at the transition points as weighting 

key diminished the contribution of time bins with a high probability of an inherent state transition. 

A series of models ranging from 2 to 10 hidden states were trained on the data set, which resulted 

in a most-likely description of the KdpFABC dynamics by three independent conformations called 

S1 (~5 nm), S2 (~4 nm) and S3 (~6 nm). Examples of state assignments in individual transporters 

are shown in Figure 3A-C. The S1 states were consistent with the distances of the open 

conformation (E1; ~5 nm), and the S2 states were related to the distances of the closed 

conformation (~4 nm), which corresponds to the biochemical states E1~P, E2-P and E2. The 

population of a wide-open S3 state with a short dwell time of 3 ms was small and transitions to S3 

only occurred infrequently. Among the three biochemical conditions tested (catalysis, ortho-

vanadate and OCS inhibition), the overall distribution of states did not change significantly 

(S1: 38 %, S2: 49 % and S3: 13 %). To gain more information about the predominant order of 

transitions between these three states, two-dimensional FRET transition density plots according to 

ref (43) were created (Figure 3D-F). Again, a similar distribution of transitions was found in all 

three cases, with dominating transitions between S1 and S2. Furthermore, the S3 state only shifted 

to the S1 state and vice versa, but never to the S2 state. 
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In order to determine the dwell times of the three states and to check whether the presence of an 

S3 state might be an artifact from short-term arbitrarily co-localized fluorescent impurities, the 

FRET data sets were re-analyzed manually. First, switching points between constant FRET levels 

in single KdpFABC complexes were assigned. FRET efficiencies and resultant real distances were 

calculated for each FRET level based on the fluorescence intensities [I] of both FRET donor and 

acceptor and, independently, on the lifetimes [τ] of the FRET donor. The consistence of FRET 

distance determination is shown in the two-dimensional plots (Figure 4A-C). This plot was also 

used for quality control of the analyzed data. Detected FRET levels have to result in the same 

distances independently of which mode of calculation was used. As a consequence, the datapoints 

have to be arranged close by the red lines in Figures 4A-C. Subsequently, FRET levels were sorted 

with respect to the expected FRET distance intervals for the S1 state (between 4.7 and 5.3 nm), the 

S2 state (between 3.5 and 4.7 nm) and the S3 state (>5.3nm). The frequency of the S3 state was too 

low for further dwell time analysis. Using these limits, the dwell time distribution for the S1 and 

the S2 state was plotted for every biochemical condition (Figure 4D-F). The corresponding curve 

fittings are shown as lines together with the dwell times calculated. In the presence of 1 mM KCl 

and 2 mM MgATP, the dwell time of the closed conformation (S2) was 7.5 ms and for the open 

S1

S2

S3

S1 S3 S2 
S2 

S1 

S3 

A B C

D E F

Figure 3: FRET level transition analysis based on Hidden-Markov-Models (HMM). (A-C) FRET distance 
changes in labeled KdpFABC during catalysis without (A) and upon addition of 200 µM ortho-vanadate (B) or 
500 µM OCS (C). Red lines indicate the learned S1 (~5 nm), S2 (~4 nm) and S3 (~6 nm) HMM states and 
the dwell according to the HMM. (D-F) FRET transition density plots for the HMM-assigned states. For better 
understanding, the three states are highlighted in red on the distance axes of D. Red crosses mark the six
possible state transitions; blue contours show the distribution of the actual FRET distances for each state. 
For all biochemical conditions, two similar dominating transitions were found, i.e. between the S1 and the S2
state. The low-FRET S3 state is only populated from and shifts to S1. 
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(S1) conformation 3.9 ms. Assuming a full transport cycle going from S1 to S2 to S1, the sum of 

both dwell times corresponds to turnover rates of 80 to 100 s-1 at room temperature. This is in the 

same range as the turnover rates of other P-type ATPases like SERCA (100 s-1) (50) or Na+,K+-

ATPase (30-50 s-1) (51). Ortho-vanadate prolonged the open S1 state (~19 ms), whereas, in the 

presence of OCS, both dwell times were prolonged (S1: ~24 ms, S2: ~17 ms). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A B C

D E F

Figure 4: Manual assignment of KdpB conformations and dwell times. (A-C) Distributions of distances 
between the N- and the A-domain as calculated from FRET based on intensities [I] versus FRET based on 
donor lifetimes [τ] for reconstituted KdpFABC during catalysis. The closed conformation of KdpFABC (S2 
state) is assigned to distances < 4.7 nm, the open conformation to distances between 4.7 nm and 5.3 nm. 
(D-F) Corresponding dwell time distributions for the S1 and S2 states. In the presence of the inhibitors ortho-
vanadate or OCS, both dwell times are significantly prolonged. 
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DISCUSSION 
 
 
Since the late 50’s when Skou linked ion transport to ATPase activity by discovering the Na+,K+-

ATPase (52), P-type ATPases are under intensive investigations. Today, huge information is 

available regarding the structure of P-type ATPases locked in different catalytic states. 

Furthermore, there is already a detailed view of the putative reaction cycle of P-type ATPases 

primarily based on biochemical data. One of the most important features of P-type ATPases is the 

large domain movements during the catalytic cycle. However, up to date, these domain movements 

have either been shown freezed in crystal structures under non-native conditions or only indirectly 

during catalysis via modulation of the intrinsic tryptophan fluorescence or digestion experiments 

(For overview: 23-27). Furthermore, especially crystal structures share no information about how 

frequent and how long the crystallized conformation appears in the catalytic cycle. Therefore, 

direct and detailed data about the dynamics of the structural changes are still missing.  

We have used the single molecule ALEX-FRET technique to monitor the dynamics of single 

molecules of the P-type ATPase KdpFABC from E. coli in real-time, both under ATP hydrolyzing 

as well as under inhibiting conditions. The use of small fluorescent maleimides for labeling instead 

of rather large fluorescent fusion proteins like GFP together with the reconstitution of the protein 

complexes into liposomes minimizes any artificial effects on protein dynamics by providing native 

conditions as far as possible. The FRET measurements demonstrated the presence of primarily two 

distinct states, S1 and S2, which appeared at an equal frequency. The calculated distances of these 

states of approximately 5 nm (S1) and 4 nm (S2) are in well accord with the predicted distances of 

the labeling positions in KdpB for the E1 and E2 state as derived from homology modelling by use 

of SERCA crystal structures. However, the distance states (S1 and S2) differ from the biochemical 

states (E1, E2) in a way that the phosphorylated E1~P and E2-P state also belong to the S2 distance 

(Figure 5). In the vast majority of cases, the S1 state shifts to the S2 state and vice versa, which 

strongly reflects the proposed reaction cycle. An additional third state (S3) could also be observed, 

which corresponded to a rather large distance of approximately 6 nm. However, this 

conformational state could not be described by the reaction cycle of KdpFABC or any other P-type 

ATPase. In fact, the low frequency of this state indicated that it plays no role in the reaction cycle. 

Furthermore, the S3 state only originates from and shifts to the S1 state but was never related to S2. 

The N-domain of P-type ATPases is thought to be linked to the P-domain by two flexible linker 

regions (3) and undergoes large tilting movements during ATP-hydrolysis. Therefore, it is likely 

that in the open S1 state, the N-domain tilts back and forth from the A-domain due to thermal 

fluctuations, thus casually forming the wide open S3 state (Figure 5). 
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Although several catalytic substeps have been resolved by structural analysis especially in the 

case of SERCA (3-6, 8-10), these structures yielded no information about the flexibility of the P-

type ATPase domains in these states. In this work, we could clearly show that the different distance 

states correlating with the biochemical states fluctuated at high frequency. Even inhibiting 

conditions did not notably affect the flexibility of the enzyme. Ortho-vanadate was shown to block 

the Na+,K+-ATPase biochemically in the E2-P state by tightly binding at the conserved aspartate 

residue in the P-domain, thereby blocking the dephosphorylation (38-40). The fitting of the TNP-

AMP-bound E1 state crystal structure of SERCA into the SERCA electron density map of the 

vanadate-bound E2-P state (3) identified a large spherical mass at the P-domain near the conserved 

aspartate residue, which most likely represents a decavanadate molecule. An additional binding of 

the inhibitor to the N-domain has never been shown. Our results favour the notion that the vanadate 

molecule indeed binds to the P-domain but does not interact with the N-domain. This could result 

in a conformational state, in which the enzyme is biochemically blocked by the vanadate molecule 

without affecting the flexibility of the N-domain. Therefore, the N-domain is still free to swing 

back and forth resulting in the two distance states S1 and S2. However, the rather large vanadate 

molecule could constrict the N-domain just a bit, thereby resulting in elongated dwell times of the 

structural states, especially of the large-distance S1 state (4.8x). The more recently described 

inhibitor OCS was shown to biochemically block the Na+,K+-ATPase in the E1 state by binding to 

the cytoplasmic side of the protein (41) and also inhibits SERCA (53) and the KdpFABC complex 

(data not shown). Our results demonstrate that also OCS does not block the enzyme in a particular 

distance state (S1 or S2). Incubation with OCS rather resulted in significantly prolonged dwell 

times especially of the S1 state (S1: 6x, S2: 2.2x) but did not prevent the shift into the S2 state. 

This could be explained by a binding of OCS at a position, which blocks the enzyme biochemically 

in the E1 state and, in addition, somewhat effects the N- and A-domain flexibility. 
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Figure 5: Assignment of the proposed biochemical states [E] to the identified distance states [S]. The 
KdpFABC complex is proposed to undergo the typical E1/E2 reaction cycle of P-type ATPases. The 
biochemical E1 state is consistent with the measured open conformation S1. The closed conformation S2 
involves the biochemical states E1~P, E2-P and E2. During the reaction cycle (indicated by arrows), S1 shifts 
to S2 and vice versa. The rare wide-open conformation S3 only exchanges with S1 and could be explained 
by occasional short-lived back-tilting of the flexible N-domain. This state is most likely not involved in the 
reaction cycle as indicated by the E1* state. 
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The analysis of dwell times during catalysis indicated that the S2 state is the rate-limiting step 

of the P-type reaction cycle. As depicted in Figure 5, the S2 state involves the three enzymatic 

states E1~P, E2-P and E2, whereas the S1 state corresponds to only the E1 state. As a consequence, 

the S2 state involves a higher number of catalytic substeps. However, the E2/E1 transition was 

identified as the rate-limiting step in Na+,K+-ATPase (54). In the case of SERCA, the rate-limiting 

step of the reaction cycle is supposed to be related to the E1~P/E2-P transition (55). Both of these 

results structurally correspond to the S2 state in our case and, thus, are well in accord with our data. 

By use of single molecule ALEX-FRET, we directly measured distance changes within KdpB 

during ATP hydrolysis, which is the first time that such single molecule real-time dynamic 

measurements were made for P-type ATPases. Resolving both the distance changes and the 

according dwell times for three conformational states under catalysis as well as in the ortho-

vanadate- and the OCS-inhibited state, this technique provides new insights into the functional 

dynamics of the KdpFABC complex and P-type ATPases in general. 
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Figure I: Alternating laser excitation microscopic setup. The donor excitation laser at 488 nm and the 
acceptor excitation laser at 635 nm emit laser pulses in an alternating fashion. By use of a dichroic mirror, 
both lasers were overlaid and thereupon directed into the microscope objective by a second dichroic mirror. 
The objective focuses both laser beams into the sample, resulting in a confocal volume of a few femtoliters. 
Fluorophores diffusing through the confocal volume emit light of a lower wavelength as the excitation lasers, 
which is collected by the objective and passes the dichroic mirror. Subsequently, a lens focuses the 
fluorescence light beam, which allows for passage through a 150 µm pinhole. This pinhole defines the 
confocal detection volume and prevents light scattering toward the extremely sensitive avalanche 
photodiodes (APD). Beyond the pinhole, the fluorescent light beam is again widened by a second lens. The 
following dichroic mirror separates the donor fluorescence from the acceptor fluorescence. After passing a 
correspondingly selective filter, the fluorescence is detected by an avalanche photo diode. 



CC hh aa pp tt ee rr   II II II                                   CCoonnffoorrmmaattiioonnaall  DDyynnaammiiccss  ooff  KKddppFFAABBCC  PP--ttyyppee  AATTPPaassee  

- III / 18 - 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure II: Protection of the membrane-integral cysteine residues in liposomes and labeling specificity 
of the introduced cysteines. Isolated KdpFABC, KdpFABCΔCys (KdpFABC complexes, in which all 
cysteine residues have been replaced), and KdpFABCΔCys with different cysteine substitutions were 
reconstituted into liposomes at a protein/lipid ratio of 1:20 followed by labeling of 5 μg of protein with 
Alexa 488-maleimide in a complex/dye ratio of 1:40. Subsequently, labeled proteoliposomes were subjected 
to SDS-PAGE. Proteins were either stained with Coomassie (A) or visualized by exposition on a UV 
transilluminator (B). Std, molecular-mass standard; 1, plain control liposomes; 2, KdpFABC wild type; 3, 
KdpFABCΔCys; 4,  KdpFABCΔCys-KdpB:A261C/A609C; 5, KdpFABCΔCys-KdpB:A261C/A609C/G150C; 6, 
KdpFABCΔCys-KdpB:A261C/A609C/A407C; 7 KdpFABCΔCys-KdpB:A261C/A609C/G150C/A407C; 8, 
KdpFABC wild type denatured with 1 % (w/v) SDS prior to the addition of the fluorophore. A degradation 
product of KdpB is marked with asterisks. Explanations for the mutants are given in the text and in Appendix,
Table 2. Only the introduced cysteines in the A- and N-domain (G150C and A407C, respectively) could be 
labeled. The membrane-integral cysteines of KdpB (C261 and C609) are completely prevented from labeling. 
Furthermore, unspecific labeling of the cysteine-free KdpA and KdpC subunit does not occur. 

* 

* 
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Figure III: Electrogenic K+ transport of reconstituted wild type and mutant KdpFABC complexes.
Fluorometric measurements were carried out in the presence of 50 mM KCl inside and outside of the 
proteoliposomes. The ATP-driven export of K+ by inside-out reconstituted KdpFABC complexes was initiated 
by the addition of 1 mM ATP at the time indicated. The translocation of K+ imposes a membrane potential, 
which is readily detected by the potential-sensitive fluorophore DiSC3(5). Specific inhibition of transport 
activity by the addition of ortho-vanadate served as a control for active transport by the P-type ATPase, 
whereas the final addition of valinomycin served as a control of K+ specificity of the signal. Four different 
fluorescence traces are shown: black, plain control liposomes; blue, KdpFABC wild type; green, 
KdpFABCΔCys-KdpB:A261C/A609C/G150C; magenta, KdpFABCΔCys-KdpB:A261C/A609C/A407C; red, 
KdpFABCΔCys-KdpB:A261C/A609C/G150C/A407C. Explanations for the mutants are given in the text and in 
Appendix, Table 2. All mutant KdpFABC complexes show almost identical potassium transport kinetics as the 
wild type complex. 
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Figure IV: Absorption spectra of reconstituted KdpFABC complexes labeled with Alexa 488- and 
ATTO 655-maleimide. KdpFABCΔCys-KdpB:A261C/A609C/G150C/A407C was reconstituted into liposomes 
at a protein/lipid ratio of 1:20 followed by labeling of the proteoliposomes as described previously. After 
solubilization with 1 % Triton-X-100, absorbance spectra were measured and corrected by subtracting buffer 
absorbance spectra. The absorbance spectrum of the labeled KdpFABC-mutant (red) is almost identical to 
the spectra of the free Alexa 488-maleimide (blue) and ATTO 655-maleimide (green). 
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Figure V: Single-molecule fluorescence anisotropy plots. KdpFABC complexes carrying either the 
G150C (KdpFABCΔCys-KdpB:A261C/A609C/G150C; green) or A407C substitution (KdpFABCΔCys-
KdpB:A261C/A609C/G150C/A407C; red) were labeled with Alexa 488-maleimide as described. 
Fluorescence anisotropy was measured on a modified single-molecule FRET setup. The free dye 
rhodamine 110 (black) was used as a reference without anisotropy and erythrosine blue (blue) as positive 
anisotropy reference. Only the G150C substitution shows a slight, however negligible anisotropy.  

A 
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Figure VI: Three-state Hidden-Markov-Model (HMM). (A) HMM with possible transitions applied to the 
FRET level search within the selected FRET-induced KdpFABC photon bursts. The S1 state was assigned to 
represent a medium FRET efficiency state, S2 was a high FRET efficiency state and S3 was a low FRET 
efficiency state. S3 was attributed to approx. 6 nm (13 % of all assigned states), S1 corresponded to approx. 
5 nm (38 % of all assigned states), and S2 was found at approx. 4 nm (49 % of all assigned states). (B-D)
FRET distance changes in selected bursts found by a three-state HMM during catalysis without (B) and with 
200 µM ortho-vanadate (C) or 500 µM OCS (D). 
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NOTE 
 

In this chapter a three state Hidden-Markov-Model as well as several MATLAB-based scripts for 

the computational analysis of the single-molecule ALEX-FRET data were used, which were 

elaborated by Nawid Zarrabi during his Ph.D. thesis.  

Furthermore, plasmids encoding cysteine-free kdpA and kdpB mutants were kindly provided by 

Doris Becker. In this study, these plasmids were used to generate the pGS4ΔCys plasmid for the 

production of a KdpFABC complex lacking all cysteines.   

Finally, homology modeling of KdpB was carried out by Henrik Strahl. In the present chapter, 

the corresponding pdb-file was used to generate Figure 1A. 
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SUMMARY 
 
 
The bacterial KdpFABC complex adopts an exceptional position in the field of P-type ATPases. It 

exhibits some unique features, which are not found in any other P-type ATPase and which are 

mainly reflected by its unique subunit composition. This applies especially to the spatial separation 

of ion transport (mediated by KdpA) and ATP hydrolysis (mediated by KdpB) as well as to the 

putative cooperative interaction of the N-domain of KdpB and the C-terminal part of KdpC. 

Studies on the KdpFABC complex from Escherichia coli so far concentrated mainly on the 

similarities of KdpA to KcsA-like potassium channels, on the energy coupling between KdpB and 

KdpA, on the biochemical features of KdpB and KdpA and on the structure of the nucleotide 

binding domain of KdpB. The elucidation of the macromolecular structure of the complex has so 

far almost been neglected. However, the knowledge just on the arrangement of subunits could 

provide new insights into the interplay of the single components. Therefore, two chapters of this 

thesis focus on the determination of the low resolution structure of the KdpFABC complex. 

Whereas the first chapter elucidates the native oligomeric state of KdpFABC, the second chapter 

provides a low resolution structural map of the monomeric enzyme complex.  

Although the KdpFABC complex exhibits some unique features among P-type ATPases, it also 

shares other common features of this ATPase family, especially with respect to the large domain 

movements during the characteristic reaction cycle. However, these dynamic domain movements 

have never been directly shown for any P-type ATPase. For the first time, chapter three provides 

direct experimental data on the dynamics of domain distance changes and corresponding dwell 

times of the two major catalytical states in the functionally active enzyme. 

 

The oligomeric state of the KdpFABC complex has been determined by multiple techniques. 

Chemical cross-linking of native cysteines in KdpB by use of copper 1,10-phenanthroline resulted 

in the formation of a high molecular weight cross-link product, which could be identified as a 

KdpB dimer and demonstrated the presence of neighboring KdpB subunits. The cysteine residues 

responsible for cross-linking were identified by mutagenesis as C48 and C679, both of which are 

located near the periplasmic side of the protein. Gel filtration analysis of cross-linked KdpFABC 

together with non-cross-linked complexes resulted in only one single peak at an apparent molecular 

weight corresponding to a homodimer, which indicated that KdpFABC had already been purified 

as a dimer. In order to directly analyze KdpFABC dimers, negatively stained enzyme complexes 

were visualized by transmission electron microscopy, demonstrating a nearly 1:1 distribution of 

monomeric and dimeric KdpFABC complexes. These results suggest a concentration-dependent 

dissociation of the complex due to the high dilution (20-50 nM) used for electron microscopic 
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specimen preparation. Finally, functionally reconstituted KdpFABC complexes were analyzed by 

single molecule FRET in freely diffusing liposomes. For this purpose, KdpFABC preparations 

were site-directedly reacted with sulfhydryl-specific derivatives of ATTO 488 and ATTO 655 at 

just one position in KdpB prior to reconstitution, resulting in a heterogeneously labeled enzyme 

preparation. As a result, FRET could only occur in the case of dimeric KdpFABC complexes. The 

data obtained further restricted the dissociation constant of the monomer/dimer equilibrium to  

30-50 nM, which is consistent with the dissociation constants of other dimeric P-type ATPases. 

These data have already been published (Heitkamp et al., 2008) 

 

In order to obtain more detailed information about the subunit arrangement within the enzyme 

complex, negatively stained KdpFABC was further analyzed by single particle transmission 

electron microscopy. Analysis of approximately 10,000 monomeric complexes resulted in an 

electron density map corresponding to a solution structure at a resolution of 19 Å. In contrast to 

previous electron tomographic data obtained with 2D crystal lattices of KdpFABC, the model 

presented in this thesis also contains distinct information on the large membrane-embedded part of 

the complex. Three-dimensional structural homology models of the single subunits could be fitted 

into the map, which allowed for conclusions about subunit interfaces. The K+-translocating KdpA 

subunit is in tight contact with the transmembrane domain of the ATP-hydrolyzing KdpB subunit. 

Because of the essential energy coupling between KdpA and KdpB, this contact has already been 

predicted. Furthermore, the cytosolic C-terminal portion of KdpC could be located in close vicinity 

to the N-domain of KdpB, thereby allowing a direct interaction during the assumed cooperative 

ATP binding mechanism. Furthermore, the electron density map was used to build a docking model 

of two KdpFABC complexes based on the information obtained from the analyses of the 

oligomeric state. This docking model brings the P-domains of the KdpB subunits in close vicinity 

to each other and shows a tight cogging of the monomers. These data have already been submitted 

for publication in the Journal of Structural Biology, the corresponding manuscript is under revision.  

 

P-type ATPases exhibit a typical reaction cycle with several biochemically and structurally 

different substeps. However, two major conformations can be distinguished, which mainly result 

from large movements of the N- and A-domain. So far, most information on these conformations 

was obtained from crystal structures of eukaryotic P-type ATPases, which have been trapped in 

several catalytical substeps. Nevertheless, these domain movements of P-type ATPases have so far 

never been shown directly in the catalytically active enzyme.  

In this thesis, distance changes between the N- and the A-domain of catalytically active KdpFABC 

could be observed directly and, thus, for the first time for a P-type ATPase. This was achieved by 

measuring single molecule FRET on freely diffusing proteoliposomes by use of an alternating laser 



SS uu mm mm aa rr yy       

- S / 3 - 

excitation scheme (ALEX). Isolated KdpFABC complexes were site-specifically labeled with 

sulfhydryl-specific Alexa 488- and ATTO 655-derivatives at both the N- and the A-domain of 

KdpB and subsequently reconstituted in liposomes. Single molecule FRET was measured under 

ATP-hydrolyzing conditions as well as in the vanadate- and OCS- inhibited states. Manual analysis 

of the resulting datasets as well as an automated Hidden-Markov approach resulted in three distinct 

distance states for every biochemical condition, namely S1 (~5 nm), S2 (~4 nm) and S3 (~6 nm). 

The S1 and the S2 states are well in accord with the expected distances in the open (E1) and the 

closed (E2) conformation of KdpB. Under catalytic conditions, dwell times of 3.9 ms (S1) and 

7.5 ms (S2) could be determined, which in sum correlated well with the general catalytic turnover 

number of P-type ATPases. However, the observed S2 state could be identified as the rate limiting 

step of the reaction cycle, which is further consistent with biochemical data of other P-type 

ATPases. Furthermore, inhibition of the complex by vanadate or OCS did not result in locking the 

flexible domains into a single rather rigid conformation. In terms of catalysis, inhibition rather 

resulted in an elongation of the dwell times of both states. The rare S3 state was populated from 

and transited only to the S1 state, thereby indicating a structural conformation, which is not 

relevant for the reaction cycle and eventually merely results from the high flexibility of the N-

domain. These data are subject to publication.   
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APPENDIX 
 
 
Table 1: Primer used in this study 

name sequence  purpose 
   

KdpA-C64A-for CAATATCTTGCTGCCATTCTCGGCCTGAAC KdpA: Substitution C64A 
   

KdpA-C64A-rev CAGGCCGAGAATGGCAGCAAGATATTGCTT KdpA: Substitution C64A 
   

KdpA-C267A-for CCAACGGCGCTGGCCTTTGCCTTTGGTGAA KdpA: Substitution C267A
   

KdpA-C267A-rev ACCAAAGGCAAAGGCCAGCGCCGTTGGGAT KdpA: Substitution C267A
   

KdpA-C294A-for ATTTTTGTCATCGCCGTAGGCGTGGTGATG KdpA: Substitution C294A
   

KdpA-C294A-rev CATCACCACGCCTACGGCGATGACAAAAAT KdpA: Substitution C294A
   

KdpA-C344S-for GCGGCTTCCTCTGGCGCGGTGATTGCGATG
CATGATTCGTTT 

KdpA: Substitution C344S 

   

KdpA-C344S-rev AAACGAATCATGCATCGCAATCACCGCGCC
AGAGGAAGCCGC 

KdpA: Substitution C344S 

   

KdpA-C483AC488A-
for 

TCTCCGTTCTGGAACGCTTTACTGGCGTTCG
CCATGTTTGTCGGTCGC 

KdpA: Substitution C483A  
and C488A 

   

KdpA-C483AC488A-
rev 

GCGACCGACAAACATGGCGAACGCCAGTA
AAGCGTTCCAGAACGGAGA 

KdpA: Substitution C483A  
and C488A 

   

KdpA-EcoRI-for CAGCCAGAATTCTACCCTTCCGGTAT KdpA: Substitution C64A 
   

KdpA-NcoI-for CAGCTGTTACCCATGGGGCCTGTAGCT KdpA: Substitution 
C267A,C294A  
and C344S 

   

KdpA-NcoI-rev AGCTACAGGCCCCATGGGTAACAGCTG KdpA: Substitution C64A 
   

KdpA-NsiI-for GTGATTGCGATGCATGATTCGTTTACC KdpA: Substitution C483A  
and C488A 

   

KdpA-NsiI-rev CGAATCATGCATCGCAATCACCGCGCCACA
GGAAGC 

KdpA: Substitution C267A  
and C294A 

   

KdpA-BsiWI-rev TTCATCTCGCGTACGTCGATTTTTTTA KdpA: Substitution C344S 
   

KdpA-BstBI-rev AAGTGTTGGTTCGAATAGCGCCAGTTG KdpA: Substitution C483A  
and C488A 

   
   

Substitutions of amino acid residues are underlined. Recognition sequences for restriction endonucleases 
are highlighted in bold type. 
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Table 1: Primer used in this study 

name sequence  purpose 
   

KdpB-C48A-for GCTGACCACCGCTATTAGCATCG KdpB: Substitution C48A 
   

KdpB-C48A-rev CGATGCTAATAGCGGTGGTCAGC KdpB: Substitution C48A 
   

KdpB-C142S-for GATATTATCCCCTCCGATGGTGAAGTT KdpB: Substitution C142S 
   

KdpB-C142S-rev AACTTCACCATCGGAGGGGATAATATC KdpB: Substitution C142S 
   

KdpB-C191S-HpaI-
rev 

CTCGCCGGGGTTAACGCTAGACTCAATCAC
CAG 

KdpB: Substitution C48A, 
C142S and C191S 

   

KdpB-C261A-for GCGCTGCTGGTCGCTCTGATCCCAACC KdpB: Substitution C261A
   

KdpB-C261A-rev GGTTGGGATCAGAGCGACCAGCAGCGC KdpB: Substitution C261A
   

KdpB-C609A-for CTGAACATCATGGCCCTGCATTCGCCC KdpB: Substitution C609A
   

KdpB-C609A-rev GGGCGAATGCAGGGCCATGATGTTCAG KdpB: Substitution C609A
   

KdpB-C679A-for CTGCTGACCGTTGCCGGTCTGGTGTG KdpB: Substitution C679A
   

KdpB-C679A-rev CACACCAGACCGGCAACGGTCAGCAG KdpB: Substitution C679A
   

KdpB-MfeI-for GTGATGGCAATTGCCGGTTCGC KdpB: Substitution C48A, 
C142S and C191S 

   

KdpB-HpaI-for TGTAGCGTTAACCCCGGCGAG KdpB: Substitution C261A
   

KdpB-ClaI-rev CATGCGGTTATCGATGTTGATC KdpB: Substitution C261A
   

KdpB-BamHI-for GACCCGTGGATCCCTGACCACCTTCAG KdpB: Substitution C609A 
and C679A 

   

KdpB-SalI-rev TAAATGTCGACAATGCCGGAC KdpB: Substitution C609A 
and C679A 

   
   

KdpB-A407C-Up-for GTGATCCTCGCCAAGCAGCG KdpB: Substitution A407C
   

KdpB-A407C-Up-rev CCACCGTTACACTCAACATGGCG KdpB: Substitution A407C
   

KdpB-A407C-Down-
for 

CGCCATGTTGAGTGTAACGGTGG KdpB: Substitution A407C

   

KdpB-A407C-Down-
rev 

CACCGCACTGAGGATTGCGG KdpB: Substitution A407C

   

KdpB-G150C-Up-for GCCTTTGCCGGCTTAAGCGC KdpB: Substitution G150C
   

KdpB-G150C-Up-rev CGACCGATGCACACCCTTC KdpB: Substitution G150C
   

KdpB-G150C-Down-
for 

GAAGGGTGTGCATCGGTCG KdpB: Substitution G150C

   

KdpB-G150C-Down-
rev 

GGCACTCGCTGACAACAGGC KdpB: Substitution G150C

   
   

Substitutions of amino acid residues are underlined. Recognition sequences for restriction endonucleases 
are highlighted in bold type. 
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Table 2: Plasmids used in this study 

name genotype characteristics resulting protein
    

pGS4 ApR, Pkdp, kdpFAHisBC expression of kdpFAHisBC KdpFABC 
    

pGS4-
KdpB(C48A) 

ApR, Pkdp, kdpFAHisBC, kdpBC48A expression of kdpFAHisBC; 
substitution C48A within KdpB 

KdpFAB(C48A)C 

    

pGS4-
KdpB(C679A) 

ApR, Pkdp, kdpFAHisBC, kdpBC679A expression of kdpFAHisBC, 
substitution C679A within KdpB 

KdpFAB(C679A)C

    

pGS4ΔCys ApR, Pkdp, kdpFAHisBC,  
kdpAC(64, 267, 294, 483, 488)A, C344S, 
kdpBC(48, 261,609, 679)A, C(142, 191)S 

expression of kdpFAHisBC; 
substitution of all cysteines 
within KdpFABC 

KdpFABCΔCys 

    

pGS4ΔCys-
KdpB(C261) 

ApR, Pkdp, kdpFAHisBC, 
kdpAC(64, 267, 294, 483, 488)A, C344S, 
kdpBC(48, 609, 679)A, C(142, 191)S 

expression of kdpFAHisBC; 
substitution of all cysteines 
within KdpFABC, except C261 
of KdpB 

KdpFABCΔCys-
KdpB:A261C 

    

pGS4ΔCys-
KdpB(C609) 

ApR, Pkdp, kdpFAHisBC, 
kdpAC(64, 267, 294, 483, 488)A, C344S, 
kdpBC(48, 261, 679)A, C(142, 191)S 

expression of kdpFAHisBC; 
substitution of all cysteines 
within KdpFABC, except C261 
and C609 of KdpB 

KdpFABCΔCys-
KdpB:A609C 

    

pGS4ΔCys-
KdpB(C261/C609) 

ApR, Pkdp, kdpFAHisBC, 
kdpAC(64, 267, 294, 483, 488)A, C344S, 
kdpBC(48, 679)A, C(142, 191)S 

expression of kdpFAHisBC; 
substitution of all cysteines 
within the KdpFABC complex, 
except C261 and C609 of KdpB 

KdpFABCΔCys-
KdpB:A261C/ 
A609C 

    

pGS4ΔCys-
KdpB(C261/C609/ 
G150C) 

ApR, Pkdp, kdpFAHisBC, 
kdpAC(64, 267, 294, 483, 488)A, C344S, 
kdpBC(48, 679)A, C(142, 191)S, G150C 

expression of kdpFAHisBC; 
substitution of all cysteines 
within the KdpFABC complex, 
except C261 and C609 of KdpB; 
substitution G150C within KdpB 

KdpFABCΔCys-
KdpB:A261C/ 
A609C/G150C 

    

pGS4ΔCys-
KdpB(C261/C609/ 
A407C) 

ApR, Pkdp, kdpFAHisBC, 
kdpAC(64, 267, 294, 483, 488)A, C344S, 
kdpBC(48, 679)A, C(142, 191)S, A150C 

expression of kdpFAHisBC; 
substitution of all cysteines 
within the KdpFABC complex, 
except C261 and C609 of KdpB; 
substitution A407C within KdpB 

KdpFABCΔCys-
KdpB:A261C/ 
A609C/A407C 

    

pGS4ΔCys-
KdpB(C261/C609/ 
G150C/A407C) 

ApR, Pkdp, kdpFAHisBC, 
kdpAC(64, 267, 294, 483, 488)A, C344S, 
kdpBC(48, 679)A, C(142, 191)S, G150C, A407C

expression of kdpFAHisBC; 
substitution of all cysteines 
within the KdpFABC complex, 
except C261 and C609 of KdpB; 
substitution G150C and A407C 
within KdpB 

KdpFABCΔCys-
KdpB:A261C/ 
A609C/G150C/ 
A407C 

    

The plasmid pGS4 is taken from Ahnert et al. (2006). The plasmids pGS4-KdpB(C48A) and pGS4-
KdpB(C679A) were made by René Kalinowski during his diploma thesis. 
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