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ABSTRACT 

Copper transporting ATPase (Cu-ATPase) is a member of the P1B-subfamily of P-type 

ATPases, which catalyzes ATP-dependent copper delivery across cellular membranes. The 

energy derived from ATP is used in the active transport of Cu+ against a concentration gradient 

across the membrane. During this process, an invariant aspartate residue is auto-phosphorylated 

and dephosphorylated. Cu-ATPase shares the same type of basic architecture with other P-type 

ATPases, such as Ca2+-ATPase of skeletal muscle sarcoplasmic reticulum (SERCA). This family 

of ATPases all possesses three cytoplasmic domains that are the nucleotide-binding (N) domain, 

the phosphorylation (P) domain, and the actuator (A) domain, as well as the transmembrane 

domain. Cu-ATPase differs from SERCA by having one or several N-terminal metal-binding 

domains.   

 Here, NMR is used to characterize the in solution structure and dynamics of the N and P 

domains (A387-N675, 31 kDa) of Archaeoglobus fulgidus CopA (CopA_NPwt). Our NMR 

results suggest that the P domain of CopA_NPwt is undergoing conformational exchange in both 

the apo and the AMPPCP bound state. Disulfide linking of the N and C terminal helices of 

CopA_NPwt helps stabilize the P domain resulting in a more organized state (CopA_NPss). 

CopA_NPss is generally very rigid in both N and P domains on the fast timescale, with the 

exception of a few flexible loops. The inter-domain orientation of CopA_NPss was determined 

by using residual dipolar couplings, which report the average population in solution. The N and 

P domains close up upon AMPPCP binding, which results in a highly compact conformation in 

the transition state, until phosphorylation occurs that opens up the N and P domains. Moreover, 

the role of the conserved 548DXXK motif in the hinge of CopA_NPss was explored by studying 

the structural and dynamics effect of the D548N mutation. This mutation does not affect the 
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inter-domain orientation or the inter-domain flexibility of CopA_NPss, but the D548N mutation 

resulted in a 5-fold increase of the binding affinity for AMPPCP.  

The communication mechanism between the phosphorylation site and the cation binding 

site of the transmembrane helices was explored. Cation binding to the transmembrane helices 

drives the stabilization of the P domain, resulting in a functionally efficient phosphorylation 

pocket wedged between the N and P domains. Phosphorylation of the invariant Asp residue 

stabilizes a more open inter-domain orientation between the N and P domains, which gives 

access to the A domain and its dephosphorylation peptide region to undo phosphorylation while 

opening the transmembrane region enabling ion transport across the membrane. This model 

suggests how the allosteric communication could be achieved between the phosphorylation site 

and the ligand-binding site of the transmembrane domain, which can be tested and refined 

through future experiments both in solution and in crystals. 
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CHAPTER 1  

INTRODUCTION 

Cu transporting ATPase 

Copper (Cu) is an essential enzymatic cofactor for cell metabolism and it plays a key role 

in a wide range of biochemical processes such as cellular respiration, pigmentation, neuropeptide 

processing, and free radical detoxification (Wang et al 2011). Although required in trace 

amounts, excess Cu can be toxic to cells as it has the ability to generate reactive oxygen species 

or free radicals (Seth et al 2004), which oxidize cellular components and disrupt normal 

metabolism (Halliwell 2012). Therefore, intracellular Cu levels are tightly regulated by a 

complex and sophisticated network of proteins that include the Cu importer, the Cu chaperones, 

and Cu transporting ATPases (Cu-ATPase) (Lutsenko et al 2002; O'Halloran & Culotta 2000; 

Wang et al 2011). 

In humans, there are two Cu-ATPases, ATP7A and ATP7B, and they have somewhat 

complementary expression patterns. ATP7A is ubiquitously expressed except for the liver. 

ATP7B is more selectively expressed, with the highest expression in the liver, but also expressed 

in kidney, mammary epithelial cells, brain, and eyes (Lutsenko et al 2007; Petris et al 1996; 

Yamaguchi et al 1996). Normally, both proteins are located at the trans-Golgi network (TGN) 

(i.e. the final compartment of the Golgi apparatus) of the cell, and therefore they can transport 

Cu to Cu-dependent enzymes through the secretory pathway. Elevated intracellular Cu levels 

would stimulate the trafficking of the ATP7A/7B proteins to vesicular compartments in close 

proximity to the cell periphery, where their primary role is in the export of the excess Cu from 

the cell (La Fontaine & Mercer 2007). The widespread expression of ATP7A suggests a 

housekeeping function for ATP7A, whereas ATP7B has a more specialized role in Cu 
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physiology as a result of its selected expression. ATP7A/7B influences a variety of physiological 

and pathophysiological processes such as neurological function, kidney function, development, 

and immune function, etc. For the details of these important roles we refer to excellent recent 

reviews (La Fontaine et al 2010; Wang et al 2011).  

Menkes disease and Wilson disease 

ATP7A and ATP7B tightly regulate Cu homeostasis in human, but loss of function of the 

two proteins can result in Menkes disease (Vulpe et al 1993) and Wilson disease (Bull et al 

1993), respectively. Menkes disease is an inherited genetic disorder caused by a global Cu 

deficiency in the body due to the Cu accumulation in intestinal cells (Kodama 1993). The 

patients have reduced transport of dietary Cu across the basolateral membrane of enterocytes to 

hepatic portal circulation, and therefore Cu deficiency in the blood and peripheral organs. 

Furthermore, patients have disrupted delivery of Cu across the blood-brain barrier into the 

central nervous system (Danks et al 1972). As a result, the symptoms of Menkes disease include 

dramatic developmental and neurological impairment. In addition, the patients have a variety of 

other symptoms of Cu deficiency, such as connective tissue abnormalities, lack of pigmentation, 

and tortuosity of blood vessels (Kaler 1998). The majority of Menkes disease patients die in 

early childhood. Wilson disease, on the other hand, is characterized by the toxic Cu 

accumulation in various tissues such as the liver, kidney, brain, and placenta. Patients have 

blockage of biliary excretion of copper (Scheinberg & Gitlin 1952), resulting in the excessive 

accumulation of copper in the liver. Therefore, patients display a spectrum of hepatic and 

neurological abnormalities including liver dysfunction or failure, movement disorders, and 

psychiatric manifestations (Roberts & Schilsky 2008). Current treatments are available for 

Wilson disease by using Chelation or zinc to eliminate excess Cu (Roberts & Schilsky 2003). 
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Although these treatments are effective, they represent life-long treatments and can have severe 

side effects (Sherlock and Dooley, 1993). For Menkes disease, the only therapy available is 

administration of copper-histidine (Christodoulou et al 1998) still be regarded as an experimental 

therapy.  

Structure of Copper transporting ATPase 

Cu-ATPase is a member of the P1B-subfamily of P-type ATPases, which catalyzes the 

ATP-dependent copper delivery across cellular membranes (Arguello et al 2007). During the 

translocation cycle, P-type ATPases undergo conformational changes between the E1 and E2 

states known as the Post-Albers scheme (Albers et al 1963; Post & Sen 1965), and the energy 

derived from ATP is used to achieve the active transport against a concentration gradient. During 

this process, an invariant aspartate residue is auto-phosphorylated and dephosphorylated. Other 

well-studied members of P-type ATPase, which include the Na+/K+ ATPase and the 

sarcoplasmic reticulum Ca2+-ATPase (SERCA), are discussed in a later section.  

The human Cu-ATPases, ATP7A and ATP7B, have eight transembrane helices, which 

form the intra-membrane copper binding sites. Cu binds to the copper-binding site from the 

cytosol and is subsequently exported into the lumen of intracellular compartments. The cytosolic 

portion of the long loops between the transmembrane helices form all the other functional 

domains, including six N terminal heavy mental binding domains, the nucleotide binding (N) 

domain, the phosphorylation (P) domain, the actuator (A) domain, and the C-terminus. The 

NMR structures of the copper binding domains of ATP7A and ATP7B have been reported 

(Achila et al 2006; Banci et al 2005; Banci et al 2007; Banci et al 2008; Banci et al 2004; 

Dolgova et al 2013). Each of the copper-binding domains is around 70-residue long, forming a 

βαββαβ-fold, and contains a conserved GMxCxxC motif, in which two invariant cysteines 
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coordinate Cu(I). The other cytosolic domains (N, P, A domains) of Cu-ATPase share common 

structure architecture as other P-type ATPase, such as SERCA (Moller et al 2010), as shown by 

the crystal structures of Cu-ATPase from Legionella pneumophila (LpCopA) (Figure 1) 

(Andersson et al 2014; Gourdon et al 2011).  

 

 

 

 

 

 
Figure 1 Crystal structure of LpCopA (PDB 3RFU). The A, N, and P domains are colored in 
yellow, red, and blue respectively. The transmembrane helices are colored in wheat. 
Phosphorylation mimetic AlF4

- is colored in green. The heavy metal binding domain is not 
shown in the structure.  



 5 

The general transport mechanism of Cu-ATPase involves binding of ATP at the N 

domain, binding of copper at the copper-binding domains, transferring of copper to the 

transmembrane segments, ATP hydrolysis and autophosphorylation at a conserved Asp residue 

in the P domain, release of copper to the extracellular space, and dephosphorylation carried out 

by the TGE motif of the A domain to start a new cycle. This process is commonly described by 

the Post-Albers Model (Albers et al 1963; Post & Sen 1965) based on cyclic changes between 

two main conformational states (Figure 2), denoted as E1 and E2, and it is believed that this 

catalytic cycle can be applied to all P-type ATPases because of the structural conservation 

between pumps (Kuhlbrandt 2004; Palmgren & Nissen 2011). The cycle of SERCA begins with 

the ATP bound E1 state, and the ATPase selectively binds Ca2+. ATP hydrolysis and 

phosphorylation of the enzyme result in a conformational change to the E2 state, which leads to 

Ca2+ releasing and H+ binding to the E2 state. Dephosphorylation of the enzyme brings it back to 

the E1 state and protons are released. It should be noted that Cu-ATPase might counter-transport 

certain ions such as protons in analogy to SERCA. However, such counter-transport has not been 

observed for any P1B-type ATPase so far. The detailed mechanism of pumping by P-type 

ATPases can be referred to SERCA, a paradigm of P-type ATPases. There are more than forty 

crystal structures of SERCA at several different conformations, covering almost the entire cycle. 

These crystal structures plus the detailed mutagenesis studies of SERCA exemplify the structural 

aspect of the catalytic cycle of P-type ATPases, discussed later in this chapter.  

Although the general transport mechanism of Cu-ATPase could be very similar as 

SERCA, recent crystal structures have suggested the unique features of this subfamily. Enzyme 

phosphorylation by ATP is obtained both in the absence and in the presence of Cu+ (Hatori et al 

2008). In contrast, cation binding in the transmembrane helices is a prerequisite for SERCA or 
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Na+/K+ ATPase to be phosphorylated (Kuhlbrandt 2004). The N-terminus heavy metal binding 

domains (HMBDs) are also unique to this subfamily. Exactly how the HMBDs interact with the 

Cu-ATPase core remains unclear, and the available biochemical data on the functions of HMBDs 

are not explicit (Mattle et al 2013). It is possible that the HMBDs perform an allosteric function, 

regulating the activity of the Cu-ATPase by loading Cu+, rather than direct metal transfer, as it is 

reported that the CopZ-type chaperones can stimulate Cu+ transfer to a HMBD-truncated form of 

Archaeoglobus fulgidus CopA (AfCopA) (Gonzalez-Guerrero & Arguello 2008), although 

CopZ-type chaperones can also transfer Cu+ to HMBDs in vitro (Huffman & O'Halloran 2000).  

 

 

 

 

Figure 2 Post-Albers scheme for SERCA. The E1 state has high affinity for Ca2+. ATP and Ca2+ 
binding triggers the phosphorylation process. As the ATPase changes to the E2 conformation, 
Ca2+ ions are released into the lumen of SR and protons are counter-transported. After the 
ATPase becomes dephosphorylated and protons are released, and the ATPase changes back to 
the E1 conformation. 
 

 

AfCopA, Cu-ATPase from Archaeoglobus fulgidus 

Cu-ATPase from bacterial or archaea has gained the attention of structural biologists, 

with two recently published crystal structures of CopA from L. pneumophila (LpCopA) and 
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domain structures of CopA from A. fulgidus (AfCopA). They are smaller in size compared with 

human Cu-ATPases, and with one mental binding domain in general, which could help make the 

studies relatively easier. Cu-ATPase (CopA) from A. fulgidus is a hyperthermophilic member of 

the P1B-subfamily (Cattoni et al 2008), which has maximum activity at 75 °C and is inactive at 

37 °C. X-ray crystallography has been used to study the A domain structure (Sazinsky et al 

2006a), and the neighboring N, P domains (continuous in primary sequence) in the apo (Sazinsky 

et al 2006b) and AMPPCP bound forms (Tsuda & Toyoshima 2009), providing valuable 

information about the interactions of the N and P domains with ATP.  

AfCopA is a particularly good model system for solution NMR studies, since the 

individual cytoplasmic domains are relatively smaller than for other homologs, without many 

long loops. More importantly, the hyperthermophilic feature of AfCopA provides a significant 

advantage for solution NMR studies, since an unsually wide range of temperatures can be 

perused to understand molecular structures and dynamic properties. The wide temperature range 

also facilitates a more quantitative description of molecular conformational equilibria since a 

wide range of exchange rates can be studied. Moreover, hyperthermophilic enzymes can serve as 

model systems for studying enzyme evolution and molecular mechanisms for protein 

thermostability (Vieille & Zeikus 2001).  

 Prominent members of P-type ATPase 

Well-known members of P-type ATPase include the sarcoplasmic reticulum Ca2+-

ATPase (SERCA) and the Na+/K+ ATPase. The Na+/K+ ATPase was the first discovered P-type 

ATPase by Nobel laureate Jens Christian Skou in 1957, although crystal structures have only 

become available in recent years. SERCA is structurally much better understood, and has 

become the paradigm to describe the structure and transport mechanism of P-type ATPase.  
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SERCA, the paradigm of P-type ATPases 

The sarcoplasmic reticulum (SR) Ca2+-ATPase (SERCA) is the P2A type ATPase of 

family. Generally, multiple types of SERCA isoforms, together with the plasma membrane Ca2+-

ATPases and Golgi secretory pathway Ca2+-ATPases, play indispensable roles for proper cell 

function (Carafoli 2002). SERCA isoform 1a (SERCA1a) is both structurally and functionally 

the best characterized member of the family. It is present in large amounts in skeletal muscle and 

it can terminate a muscle contraction event by pumping Ca2+ from the cytosol of skeletal muscle 

cells into SR. In each catalytic transport cycle, SERCA1a can transfer two Ca2+ per ATP 

hydrolyzed in the forward direction and 2–3 H+ in the opposite direction. Since the first atomic 

structure of SERCA1a solved in 2000, by now more than 40 crystal structures have been 

reported for this ATPase in different states that approximately cover the entire reaction cycle. 

Several reviews (Bublitz et al 2013; Moller et al 2010; Toyoshima 2008; 2009) have discussed 

the structure and transport mechanism in detail, which are briefly summarized below. 

The structure of SERCA1a consists of three cytoplasmic domains, which are the 

nucleotide-binding (N) domain, the phosphorylation (P) domain and the actuator (A) domain, 

and ten transmembrane helices (Figure 3). The nucleotide-binding (N) domain is a long insertion 

between two parts forming the P domain. The overall arrangement represents a Rossman fold 

formed by six α helical segments and 13 antiparallel β segments. The N domain contains the 

residues (e.g. Phe487) for adenosine binding and those (e.g. Arg560) critical for bridging ATP 

and the P domain. NMR analysis (Abu-Abed et al 2002) of the isolated N domain in solution 

shows a structural fold similar to that seen in the crystal structure. ATP binding in a groove 

located at the lower end of the N domain with the triphosphate part outside the groove, in the 

interface between the N and P domains. Key residues Phe487, Lys492, Lys515 and 
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Thr440/Glu442 are involved in sandwiching of the adenine ring of ATP. The phenyl ring of 

Phe487 has been suggested to have π-π contacts with the adenine ring of ATP (Moller et al 

2010).  

 

 

 

 

Figure 3 The first crystal structure of SERCA1a (PDB 1SU4). Ribbon structure is shown with 
the A domain in yellow, the N domain in red, the P domain in blue, and the tranmembrane 
helices in wheat. Ca2+ ions are represented by green spheres among the transmembrane helices. 
Na+, in bond with the P domain, is represented by a purple sphere.  
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The phosphorylation (P) domain is composed of two different, but closely interacting 

parts, both of which have the α3β3 Rossman fold. This domain is closer to the lipid membrane 

than the N domain, and is connected to the N domain via a hinge region formed by 358TNQ and 

the conserved motif 601DPPR. An N-terminal and central part of the P domain, comprising 

residues 330–357, contains the phosphorylation motif 349CSDKTGTLT357 (Moller et al 2010). 

The C-terminal part of the P domain surrounds the phosphorylation motif comprising residues 

605–738. In this part, residues 601–624 are highly conserved, and together with the 601DPPR 

motif is suggested to be important for coordinating events in the N and P domains during 

transport cycle (Moller et al 2010). Another extremely well-conserved P-type signature motif, 

starting with 699AM(V)TGDVN and ending with GIAMG721, could be important for energy 

transduction (Moller et al 2010). The P domain contains the phosphorylation residue Asp351, 

magnesium co-coordinating residue Asp703, and catalytically active residue Lys684 for 

phosphorylation. 

The A domain functions as the actuator of the SERCA1a gating mechanism that regulates 

Ca2+ binding and release (Toyoshima 2008). This domain is also made up of two parts, the N-

terminal 1–37 residues of SERCA1a and a central part comprising amino acid residues 122–232. 

The sequence in between (residues 38–121) forms the transmembrane helices M1/M2 and their 

cytosolic A-M1 and A-M2 extensions. The N-terminal residues form two helices linked by loops, 

and on the other hand the central part of the A domain are formed by mostly small to medium 

length β strands. The A domain is connected to the transmembrane helices via three rather long 

linkers, M1–M3. These linkers are flexible as shown by the crystal structures, yet the length of 

the linker is critical for gating of the ion pathway as demonstrated by mutagenesis studies (Daiho 

et al 2007; Daiho et al 2003). The signature 181TGES motif of the A domain plays an important 
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role in dephosphorylation. During dephosphorylation, the A domain can make a large rotation so 

that the 181TGES motif is on the top surface of the P domain, close to the catalytic residue 

Asp351, as discussed later in the catalytic mechanism.  

Embedded in the lipid membrane are the 10 transmembrane helices (M1–M10), of which 

M2–M5 have long cytoplasmic extensions. M5, in particular, extends from the lumenal surface 

of the membrane to the end of the P domain. Two Ca2+ binding sites, located side by side near 

the cytoplasmic surface of the lipid bilayer, are formed by carboxylic amino acid side chains and 

main chain carbonyl groups from M4–M6 and M8 (Moller et al 2010). The binding of two Ca2+ 

ions is sequential and cooperative (Moller et al 2010). At site I, Ca2+ is coordinated by the side 

chain carboxylic groups of Glu771 (M5), Asp800 (M6), and Glu908 (M8), main chain carbonyl 

groups of Asn768 (M5), Thr799 (M6), and two water molecules. As for site II, side chain of 

Glu309 (M4), and backbone carbonyl groups of V304 (M4), Ala305 (M4), Ile307 (M4), together 

with the side chain of Asp800 (M6) and backbone carbonyl group of Asn796 (M6) contribute to 

the coordination of Ca2+ (Moller et al 2010).   

During the catalytic cycle, P-type ATPases use the chemical energy of an 

aspartylphosphorylated intermediate to actively transport cations across the membrane, thus 

referred to as pumps. This process involves close interaction and cooperation of the different 

domains of the pump. The structural aspect of Ca2+ transport mechanism is discussed in this 

section (Olesen et al 2007). Referring back to Figure 2 that shows the reaction scheme of P-type 

ATPase. Cation bind at the E1 state, and ATP binding at the nucleotide-binding site could 

crosslink the P and N domains, and tilt the A domain by around 30 degrees. At the same time, 

the M1 helix is pulled up and bent so as to close the cytoplasmic gate of the Ca2+ binding sites, 
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resulting in the occluded state with two Ca2+ bound and the conformation of gating residue 

Glu309 side chain fixed (Toyoshima 2008). 

Phosphorylation of Asp351 and dissociation of ADP trigger the opening of the N and P 

domain interface. The A domain makes a ~90° rotation and positions the 181TGES motif into the 

gap between the N and P domains above the aspartylphosphate and forms new interactions 

among the A, N, and P domains. The rotation/translation of the A domain marks the E1P to E2P 

conformation transition, which drags the M1–M2 and M3–M4 segments away from the M5–M6 

and the rest of the transmembrane segments. This destroys the geometry the two Ca2+ binding 

sites, and the Ca2+ coordinating residues are exposed to the lumen through a wide-open exit 

pathway. Ca2+ is released, and proton and water molecules could enter and stabilize the empty 

Ca2+ binding site (Moller et al 2010; Toyoshima 2008; 2009). 

Once Ca2+ is released, and the proton and water molecules are incorporated, the A 

domain further rotates to close the lumenal gate resulting in the E2 occluded state, and fixes the 

181TGES motif in postion for dephosphorylation. Glu183 is involved in the catalytic attack on the 

aspartylphosphate. Protons are released into the cytoplasm, probably by thermal agitation, and 

diffuse away through the leaky SR membrane. The ATPase transforms back to the E1 state with 

the cytoplasmic pathway open, and Ca2+ ions enter the high affinity sites through the gating 

residue Glu309. Another ATP molecule can bind at the N domain and start a new cycle of the 

transport (Moller et al 2010; Toyoshima 2008; 2009). 

A key question for SERCA, as well as other P-type ATPases, concerns the 

communication between the cation-binding and phosphorylation sites. When Ca2+ is bound at the 

cation-binding site in the transmembrane helices, the signals are transmitted to the catalytic site 

in the P domain, enabling phoshorylation of Asp351 by ATP. Once the ATPase has become 
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phosphorylated, the signals are sent back to the membrane to induce translocation of the bound 

Ca2+ ions. The proper communication between the two sites enables the coupling of ATP 

hydrolysis and cation translocation. So far there are no definite answers for the questions about 

the activation signal produced by the cation binding, and how the signal is transmitted to the P 

domain phosphorylation site.  

Na
+
/K

+
 ATPase, the oldest ion pump 

The Na+/K+ ATPase was the first discovered P-type ATPase by Nobel laureate Jens 

Christian Skou isolated in 1957. It is the largest protein complex in the family of P-type cation 

pumps. Its two minimum functional subunits are the α and β subunits, and a small ion transport 

regulator of the FXYD family may also be co-expressed (Jorgensen & Andersen 1988; Kuster et 

al 2000);(Sweadner & Rael 2000). In mammals four α subunit and at least three β subunit 

isoforms of Na+/K+ ATPase have been identified in a tissue- and cell-specific manner, and the α1 

isoform is most ubiquitous (Axelsen & Palmgren 1998; Lingrel et al 1990). They share >90% 

sequence identity although they are products of different genes. The α subunit is composed of 10 

trans-membrane helixes and three functional domains: the actuator (A) domain, the 

phosphorylation (P) domain and the nucleotide binding (N) domain (Morth et al 2007). 

 The basic function of the Na+/K+ ATPase is to maintain the high Na+ and K+ gradients 

across the plasma membrane of animal cells by actively pumping three intracellular Na+ out in 

exchange for two extracellular K+ using the energy from ATP hydrolysis. The process is 

accomplished by conformational changes of the Na+/K+ ATPase between the E1 and E2 states as 

known for the Post-Albers scheme discussed before (Figure 2). In the ATP bound E1 state, it 

selectively binds three Na+. ATP hydrolysis and phosphorylation of the enzyme trigger a 

conformational change to the E2 state, which results in Na+ releasing and two K+ binding on the 
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E2 state. Dephosphorylation of the enzyme brings it back to the E1 state and K+ is released into 

the cytoplasm. Thus coupled with ATP binding and hydrolysis, the Na+/K+ ATPase regulates 

cellular Na+ homeostasis, and it is the major determinant of Na+ concentration.  

As such, it has an important role in regulating cell volume, cytoplasmic pH and Ca2+ 

levels through the Na+/H+ and Na+/Ca2+ exchangers, respectively, and in driving a variety of 

secondary transport process such as Na+-dependent glucose and amino acid transport (Therien & 

Blostein 2000). One of the primary functions lies in the tight regulation of the Na+/K+ ATPase to 

maintain normal levels of Na+ and K+ during altered salt intake (Doucet 1988; Holtug et al 1996). 

Moreover, since water and Na+ transport across epithelia are invariably linked, the Na+/K+ 

ATPase is also critical for water absorption in the kidney and reabsorption in the intestine. In 

excitable tissues such as neurons, skeletal muscle cells, and pacemaker fibers of the heart, the 

Na+/K+ ATPase is involved in the reestablishment of the electrical potential across the plasma 

membrane following excitation-induced depolarization (Clausen 1996; Gloor 1997; Szekeres 

1996). The Na+/K+ ATPases in cardiac muscle are particularly critical to the myocardium in that 

the enzyme acts as an indirect regulator of contraction (Bers & Despa 2006; Blaustein 1977). 

Since the Na+/K+ ATPase controls the steady-state cytoplasmic Na+ concentration, which in turn 

determines Ca2+ level via the Na+/Ca2+ exchanger. Ca2+ then is pumped into the SR by the 

SERCA pump. Therefore the Na+/K+ ATPase is paramount for determining the set point for 

cardiac muscle contraction and the steady-state contraction of vascular smooth muscle.  

Dysfunction or modification of the Na+/K+ ATPase activity could be linked with a variety 

of diseases including cardiovascular, renal, neurological, and metabolic disorders (Rose & 

Valdes 1994) such as heart disease, hypertension, renal disease, acromegaly, aldosteronism, 

diabetes, obesity, fetal abnormalities, Alzheimer disease, bipolar disorder, and pulmonary 



 15

disease. As reported by the American Heart Association, cardiovascular disease (CVD) has 

become the leading cause of death in the world, and heart failure and high blood pressure are 

listed in the top four types of CVD that affect people’s life. The Na+/K+ ATPase is closely 

related with contractile dysfunction and arrhythmias, such as heart failure, by handling cytosolic 

and SR Ca2+ level (Bers & Despa 2006). The Na+/K+ ATPase can be regulated by cardiac 

glycosides such as digoxin and ouabain (Prassas & Diamandis 2008; Rose & Valdes 1994). By 

binding to the hydrophobic pocket in the transmembrane section of the Na+/K+ ATPase (Ogawa 

et al 2009) these cardiac glycosides can inhibit the transportation of Na+ and K+, which results in 

a transient increase in intracellular sodium. This leads to a build up of intracellular calcium 

concentration and eventually an increase in the strength of heart contraction (Blaustein 1974; 

Demiryurek & Demiryurek 2005; Gheorghiade et al 2004; Rahimtoola 2004). Therefore, digoxin 

and ouabain have been used in the treatment of congestive heart failure and supraventricular 

arrhythmias for centuries. Approximately 1.7 million patients in the United States were reported 

to be receiving digoxin for heart failure and/or atrial fibrillation (Gheorghiade et al 2004). In 

addition to the old role of the Na+/K+ ATPase as a drug target for heart diseases, it is also 

identified as a new target for anti-cancer therapy because of its role as a signal transducer 

(Aperia 2007; Lefranc & Kiss 2008; Mijatovic et al 2007; Scheiner-Bobis & Schoner 2001). It 

has been reported that the Na+/K+ ATPase can modulate cell growth, cell adhesion and the 

apoptotic threshold. These new findings could open up entirely new avenues for drug 

development.  

Since the initial identification, more than half a century passed before a high-resolution 

crystal structure of Na+/K+ ATPase is available. Recent crystal structures in the [K2]E2·Pi state 

of the Na+/K+ ATPase from pig renal and shark rectal glands (Figure 4) (Morth et al 2007; 
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Ogawa et al 2009; Shinoda et al 2009) provide many surprises and insights. Other exciting 

findings include the E2P state ATPase in complex with ouabain providing key details on 

cardiotonic steroids binding (Laursen et al 2013; Yatime et al 2011), the [Na3]E1P-ADP state 

ATPase with the three Na+ binding sites identified and large conformational changes observed 

comparing with K+ bound form (Nyblom et al 2013), a transitions state preceding the E1P state 

in which the three Na+ ions are occluded (Kanai et al 2013).  

 

 

 

 

Figure 4 Crystal structure of Na+/K+ ATPase in the [K2]E2·Pi state (DPB 2ZXE). Shown are the 
N domain in cyan, the A domain in yellow, the P domain in magenta, the transmembrane helices 
in blue, the β subunit in green, and the γ subunit in red. K+ ions are indicated by purple spheres. 
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 NMR in structure biology 

Nuclear magnetic resonance spectroscopy, commonly referred to as NMR, has become a 

sophisticated and powerful analytical technology not only for determining the structure of 

organic compounds, but is also widely used in the field of structure biology, metabolic analysis, 

and drug screening and design. Nuclear magnetic resonance is a physical phenomenon first 

reported by Purcell (Purcell et al 1946) and Bloch (Bloch 1946) independently in 1946. In the 

following decade, many basic theories and NMR parameters were discovered, and laid the 

foundation of NMR method development. A major breakthrough is the introduction of Fourier 

Transform technique in 1966 by Ernst (Ernst & Anderson 1966) and multidimensional NMR 

techniques by Aue and colleagues in 1976 (Aue et al 1976), and thus began the era of FT NMR. 

The application of NMR in structure biology was marked by the development of the strategy for 

protein structure determination by 2D experiments (Wuthrich 1986). Today, with major 

improvements in NMR hardware and methodology, combined with the development of 

molecular biology and biochemical methods, NMR has gained dramatically increased use for the 

characterization of structure and dynamics of biological molecules in solution. 

NMR and X-ray crystallography are the only two methods that can provide atomic-

resolution structures of biological molecules. The uniqueness for NMR is that the system can be 

studied in solution conditions that the temperature, pH and salt concentrations can be adjusted so 

as to closely mimic a given physiological condition. The system condition can also be conversely 

changed to non-physiological conditions to study protein denaturation (Schwalbe et al 1997). 

NMR is also a powerful tool to study intrinsically disordered proteins and intrinsically 

disordered regions of proteins, which are in general very flexible and lack well-defined 

secondary or tertiary structures under functional conditions (Gil et al 2013). This family of 
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proteins has emerged in recent decades to play essential roles in the cellular process (Uversky 

2013). Moreover, NMR is also very powerful in the characterization of molecular dynamics 

(Kleckner & Foster 2011). The time window covered by NMR ranges from sub-picoseconds to 

hours, and interesting structural properties can be investigated such as loop motions, 

folding/unfolding, domain motions, etc. Recently, in-cell NMR is emerging to become a very 

attractive method to study the structural and functional properties of proteins inside live cells 

(Maldonado et al 2011; Serber et al 2005). Demonstrated applications include binding 

interactions, structural modifications, as well as protein assignment and 3D structure 

determination (Sakakibara et al 2009). Among the diverse NMR methods, the generally used 

methods in structure biology are introduced below. 

Protein secondary and tertiary structure determination by NMR 

In the 1980s, the methodology for structure determination of proteins was developed 

using a combination of COSY (Correlation Spectroscopy) or TOCSY (Total Correlation 

Spectroscopy) and NOESY (Nuclear Overhauser Effect Spectroscopy) or ROESY (Rotating 

frame Overhause Effect Spectroscopy) spectra (Wuthrich 1986). The sequential connectivity to 

link spin systems can be established by using the NOESY or ROESY spectra. The COSY and 

TOCSY spectra can be used to identify the spin systems for each residue. This method is more 

efficient for proteins less than 100 residues, and as the size of the protein increases, the 2D 

spectra could be very crowded and overlapped. A milestone in the development of protein NMR 

is the introduction of 13C/15N labeled proteins using recombinant bacterial expression (McIntosh 

& Dahlquist 1990), and thus allows the use of triple-resonance NMR experiments, which 

significantly reduce the signal overlap in larger proteins (Bax 1994; Clore & Gronenborn 1994; 

Sattler et al 1999). 
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For this methodology, 3D triple-resonance experiments are usually used together with 2D 

15N-1H HSQC (Heteronuclear Single Quantum Correlation) experiment for the backbone and 

side chain resonances assignment of individual nuclei in the protein. In these experiments, 

correlation of the nuclei is achieved through the scalar coupling interaction between them. Triple 

resonance experiments for backbone assignment correlate nuclei of a specific residue i with 

nuclei of the neighboring residue i-1, and thus connections among residues can be made (except 

proline which has no amide proton). In addition, certain amino acid types (Gly, Ala, Val, Thr, 

Ser, Ile) can be identified based on characteristics of Cα and Cβ chemical shifts. Finally, 

sequential backbone assignment is achieved when the sequential connection of amino acids 

obtained from spectra uniquely match the primary sequence of protein. Typical 3D triple-

resonance experiments for protein backbone resonance assignment are shown in Figure 5. For 

side chain 1H/13C resonances assignment (non-aromatic side chain), TOCSY-based experiments 

are usually used (Figure 5) combined with the knowledge of previously assigned 13Cα/
13Cβ 

frequencies. Aromatic side chain assignment is extremely difficult. For the details of the 

backbone and side chain assignment of proteins, one can refer to the excellent book of Cavanagh 

et al. (2007) as well as many great reviews (such as Sattler et al., 1999). 

Already important structural information can be derived from backbone chemical shifts, 

due to their dependence on backbone conformation. Secondary structure element of a protein can 

be defined by Chemical Shift Index (CSI) method (Wishart & Sykes 1994; Wishart et al 1992), 

which uses a combination of backbone chemical shifts including Cα, Cβ, Hα, and CO. In proteins, 

since secondary and tertiary structures can affect the observed chemical shifts of the nucleus, we 

can isolate this effect out and partition the chemical shifts into two components: secondary 

chemical shifts that displays the secondary structure elements, and random coil chemical shifts 
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that reflect the observed chemical shift for the fully unfolded peptide. Mathematically, the 

secondary chemical shift is defined as the observed chemical shift value minus the random coil 

chemical shift value. The relationship between the secondary chemical shifts and secondary 

structure is well established for backbone nuclei, particularly Cα, Cβ, Hα, and CO. This is the 

basis for the chemical shift index (CSI) method for identifying secondary structure elements in 

proteins. The CSI method is intended to identify secondary structural element in folded proteins. 

In contrast, for intrinsically disordered proteins (IDPs), secondary structures are formed only 

transiently, and thus CSI method is not appropriate. Yet secondary chemical shifts can be used to 

identify the location and population of transiently structured region. Methods such as the 

Probability based Secondary Structure Identification (PSSI) (Wang & Jardetzky 2002), which 

assigns the secondary structure type to each amino acid on the basis of the joint probability, 

derived from the observed Cα, Cβ, CO, 15N, Hα and HN chemical shift data of each secondary 

structure type.  

Recently, TALOS-N (Shen & Bax 2013), a very powerful program was developed to 

accurately predict protein secondary structure as well as protein backbone and side chain torsion 

angels from chemical shifts. The original TALOS (Cornilescu et al 1999) approach and its 

successor TALOS+ (Shen et al 2009) have been widely used to predict torsion angels, which 

provide torsion angel restraints for NOE-based protein tertiary structure determination. TALOS 

provides prediction by searching a database containing Cα, Cβ, CO, N, and Hα chemical shifts for 

proteins whose crystal structures are available and compares the chemical shifts of three-residue 

fragments with that of the query protein based on the assumption that fragments with similar 

chemical shifts and residue types have similar torsion angles. TALOS allows backbone torsion 

angle prediction for on average 67% of the residues. TALOS+, which added an artificial neural 
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network (ANN) classification scheme to this database mining approach, allows improvements of 

torsion angle prediction for a greater percentage, 88% on average. TALOS-N relies far more 

extensively on the use of trained ANNs and improved the database mining approaches, thus 

offers several more important features aside from torsion angel prediction, such as secondary 

structure information, backbone order parameters S2 derived from chemical shifts (Berjanskii & 

Wishart 2005), and residues lacking assignments.  
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Figure 5 Schematic Overview of commonly used heteronuclear NMR experiments for protein 
backbone and side chain assignment. Orange circles indicate the correlations that are recorded in 
the experiment, whereas purple circles indicate no chemical shift recorded for the nuclei, yet it is 
still used for coherence transfer.  
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With the protein backbone and side chain chemical shifts assigned, to determine the 

tertiary structure of proteins, the pair-wise through-space NOE interactions need to be identified, 

and thus the distance restraints can be obtained, which together with the backbone and side chain 

torsion angle restraints are the main sources of information required for NMR structure 

calculation. The nuclear Overhauser effect (NOE) encodes the through-space, inter-proton 

distance information. For protons that are within 5 Å of each other and their NOE intensity 

scales by the inverse sixth power of the distance. Generally, 3D/4D 15N- and 13C-edited NOESY 

spectra are used to collect thousands of crosspeaks and a large number of NOE restraints (15–20 

per residue) are typically needed to obtain a high-quality structure. In some cases, other restraints 

are needed to elucidate the tertiary structure, and thus restraints can be used such as scalar 

coupling constants, paramagnetic relaxation enhancement (PRE), pseudocontact shifts (PCS), 

chemical shift anisotropy (CSA), and residual dipolar couplings (RDCs). Hydrogen bond 

restraints can be derived by using H/D exchange experiments to measure the protection of amide 

proton against chemical exchange with deuterium. 

Most of the protein structures determined by NMR are below 25 kDa. For proteins with 

molecular weights above 30 kDa, NMR signal decays very fast due to relaxation. The line widths 

of the crosspeaks are inversely proportional to relaxation rates, and thus the spectra of larger 

molecules have very poor signal-to-noise ratio. To overcome this problem, TROSY (Transverse 

Relaxation Optimized Spectroscopy) method was introduced (Pervushin et al 1997). Moreover, 

the use of 2H-labeling of the proteins could eliminate 1H mediated relaxation pathway (Sattler & 

Fesik 1996).  Nonetheless, it is still challenging to use NMR for proteins structure determination 

of large molecules. Besides, it is very labor-intensive and time-consuming. However, NMR is a 

very powerful technique to investigate other important phenomena in the field of structural 
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biology that are difficult or cannot be studied by X-ray crystallography, such as protein dynamics. 

These studies require assignment as the first step, so that atomic resolution analysis of interesting 

protein behavior can be achieved. 

Residual dipolar couplings   

Among the several structure restraints mentioned above, the use of residual dipolar 

couplings (RDCs) in structural biology has expanded rapidly. During the past decade, it has 

attracted enormous interest to use residual dipolar couplings (RDCs) in solution protein structure 

and dynamics studies, although RDCs have long been used in solid-state NMR (Prestegard et al 

2004). By providing long-range orientational information, RDCs are complementary to the 

NOEs that are local-distance restraints. Therefore RDCs are used as restraints in protein structure 

determination, structure validation, and refinement. For multi-domain molecules, the long-range 

orientational information provided by RDCs can be used to determine the inter-domain 

orientation. Moreover, RDCs are sensitive to a wide timescale of molecular motions, and thus 

allow atomic resolution elucidation of the functionally important protein motions on the 

nanosecond to microsecond timescale.  

Dipolar couplings are a through-space interaction between any two magnetically active 

nuclei (i.e. 1H, 15N, 13C). It contains information on the orientation of inter-nuclear, usually one-

bond vectors relative to the magnetic field, regardless of where in the protein this vector is 

situated (Bax 2003). For two dipole-coupled nuclei, 1H and 15N, the dipolar coupling in solution 

can be expressed as: 

D = C/r3〈(3cos2θ - 1)/2〉INZIHZ                                                                              (1) 

where D is the residual dipolar coupling between the 1H and 15N, and r is the distance between 

nuclei 1H and 15N. C is a constant that expressed as C = -�oh/(8π3), with magnetic permeability 
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of vacuum �o and Planck’s constant h. θ is the angle between the internuclear vector and the 

external magnetic field Bo. The 〈 〉 brackets denote time or ensemble averaging. INZ and IHZ are 

the gyromagnetic ratios of nuclei 1H and 15N. Dipolar couplings average to zero under isotropic 

conditions due to the effects of Brownian motion, and are only observed under anisotropic 

conditions. To obtain RDCs in solution, weak alignment is needed to create an anisotropic 

condition. This is usually achieved by using an oriented liquid crystalline phase or an 

anisotropically compressed gel. When alignment is kept sufficiently weak, the NMR spectra 

retain as normally observed for regular isotropic condition, i.e. little peak broadening in the 

spectra, while a wide variety of RDCs can be quantitatively measured (Tjandra & Bax 1997; 

Tolman et al 1995).  

Several dilute liquid crystalline media are now available to obtain weak alignment of 

proteins. Bicelles have been successfully applied to the study of several proteins (Tjandra & Bax 

1997). Bicelles consist of a mixture of long-chain phospholipids and detergent (Sanders et al 

1994; Sanders & Schwonek 1992). At the right molar ratio, they order cooperatively in the 

magnetic field and form highly porous bilayers (Gaemers & Bax 2001), resulting a steric 

alignment. The degree of protein alignment can be tuned by adjusting the bicelle concentration, 

and a volume fraction of ~5% is usually used to induce a weak alignment for protein NMR. 

Since the application of bicelles for protein RDCs, numerous other user-friendly liquid 

crystalline media were introduced. Probably the most widely used is the filamentous 

bacteriophage, Pf1 (Hansen et al 1998), since it is remarkably robust, can be used at a wide 

concentration range, and is commercially available at reasonable cost. The alignment achieved is 

also very stable, with a very slow decease in alignment, on the order of about 1% per month (Bax 

2003). Pf1 phage is negatively charged, and alignment is achieved mainly through the 
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electrostatic interaction between Pf1 phage and protein. Polyethylene glycol- alkylether (PEG) is 

another widely used system for protein alignment. The different alkyl-poly(ethylene glycol) 

molecules, denoted as CmEn, where m is the number of carbons in the n-alkyl group and n is the 

number of glycol units in the poly(ethylene glycol) moiety, can form a lyotropic liquid 

crystalline phase with a lamellar-like superstructure with stacked bilayers (Ruckert & Otting 

2000). In a magnetic field, the bilayer surfaces are oriented parallel with respect to the direction 

of the magnetic field. The degree of alignment of proteins can be tuned by the surfactant/water 

ratio. Low surfactant concentrations can be used to form lamellar phases by the addition of n-

alkyl alcohols, and they can help to stabilize the liquid crystalline phases at lower temperature as 

well.  

Besides the liquid crystal method mentioned above, polyacrylamide gels are also 

particularly practical and useful to induce protein alignment due to the anisotropic environment 

created by strained gels (Sass et al 2000; Tycko et al 2000). The compressed gels in the NMR 

tube have cavities that adopt a slightly oblate character. The proteins will align with the external 

magnetic field by having their long axis oriented orthogonal to the magnetic field when diffusing 

inside the aqueous phage of the gel (Bax 2003). The polyacrylamide gels are very inert and work 

remarkably well for all systems studied so far. However, it can lower the rotational diffusion rate 

of proteins, thereby resulting in broadened signal and decreased NMR sensitivity.  To minimize 

this effect, the aspect ratio needs to be fine-tuned by using the lowest possible gel densities and 

largest possible compression factor (Bax 2003).  

The degree of alignment can be determined by measuring the 2H quadrupolar splitting in 

the HDO resonance. The splitting arises from exchange between isotropic bulk H2O and aligned 

H2O molecules associated with the aligned media. The discussion of measurement and 
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application of RDCs here will focus on couplings associated with N-H bonds because these are 

generally the easiest to obtain due to the inexpensive 15N labeling of proteins. IPAP (In-Phase 

Anti-Phase) 1H-15N HSQC (Ottiger et al 1998) and 1H-15N HSQC/ 1H-15N TROSY are popular 

methods to measure RDCs. Two kinds of samples are required, with an isotropic sample for the 

measurement of J couplings and an aligned sample prepared in the same condition to measure J 

coupling plus dipolar coupling. Dipolar couplings are obtained from the difference of these two 

measurements.  

If a well-defined protein structure is available, or even the structure of a single domain or 

fragment, an alignment tensor can be calculated from the observed dipolar couplings (a 

minimum of five RDCs are required). The alignment tensor is used to describe the average 

orientation of this structure with respect to the magnetic field. With the structure coordinates and 

the alignment tensor, dipolar couplings can be back calculated. An important use of these 

orientational RDCs is structure validation. A “quality value”, or Q-value, is calculated in terms of 

dipolar couplings (Bax, 2003): 

Q = rms(Dcalc - Dobs)/rms(Dobs)                                                                     (2) 

where Dcalc and Dobs are calculated and observed one-bond dipolar couplings.  

For structure determination, RDCs are usually used in the refinement stage rather than 

initial structure calculation. The main reason is the twofold degeneracy in orientation for RDC 

since a vector provides the same RDC after inversion (Bax 2003; Bax & Grishaev 2005). A 

method for incorporating RDCs into structure determination has been developed for the program 

X-PLOR (Brunger 1993). In addition, RDCs are sensitive to protein dynamics ranging from 

picoseconds and nanoseconds to milliseconds timescale. Extracting dynamical information from 

RDCs is difficult, as the internal motions, the structure, and the overall alignment must be fit to 
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the data simultaneously (Mittermaier & Kay 2009). Obtaining RDCs in at least five different 

alignment media is required to devonvolute the time-dependent effect of the bond vector from 

the orientation-dependent effects (Kleckner & Foster 2011).  

For a multidomain protein, the relative domain orientation can be determined based on 

RDCs. The premise is that both domains align to the same extent and therefore have a common 

alignment tensor, and the alignment tensor is determined independently for each domain. Then 

the domain is rotated until the alignment tensors coincide (Lipsitz & Tjandra 2004). Information 

on the relative translational distance is needed using other restraints. This method has been 

successfully applied to the study of several proteins (Lipsitz & Tjandra 2004; Salinas et al 2011; 

Tolman 2001). It should be noted that four possible relative orientations are consistent with the 

experimental RDCs. Measuring RDCs in a second different alignment media to obtain a different 

alignment tensor can reduce this orientational degeneracy. This is not always necessary because 

in many of the cases, one possible orientation can be obtained when considering other structural 

information such as domain collision (Lipsitz & Tjandra 2004). In addition, knowledge regarding 

interdomain motions need to be considered. As mentioned, the prerequisite for domain 

orientation by RDCs is that both domains share a common alignment tensor, i.e. with little 

interdomain motion. From experimental RDCs, one can detect interdomain motion by comparing 

the degree of alignment for each domain and the alignment when using both domains (Braddock 

et al 2001), since if a multidomain protein with little interdomain motion, the system can be 

described by a single alignment tensor. Therefore, RDC studies offer an amenable way to 

structurally characterize proteins orientation well beyond the size, since a small number of data 

are required for RDCs analysis and data acquisition is easy.  
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NMR titration in protein ligand interaction 

Besides structure determination of proteins, NMR is powerful in the characterization of 

ligand binding and exchange behavior. NMR titration experiment is a relatively straightforward 

approach to study ligand binding and exchange behavior in the millisecond timescale. For the 

two states of protein, that is ligand free state and ligand bound state, the exchange regime of the 

two states is strongly affected by the ligand binding affinity. Because a tighter binding complex 

yields a longer lived bound state thus slower exchange between the free and bound states. Slow 

exchange gives a spectrum profile of one peak disappearing and the other appearing, while fast 

exchange results in a shift of the peak position. The ligand exchange behavior can be referred to 

the classic two-site chemical exchange process generally observed in NMR dynamics. Chemical 

exchange can correspond to a variety of dynamic process, including exchange between the ligand 

free and ligand bound states, exchange between monomer and dimmer states, exchange between 

two conformational states, or exchange between protonated and deprotonated states (Kleckner & 

Foster 2011; Mittermaier & Kay 2009). The appearance of the NMR spectra depends on the 

population of each of the states (PA and PB, PA + PB = 1), the total exchange rate kex (kex = kA + 

kB, where kA and kB are the rates of departure of the two states A and B), and the chemical shift 

difference �ν (�ν = |νA - νB|, where νA and νB are the resonance frequencies of the two states A 

and B). By comparing kex (unit /s) and �ν (unit Hz), the exchange behavior affecting NMR 

spectra can be segregated into three distinct regimes, denoted as slow exchange (kex << �ν), 

intermediate exchange (kex ≈ �ν), and fast exchange (kex >> �ν) (Figure 6). 

Slow exchange happens when kex << �ν, and two distinct signals from both states are 

observed in the NMR spectra. The intensity of each peak is proportional to the population of that 

state. Increase of the exchange rate between the two states would decrease the peak intensity of 
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each signal. When kex ≈ �ν, intermediate exchange, or coalescence, happens. One “exchange 

broadened” signal is observed between νA and νB. Fast exchange happens when kex >> �ν, and 

one signal is observed between νA and νB. The resonance frequency of this signal is the 

population weighted chemical shift νobs = PAνA + PBνB. These are the three simplifying limiting 

cases of chemical exchange process. However, dynamic processes can happen anywhere along 

this broad range of timescales. During the past four decades, NMR dynamics studies were 

developed, and remarkably advanced in the past few years, thus allowing different types of 

molecular motions at different timescales to be characterized (Boehr et al 2006; Mittermaier & 

Kay 2009).  

 

 

 

 

 

Figure 6 Chemical exchange process between state A and B. The simulated 1D NMR spectra at 
different exchange rate, with two distinct peaks from each state show at slow exchange, one 
broadened peak at intermediate exchange, and a sharp peak at fast exchange.  
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Spin relaxation in protein dynamics study 

NMR is also very powerful for the characterization of protein dynamics. Proteins 

undergo continuous conformational fluctuations, and inter-conversion between the different 

conformations happens on a wide range of time scales (nanosecond to second) and distance 

scales (Å to nm) (McCammon & Harvey 1987). Protein motions with their approximate 

timescales include subpicosecond atomic vibrations, backbone and side-chain fluctuations, loop 

motion, and molecular tumbling that happens on the pico- to nanosecond time scale, protein 

folding and domain motions on the microsecond to millisecond timescale, conformational 

rearrangements on the millisecond time scale, and slow breathing modes on the order of seconds. 

Some of these motions have been implicated as functionally significant for ligand recognition, 

allosteric regulation, and enzyme catalysis. NMR is a principal tool to investigate these kind of 

protein dynamics process, being capable to provide atomic resolution information for many 

different nuclei on different time windows (Boehr et al 2006; Kleckner & Foster 2011; 

Mittermaier & Kay 2009; Palmer & Massi 2006).  

Here, we focus on the fast (ps–ns) bond vector motions. On this time window, the decay 

of the NMR signal is dictated primarily by the rotational diffusion of the molecule in solution 

and pico- to nanosecond timescale internal motions. Typically relaxation parameters measured 

are the longitudinal relaxation rate, R1, (return to thermal equilibrium); the transverse relaxation 

rate, R2, (loss of phase coherence); and the steady-state {1H}-15N nuclear Overhauser effect 

(NOE). The protein backbone 15N nuclei are often used as probes of dynamics (Farrow et al 

1994), because they are relatively easily measurable and the main relaxation mechanisms (i.e., 

chemical shift anisotropy, and one-bond dipole-dipole interactions) are well understood and, 

therefore, allow for a sound interpretation of the measured parameters. Phenomenological 
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interpretation of the relaxation parameters can be carried out based on the values of R1, R2, and 

NOE. In general, protein R1 values range from 0.5–5 Hz, and they increase with faster tumbling. 

R2 values range from 5–50 Hz, and they increase with slower tumbling of proteins. The steady-

state NOE ratio, ranging from -4 to 1, reflects the local flexibility of the N-H vector. In rigid 

secondary structure elements they are typically around 0.8–0.9, while a NOE < 0.5 is generally 

regarded as moderately to highly flexible. Quantitative description of the fast time scale 

dynamics can be obtained by (reduced) spectral density mapping (Farrow et al 1995; Ishima & 

Nagayama 1995; Lefevre et al 1996) or more commonly the modelfree approach (Lipari & 

Szabo 1982a; b; Mandel et al 1995). The modelfree approach assumes that the internal motion is 

independent of, and much faster than, molecular rotation. Four types of parameters are used in 

the description of relaxation parameters. The rotational correlation time τm describes the 

rotational tumbling; the site-specific correlation time τe quantifies the timescale of the bond 

vector reorientation; the site-specific order parameter S2 quantifies the motional restriction of the 

bond vector with respect to the internal motions; the site-specific exchange broadening Rex 

describes the contribution to R2 relaxation from the �s-ms chemical exchange.  

 Objectives of the project 

In this project, we study the N and P domains of CopA (CopA_NP) from 

hyperthermophilic archaea A. fulgidus to understand the ligand binding, structural and dyanmics 

effects. The following key aspects are included:  

1. A stabilized conformation of the N, P domains of CopA was achieved by disulfide 

linkage of the N and C terminal helices of the P domain, resulting CopA_NPss, which 

enabled quantitative NMR study. 
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2. Backbone assignment of CopA_NPss was achieved in both apo and AMPPCP bound 

states, which lay the foundation for further solution NMR studies of dynamics, ligand 

interactions, and domain movements. 

3. The internal backbone dynamics at ps-ns timescale and the inter-domain flexibility of 

CopA_NPss were studied, contributing to the understanding of functional dynamics. 

4. The inter-domain orientation of CopA_NPss were determined at different 

conformational states in the catalytic cycle, captured a key conformational state as a 

result of phoshorylation. 

5. The role of the DXXK motif in the conserved hinge of the N, P domains was studied 

by using Asp to Asn substitution. The ligand binding affinity, the structural and 

dynamics effect of the mutant was studied, contributing to the understanding of the 

allosteric role of the DXXK motif. 

6. The communication mechanism between the phosphorylation site and the cation 

binding site in the transmembrane helices was explored, and an allosteric 

communication model was proposed.  
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CHAPTER 2 

MATERIALS AND METHODS 

Protein sample preparation and characterization 

Molecular cloning of plasmid DNA 

The DNA encoding amino acids A387-N675 was amplified from A. fulgidus genomic 

DNA (GenBank NC_000917) with the primers of 5’ TAC TTC CAA TCC AAT GCA GCC 

ACA CCG ACA TGC TTA ACT GTT GGA 3’ and 5’ TTA TCC ACT TCC AAT GCT AGT 

TCT GCT TGA TGC AGC TCA TGG TCT T 3’. This construct, termed CopA_NPss was 

generated with a pair of Cys residues at the N and C termini of the N, P domains (A391C and 

K671C mutations) to stabilize the protein through a disulfide bond. The resulting DNA fragment 

was cloned into a pTBSG vector by ligation independent cloning with a His6-tag inserted before 

the recombinant gene for purification, followed by A TEV protease cleavage site reported 

previously (Showalter et al., 2008). QuikChange Lightning Multi Site-Directed Mutagenesis Kit 

(Agilent) was used to generate D548N mutant of CopA_NPss with the two primers of 5'- TTG 

AGG GGA TTA TAG CGG TTT CTA ACA CGC TCA AGG -3' and 5'- CCT TGA GCG TGT 

TAG AAA CCG CTA TAA TCC CCT CAA -3'. Qiagen kit was used for plasmid extraction and 

eppendorf gel kit was used for gel extraction. The gene sequence of the coding region was 

verified by DNA sequencing (Applied Biosystems 3730 Genetic Analyzer).  

Protein expression and purification 

The plasmids were then used to express corresponding proteins in Escherichia coli BL21 

(DE3) cells. Proteins were isotopically labeled in M9 medium (1 L culture containing 1 g NH4Cl, 

4 g Glucose, 0.0111 g CaCl2, 0.120 g MgSO4, 6 g Na2HPO4, 3 g KH2PO4, 0.5 g NaCl, 25 �g/ml 
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thiamine HCL, and 100 �g/ml ampicilin) with 15NH4Cl and 13C6 glucose (Sigma-Aldrich) when 

needed. The cells were grown at 37 °C until the optical density at 600 nm reached 1.5 at which 

expression was induced with 0.5 mM IPTG at 25 °C for 18 hours.  The cells were collected by 

centrifugation and resuspended in phosphate buffer containing 50 mM phosphate pH 7.0, 300 

mM NaCl, 5 mM imidazole, and DNAse I (Thermo Scientific) and protease inhibitor cocktail set 

V (Calbiochem). The cells were disrupted by three freeze-thaw cycles immersed in liquid 

nitrogen and room temperature water, followed by centrifugation at 20,000 x g for 20 min. The 

clear lysate was loaded onto a Ni-NTA agarose column (Qiagen). The His tag was removed with 

TEV protease (in house prepared with a His tag) by over night dialysis at 4 °C in the buffer 

containing 20 mM Hepes, pH 7.0, 100 mM NaCl, 10 mM β-mercaptoethanol. 1 A280 of TEV 

protease per 10 A280 of eluted protein was used for cleavage. Uncleaved protein and TEV 

protease was removed by using the Ni-NTA agarose affinity column. The purified samples were 

buffer exchanged to 20 mM Hepes, pH 7.0, 50 mM NaCl by dialysis, and were lyophilized 

(Thermo Electron) and stored at  -80 °C.  

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

13% Tricine-SDS-PAGE were used to analyze the protein samples with electrophoresis 

apparatus (Bio-Rad). The separating gel was composed of 1.25 ml 40% (29:1) acrylamide 

solution, 1.25 ml gel buffer (3 M TrisHCl pH 8.45, 0.3% SDS), 0.5 ml 70% glycerol, 0.775 ml 

H2O, 16.5 �l 10% APS, and 1.65 �l TEMED. The stacking gel was composed of 0.21 ml 40% 

(29:1) acrylamide solution, 0.5 ml gel buffer, 1.34 ml H2O, 16 �l 10% APS, and 1.6 �l TEMED. 

The 4 × sample loading dye used was 0.25 M Tris-HCl, pH 6.8, 30% (v/v) glycerol, 6% (v/v) 

SDS, 300 mM DTT, 0.02% (w/v) bromophenol blue. The running buffers were 1 × cathode 

buffer and anode buffer. 10 × cathode buffer includes 1 M Tris, 1M tricine, pH 8.25 and 1% (v/v) 
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SDS, and 10 × anode buffer is 2.1 M Tris pH 8.9. After mixing the protein sample with the 

sample buffer, the mixture was heated for 10 min before loading into the well of the SDS-PAGE. 

When the gel finished running, coomassie-blue solution [0.1% (w/v) Coomassie brilliant blue R-

250, 25% (v/v) isopropanol, 10% (v/v) acetic acid] was used to stain the gel for 30 min followed 

by distaining with 10% acetic acid and 15% methanol. 

Protein quantitative assay 

The protein concentration was determined by measuring A280, UV absorbance at 280 nm 

(BioRad SmartSpec Plus), which was convenient and fast to use. The concentrated protein was 

diluted so that the UV absorbance reading was between 0.1 and 1.0 to ensure accuracy of the 

method. The concentration of the protein was calculated by the equation: A = εIC, where A is 

absorbance of UV, ε is the molar absorption coefficient (M-1cm-1), I denotes for the length of the 

path (cm), and C is the protein concentration (M). The value of ε was estimated using the 

ProtParam tool in the ExPASy Proteomics Server.  

Circular dichroism 

Far UV Circular Dichroism Spectroscopy was used to evaluate the secondary structure of 

CopA_NP. Experiments were carried out on an AVIV 202 CD spectrometer (AVIV biomedical. 

Inc.) using a 0.1 nm quartz cuvette with a minimal sample volume of 250 �l. The protein sample 

was prepared by diluting protein in 10 mM phosphate buffer, and the protein concentration was 

within the range of 10 - 100 �M. The result was the average of 10 scans so that the background 

noise could be reduced. CD spectra were collected at variable temperatures, including 25 °C, 35 

°C, 45 °C, 55 °C, 65 °C, 75 °C, and 85 °C. The K2D2 (Perez-Iratxeta and Andrade-Navarro, 

2008) web server was used to evaluate protein secondary structure.  
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Size exclusion chromatography with multiangle light scattering (SEC-MALS) 

Size Exclusion chromatography (Waters 2695) combined with DAWN EOS MALS 

(Wyatt Technologies) was used to detect the molecular weight of CopA_NPss. The solvent for 

mobile phase was 20 mM Hepes buffer, pH 7.0, 100 mM NaCl. 100 �l injection of 0.45 mM 

CopA_NPss was injected onto SEC column (Wyatt Technology). Experiment temperature was 

maintained at 25 °C.  

MALDI-TOF mass spectrometry 

Sinapinic acid (10 mg/ml) in highly purified water and acetonitrile solvent (30% 

acetonitrile, 70% water, and 0.1% TFA) was used as the matrix solution. The protein solution (3 

mg/ml) was diluted 10 × with matrix solution, and 2 �l of this mixture was spotted onto a 

MALDI plate. The plate was dried in the hood to allow co-crystallization of the matrix and the 

protein. Spots were analyzed using MALDI-TOF MS (Bruker Autoflex III Smartbeam) in the 

linear mode. 

Isothermal titration calorimetry (ITC) 

Titration experiments by isothermal titration calorimetry (ITC) were performed at 25 °C 

using a VP-ITC microcalorimeter (MicroCal Inc., Northampton, MA). The calorimeter consists 

of 1.45 ml of sample cell containing protein sample solution and a matched thermal reference 

cell filled with water. Protein samples were buffer exchanged to 20 mM Hepes, pH 7.0, 100 mM 

NaCl, and 5 mM MgCl2. AMPPCP solution was also prepared in the same buffer at pH 7.0. 

Before each titration experiment, protein and AMPPCP solutions were filtered and degassed 

under vacuum for 10 min in a Thermo Vac system (MicroCal). Sixty 4 �l injections of AMPPCP 

solution with at least 4 min intervals between injections were performed into protein. The 
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syringe stirring speed was set to 310 rpm, and the reference power was 15 �cal/s. Baseline data 

were measured by titration of the AMPPCP solution into the buffer without protein, and were 

subtracted from the experimental data. Protein concentration was determined by UV absorption 

using the theoretical extinction coefficients computed from the amino acid sequences. ITC data 

analysis was performed with the Origin 7.0 software provided by MicroCal.  

para-Nitrophenyl phosphate (pNPP) assay 

para-Nitrophenyl phosphate (pNPP) hydrolysis assay was used to evaluate the ATPase 

activity (Deigweiher et al 2004). ATPase activity of CopA_NPss and CopA_NPwt was 

performed at different temperatures (40 °C, 50 °C, 60 °C, 65 °C, 70 °C) for 20 min by incubating 

4 �M protein with 10 mM pNPP in the buffer of 20 mM Hepes, 100 mM NaCl, 4 mM MgCl2, 

pH 7 (pH was measured at RT). The reaction was started by addition of CopA_NP and stopped 

with 2 �l of 10 N NaOH. After storage on ice for 30 min, the samples were measured using a 

photometer at 405 nm (BioRad SmartSpec Plus). Identical samples without enzyme were used as 

references to blank the photometer. 

NMR experiments 

Protein backbone assignment 

For NMR experiments, 15N and 13C labeled samples were buffer exchanged to 20 mM 

Hepes, pH 7.0, 100 mM NaCl with 10% D2O and concentrated to 1 mM with centrifugal 

concentrator (EMD Millipore). 10 mM AMPPCP and 5 mM MgCl2 were used for the AMPPCP 

bound samples. NMR experiments were recorded at the temperature of 313 K on a Bruker 800 

MHz spectrometer equipped with a TCI cryoprobe. 2D 1H-15N HSQC and standard 3D triple-

resonance NMR experiments, including HNCA, HN(CO)CA, CBCACONH, HNCO, and 
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HNCACO were acquired for backbone assignments. Data were processed using NMRPipe 

(Delaglio et al., 1995) and analyzed using Sparky (Goddard and Kneller, 2004).  

Peak picking of all NMR spectra was performed using the automatic function in Sparky. 

Chemical shifts of the aliased peaks in the 3D spectra were corrected according to 1H-15N HSQC. 

The HNCA/HNCOCA and HNCO/HNCACO experiments were used to provide linkage 

information for the adjacent residues in a protein sequence. The residue types were identified 

according to the Cα and Cβ chemical shifts of the spins. Four types of amino acid residues (Ala, 

Thr, Ser, and Gly) have characteristic Cα and/or Cβ chemical shifts, which were unambiguously 

recognized. Val and Pro were easily classified based on their characteristic Cα and Cβ chemical 

shifts. The spin-systems were linked to build fragments when each two have identical Cα and CO 

chemical shifts. Finally, fragments containing the characteristic residues were mapped onto the 

amino acid sequence by matching the positions of those characteristic residues.  

Chemical shift perturbation 

Chemical shift perturbation was used to detect any local environmental changes of nuclei 

due to ligand binding or mutation. 2D 1H-15N HSQC spectra were collected using 15N labeled 

protein. The changes in the chemical shifts of 15N and 1H dimensions are compared and the 

chemical shift difference between two states are calculated using the equation �δNH,i = [�δH,i
2 + 

(�δN,i/5)2]1/2, where �δH and �δN are the chemical shift differences of proton and nitrogen, 

respectively.  

Boltzmann entropy calculation 

The extent of disorder in the 2D HSQC spectra can be quantified by computing an 

information entropy S, which is calculated according to 
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                                               S = − Fij logFij

i, j=1

N 1,N 2

∑                                           (3)                    

where log is the natural logarithm and Fij is the normalized absolute value of spectral point (i,j) 

of the phase corrected 2D HSQC spectrum, i.e. Fij ≥ 0 and  Fij

i, j=1

N1,N 2

∑ =1. Strong t1-noise ridges and 

strong Asn and Gln NH2 side chain peaks were removed from the spectrum prior to the 

application of Eq. (3). Furthermore, the multiplicity W = exp(S) and W/N is obtained from W 

after dividing by the total number of data points N = N1 × N2 of the 2D HSQC. W ranges 

between 1 and N, and it represents the effective number of non-zero spectral points. A low W 

reflects a highly “ordered” underlying HSQC spectrum, i.e. either the number of cross-peaks is 

small and/or the cross-peaks are narrow.  

NMR titration experiments 

15N labeled CopA_NPss (1 mM protein in 20 mM Hepes Buffer, 50 mM NaCl) in 5 mm 

NMR tube (600 �l) was used to record the experiments on the 800 Hz NMR at 313 K. Titration 

of AMPPNP into CopA_NPss was performed at 0.05 mM, 0.1 mM, 0.3 mM, 0.75 mM, 1.25 

mM, 1.75 mM, 3 mM, 8 mM, and 20 mM. 1H-15N HSQC was collected at each titration point.  

Residual dipolar coupling (RDC) experiments 

Uniformly 15N-labeled CopA_NPss samples in different states were used for RDC 

experiments. The apo sample was prepared with 1 mM CopA_NPss in 20 mM Hepes buffer, pH 

7.0, 50 mM NaCl and 10% D2O. The AMPPCP bound sample was prepared in the same 

condition, and also included 10 mM AMPPCP and 5 mM MgCl2. Phospho-aspartate mimic 

(BeF3
- bound state) sample was prepared with 1 mM CopA_NPss in the buffer of 20 mM Hepes, 

pH 7.0, 100 mM NaF, 16 mM BeCl2, 10 mM MgCl2, and 10% D2O. Transition state sample 
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(BeF3
- plus ADP bound state) include 1 mM CopA_NPss in the buffer of 20 mM Hepes, pH 7.0, 

100 mM NaF, 16 mM BeCl2, 10 mM MgCl2, 50 mM ADP, and 10% D2O. RDCs were 

determined from the analysis of 15N HSQC and 15N TROSY spectra in the isotropic condition 

and aligned using 8 mg/ml Pf1 phage (ASLA Biotech Ltd.) for the apo state, the AMPPCP 

bound state, and the BeF3
- bound state, and 5.5% compressed polyacrylamide gel (homemade) 

for the BeF3
- plus ADP bound state. Pf1 phage was heated at 50 °C for 5 min and cooled down to 

room temperature before gently mixing with CopA_NPss samples. Shigemi NMR tubes were 

used for the polyacrylamide gel samples. After mixing the CopA_NPss with the dried 

polyacrylamide gel, the tube was gently shaken until the gel was swollen. The tube was kept at 

room temperature for two days for the gel to swell homogenously before starting NMR 

measurements. 

 The data were acquired at 313 K on a Bruker 800 MHz spectrometer equipped with a 

TCI cryoprobe. Data were processed using NMRpipe and analyzed using Sparky. Gaussian 

function was used to integrate the peaks in the 15N HSQC and 15N TROSY spectra to determine 

the peak position. RDCs were fit to the apo and AMPPCP bound CopA N, P domains crystal 

structures via singular value decomposition (SVD) using the MATLAB software. The 

calculation of the alignment tensor was performed for individual domains. The relative 

orientation of the N and P domains were determined as described previously (Salinas et al 2011). 

Briefly, each domain was rotated separately, so that their coordinate reference frames coincided 

with the respective alignment tensor frames. After rotation, the P domain was translated relative 

to the N domain such that the Cα atom of the linker residue G432, which is close to the center of 

mass of the two linkers coincided in both N and P domains. Due to the invariance of dipolar 

couplings under inversion, the solution of the relative orientation is four-fold ambiguous and, 
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hence, unrealistic solutions need to be identified and discarded based on steric restrictions (Hus 

et al 2008; Losonczi et al 1999), such as steric clashes between the domains.  

Domain opening angle calculation 

Three different measurements were used to evaluate the inter-domain opening angle of 

CopA_NPss. In all measurements, the N domain was defined as residues E435 - S547. The linker 

region included residues T430 - P434 and residues D548 - E552. The P domain includes residues 

A400 - L429 and residues S553 - R666. The inter-domain opening angle is defined as the angle 

between two vectors, which are the vectors between the center of mass of all Cα atoms of the N 

domain and the center of mass of all Cα atoms of the P domain to the center of mass of the Cα 

atoms of the linker, respectively. The second measurement was to calculate the average of the 

distance of each Cα atom of the N domain to each Cα atom of the P domain. In the third 

measurement, the minimum distances of each Cα atom of the N domain to each Cα atom of the 

P domain were calculated. The median of the minimum distances was subsequently determined. 

MATLAB software was used for all these calculations. The error is calculated using Monte 

Carlo error analysis assuming a standard deviation of the RDCs of 1 Hz. 300 random errors with 

standard deviation of 1 Hz were generated by MATLAB. The rotation angle of the N domain 

relative to the P domain from one state to another was determined in Chimera (Chimera UCSF). 

Spin relaxation experiments 

The backbone conformational dynamics were characterized by measurements of 15N 

longitudinal (R1) and rotating-frame (R1ρ) relaxation rates, and heteronuclear Overhauser effects 

(NOE) using standard 15N relaxation methods. 15N labeled samples (1 mM) were used in the 

buffer of 20 mM Hepes, pH 7.0, 50 mM NaCl with 10% D2O for the apo state, and 10 mM 
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AMPPCP and 5 mM MgCl2 were used for the AMPPCP bound state CopA_NPss. The R1, R1ρ 

and heteronuclear NOE experiments were collected in an interleaved way at 313 K on a Bruker 

800 MHz spectrometer equipped with a TCI cryoprobe. During the R1ρ relaxation period a spin-

lock field of γNB1/2π = 854 Hz was applied. Two different 15N carrier frequency offsets (113 and 

123 ppm) were used to measure R1ρ relaxation rates to minimize off-resonance effects. The 

experimental R2 were obtained by correcting R1ρ for off-resonance effects using the relation R2 = 

R1ρ/sin2(θ) - R1(cos2(θ)/sin2(θ)), where tan(θ) = γNB1/2π	ν and 	ν is the resonance offset in Hz. 

The R1 relaxation delay was sampled at ten time points: 130, 270, 440, 640, 880, 1200, 1650, 

2450, 2950 and 3400 ms, with a replicate point at 640 ms for error analysis. The R1ρ relaxation 

delay was sampled at eleven time points: 8, 15, 20, 28, 36, 48, 60, 72, 84, 96 and 110 ms, with a 

replicate point at 20 ms for error analysis. The recycle delay was set to 3 s for all relaxation 

experiments, and in the heteronuclear NOE a 3 s saturation period was used. All spectra were 

processed using NMRPipe (Delaglio et al 1995) and analyzed in Sparky (Goddard & Kneller 

2004). Relaxation parameters were obtained using MATLAB software.  

Modelfree analysis 

The overall correlation time (τm) and the rotational diffusion tensor were estimated from 

the relaxation rates R1 and R2 by the program quadric_diffusion developed by Palmer’s group 

(Bruschweiler et al., 1995; Lee et al., 1997). The center of mass of the crystal structure PDB 

3A1C was translated to the coordinate origin by the program pdbinertia by Palmer’s group and 

rotated to the diffusion frame. Axially symmetric diffusion models were selected and analyzed 

by Fast ModelFree program (Cole & Loria 2003) for auto model selection and tensor 

optimization until a convergent, self-consistent description of data was achieved.  
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CHAPTER 3 

RESULTS 

CopA_NPss stabilized by introducing a disulfide bond 

Since the crystal structures of CopA_NP were determined in both apo and AMPPCP 

bound states, we initially tested the construct of CopA_NP comprising residues Lys398-Lys673 

(30 kDa), which is the same as the crystal structure reported for the AMPPCP bound state (Tsuda 

& Toyoshima 2009). The protein had a very high yield when expressed in E coli BL21 (DE3) 

cells, with ~90 mgs per litter M9 culture. A high purity CopA_NP sample was achieved by using 

His tag affinity column purification. The protein size and purity of the sample was assessed with 

SDS-PAGE (Figure 7A). Far UV Circular Dichroism (CD) Spectroscopy was used to evaluate 

the secondary structure of CopA_NP at various temperatures (Figure 7B). The hyperthermophilic 

CopA_NP could stand a wide temperature range, thus temperatures as high as 85 °C were tested. 

The CD profile was quite similar when the temperature changed between 25 °C and 65 °C, with 

30% helical regions and 14% β strands as predicted by the K2D2 web server (Perez-Iratxeta & 

Andrade-Navarro 2008). In comparison with the crystal structure of CopA_NP, the Stride web 

server (Heinig & Frishman 2004) resulted in 38% helices and 24% β strands. As the temperature 

increased to 75 °C and 85 °C, CopA_NP started to denature, as indicated by the decreasing of 

helix content at 222 nm and 208 mm. Incubation of a 1 mM sample (in a buffer of 20 mM Hepes, 

pH 7.0, 10 mM NaCl) at 75 °C for 1 h resulted in severe precipitation of the protein.  

The 2D 15N-1H HSQC spectra of CopA_NP showed a temperature dependent behavior, 

with very weak cross-peaks at 25 °C due to broadening and considerable peak overlap. 

Increasing temperature could result in sharper resonance on HSQC, due to the faster tumbling 
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rate of protein at higher temperatures. Increasing the temperature to 40 °C increased resonance 

intensity in HSQC, but there was still peak broadening and considerable peak overlap. Further 

increasing temperature to 60 °C resulted in well-resolved peaks with great intensity, and 

therefore backbone assignment was performed at this temperature. Interestingly, at 60 °C there
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Figure 7 Characterization of CopA_NP. (A) SDS-PAGE of CopA_NP after His tag affinity 
column purification. Lane 1: CopA_NP after TEV protease cleavage of His tag. Lane 2 & 3:  
Elusion from His tag affinity column before TEV protease cleavage. Lane 4:  protein ladder 
(Novex Sharp Standard). (B) Far UV CD of CopA_NP at 25 °C, 65 °C, 75 °C, and 85 °C. 
Sample was prepared with 10 mM phosphate buffer, pH 7.0. (C) Resonance intensity analysis of 
CopA_NP in 3D HNCA is mapped on crystal structure PDB 3A1C. Residues with stronger 
intensities are colored red, and with weaker intensities are colored yellow. Unassigned residues 
are colored gray. AMPPCP are shown in the nucleotide-binding site, with Mg2+ colored in green. 
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were around 60 peaks missing in HSQC, and majority of these peaks were located in the P 

domain, resulting in a large blind spot in the P domain (62% assignment achieved for 

CopA_NP). Resonance intensity analysis was performed to evaluate the dynamic behavior of 

CopA_NP by using 3D HNCA, for it reduces peak overlap comparing with 2D HSQC. Overall, 

the N domain residues resulted in stronger peaks than the P domain residues, especially for β 

strands in the P domain core region (Figure 7C). The missing peaks and lower peak intensities in 

the P domain were most likely due to chemical exchange taking place on at intermediate 

timescales as discussed in the introduction. The secondary structure of CopA_NP in solution at 

60 °C were evaluated by TALOS-N (Shen & Bax 2013) by using chemical shifts for N, HN, Cα, 

Cβ, and C’. Overall, the secondary structures identified by NMR are in agreement with the 

crystal structures in both states, although the secondary structures in solution are slightly shorter 

than the ones found in the crystal structure due to the fraying effect.  

To reveal the blind spot in the P domain, another construct, CopA_NPwt (Figure 8A), 

comprising amino acid sequence A387-N675 (31 kDa), were evaluated by 1H-15N HSQC. This 

sample displayed very similar temperature dependent behavior as discussed for CopA_NP above, 

with very weak cross-peaks at 25 °C due to peak broadening and well-resolved peaks at 60 °C 

(Figure 9). Still, at 60 °C the number of peaks does not match the number of residues with about 

80 peaks missing in the 1H-15N HSQC. The size of the protein was confirmed by using SDS-

Page and MALDI-TOF mass spectrometry, and therefore the possibility of degradation of the 

protein can be excluded. These results showed that peak broadening and peak overlap observed 

at lower temperatures (25 °C and 40 °C) were not caused by protein aggregation, but rather 

reflect dynamic disorder of CopA_NPwt in solution manifested in the presence of multiple 

conformational states that interconvert on a millisecond timescale.  
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Figure 8 Overview structures of CopA_NPwt and CopA_NPss. (A) Full length crystal structure 
of L. pneumophila CopA Cu-ATPase (PDB 3RFU). The N and P domains equivalent to the 
CopA_NPwt construct are colored blue. (B) Structure model of CopA_NPss, with the N and P 
domains of CopA A. fulgidus (PDB 3A1C) and extra N, C terminal helices modeled with 3RFU. 
The position of the double mutations (A391C and K671C) in CopA_NPss is highlighted in red. 
AMPPCP is colored cyan. 
 

 

 

The extent of disorder in the 2D spectra was quantified by calculating a spectral 

information entropy S as a function of temperature (Table 1). As the temperature increases from 

25 °C to 60 °C, the spectra become more ordered as evidenced in a decrease of S. Moreover, 

addition of AMPPNP and MgCl2 induced shifts of specific cross-peak positions indicating 

binding of AMPPNP at the nucleotide-binding site. Binding of AMPPNP does not reduce peak 
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broadening (Figure 9D), and addition of BeF3
- or A domain of CopA did not induce significant 

changes. These results indicate that ligand binding does not significantly stabilize the 

conformation of CopA_NPwt.  
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Figure 9 1H-15N HSQC spectra of uniformly 15N labeled CopA_NPwt (0.5 mM in 20 mM 
Hepes, pH 7.0, 100 mM NaCl) at 25 °C (A), 40 °C (B), 60 °C (C), and AMPPNP bound 
CopA_NPwt (with 7.7 mM AMPPNP and 5 mM MgCl2) at 40 °C (D). The spectra were 
recorded at 500 MHz magnetic field strength. 
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Table 1 The disordered characters of CopA_NPwt and CopA_NPss 2D HSQC spectra at 
different temperatures. The 1H-15N HSQC were collected at 500 MHz. S is the information 
entropy, and W is the number of microstates. W% is a percentage after dividing W by dividing 
the number of data points in the HSQC spectra. 
 

 

 25 °C 40 °C 60 °C 
 

CopA_NPwt 
 

S = 15.0229 
W = 3.3449e+06 
W% = 19.94% 

S = 14.9444 
W = 3.0923e+06 
W% = 18.43% 

S = 14.8448 
W = 2.7990e+06 
W% = 16.68% 

 
CopA_NPss 

 

S= 14.9598 
W= 3.1403e+06 
W% = 18.72% 

S = 14.7470 
W = 2.5382e+06 
W% = 15.13% 

S = 14.7048 
W = 2.4333e+06 
W% = 14.50% 

 

 

To test whether CopA_NPwt can be stabilized by chemical cross-linking, we introduced 

a double mutant A391C and K671C in the N and C terminal helices of CopA_NPwt, so that they 

can form a disulfide bond (Figure 8B). This construct is termed CopA_NPss. The presence of the 

disulfide bond was confirmed by SDS-PAGE (Figure 10A). CopA_NPss displayed well-resolved 

cross-peaks in the 1H-15N HSQC spectra at 40 °C in both the apo and AMPPCP bound states, 

while there is still peak broadening at 25 °C and missing peaks at 60 °C. The extent of disorder 

in the 2D spectra decreased compared with that of CopA_NPwt (Table 1). Therefore, a disulfide 

linkage of the N and C terminal helices induces a more ordered state. Para-Nitrophenyl 

phosphate (pNPP) hydrolysis assay was applied to evaluate the ATPase activity (Deigweiher et 

al 2004) and it showed that both CopA_NPss and CopA_NPwt had a similar ATP hydrolysis rate 

(Figure 10B). To confirm that oligomeric states of CopA_NPss were not formed because of the 

introduced Cys pair, size exclusion chromatography combined with multiangle light scattering 

was used to evaluate the size of CopA_NPss (Figure 11). The result showed that 92% of the 

mass fraction was in the monomeric state with a size of 31 kDa, with only a small fraction in the 
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dimeric and trimeric states. The size of CopA_NPss was also confirmed by MALDI-TOF mass 

spectrometry. Therefore, CopA_NPss was used for the backbone assignment at 40 °C on a 

Bruker 800 MHz spectrometer equipped with a TCI cryoprobe. Standard 3D triple-resonance 

NMR experiments, including HNCA, HN(CO)CA, CBCACONH, HNCO, and HNCACO, were 

acquired for backbone assignments. 

 

 

A B 

 

 
Figure 10 Disulfide bound detection and ATPase assay of CopA_NPss. (A) SDS page of 
CopA_NPss. Lane 1, 0.8 �M CopA_NPss without DTT; lane 2, 0.8 �M CopA_NPss with DTT; 
lane 3, 4 �M protein without DTT; lane 4, 4 �M portein with DTT; lane 5: Marker. (B) pNPP 
hydrolysis assay. ATPase activity of CopA_NPwt and CopA_NPss were performed at different 
temperatures (40 °C, 50 °C, 60 °C, 65 °C, 70 °C) for 20 min by incubating 4 �M protein with 10 
mM pNPP in the buffer of 20 mM Hepes, 100 mM NaCl, 4 mM MgCl2, pH 7.0 (pH was 
measured at room temperature). The reaction was started by addition of protein and stopped with 
2 �l of 10 N NaOH. After storage on ice for 30 min, the samples were measured using a 
photometer at 405 nm. Identical samples without enzyme were used as references to blank the 
photometer. 
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MW Mass Fraction 

31.05 kDa 92.14% 

67.35 kDa 5.70% 

105.5 kDa 2.16% 

  

  

  

Figure 11 Molecular weight of CopA_NPss identified by SEC-MALS. Size exclusion 
chromatography combined with multiangle light scattering was used for 0.45 mM CopA_NPss in 
the buffer of 20 mM Hepes, pH 7.0, 100 mM NaCl at 25 °C. Three populations were detected, 
with 92.14% in the size of 31.05 kDa, 5.70% in 67.35 kDa, 2.16% in 105.5 kDa. 

 

 

Backbone N and HN assignments were obtained for 87.5% of 281 non-proline residues in 

the apo state, and 82.2% for the AMPPCP-bound state. There were around 15 unassigned amide 

resonances in the HSQC spectra in the apo state, and around 25 unassigned resonances in the 

AMPPCP bound state. Many of the unassigned resonance were either with very weak intensities 

or broadened, or did not show resonance signals in the 3D CBCACONH spectra, which made the 

assignment challenging. Cα resonance assignments have been obtained for 85.1% of the 289 

residues in the apo state, and 79.9% of the residues in the AMPPCP bound state. Cβ resonance 

assignments were available for 71.6% and 64% of 264 non-glycine residues in the ligand-free 

and bound state, respectively. Finally, carbonyl carbon resonance assignments were achieved for 

85.8% of 281 non-proline residues in the apo state and for 79.4% residues in the AMPPCP-

bound state.  

Protein secondary structures in solution were identified by TALOS-N (Shen & Bax 

2013). A combined analysis of chemical shifts for N, HN, Cα, Cβ, and C’ were performed 
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resulting in the identification of secondary structure elements, and the secondary structure 

difference between crystal structure and NMR were mapped onto the structure model of 

CopA_NPss (Figure 12). Overall, the secondary structures identified by NMR are in agreement 

with the crystal structures in both states, although the secondary structures in solution are in 

some instances slightly shorter than the ones found in the crystal structure due to the fraying 

effect.  
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Figure 12 Secondary structure differences between X-ray and NMR. Secondary structures in 
solution were identified by TALOS-N. Identical secondary structures in both methods are in 
gray. β-strands by TALOS-N are colored blue. Coils by TALOS-N are colored green. Residues 
not assigned are colored yellow, and not compared are colored black. AMPPCP is colored cyan. 
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CopA_NPss is able to bind AMPPCP with the nucleotide binding effect being reflected 

on both the N and P domains. Chemical shift differences of CopA_NPss between the nucleotide 

free and bound states indicate that AMPPCP binding perturbs the nucleotide binding site and the 

N- and C-terminal linkers (Figure 13A). NMR titration experiments with AMPPNP, another 

ATP analog, show changes in peak position suggesting fast exchange (i.e. fast on- and off-rates). 

Many ligand binding residues show both movements in their peak positions as well as decreasing 

followed by increasing peak intensities indicative of fast to intermediate exchange of AMPPNP 
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Figure 13 Nucleotide binding effect on CopA_NPss by NMR. (A) Chemical shift perturbation of 
CopA_NPss by AMPPCP mapped onto crystal structure of CopA_NP (PDB 3A1C). Residues 
showing chemical shift perturbation larger than 0.4 ppm are colored in red, smaller than 0.1 ppm 
are colored in yellow, and in between, there is a color gradient from yellow to red as the 
difference increase. Residues not assigned are colored in gray. (B) NMR titration of AMPPNP 
into CopA_NPss. Residues colored green have both peak position changes and intensity changes 
during titration. AMPPCP is colored cyan. 
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on the millisecond timescale (Figure 13B). The apparent dissociation constant measured by 

isothermal titration calorimetry (ITC) was 0.26 mM (Figure 14), which is similar as the one 

reported for CopA_NP (Kd = ~0.1 mM) (Tsuda & Toyoshima 2009).  

 

 

 

 

 
Figure 14 Interaction between CopA_NPss and AMPPCP measured by ITC. Titration 
experiments were performed at 25 °C. The initial concentration of CopA_NPss in the ITC well 
was 0.17 mM in the buffer of 20 mM Hepes, pH 7.0, 100 mM NaCl, and 5 mM MgCl2. The 
concentration of AMPPCP in the injection syringe was 4.2 mM in the same buffer. The 
normalized data were fitted to a single class of binding, resulting the Kd value of 0.26 mM. 
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Inter-domain orientations of CopA_NPss during the catalytic cycle 

The inter-domain orientations of CopA_NPss in solution were determined by measuring 

backbone 1H-15N residual dipolar couplings (RDCs), which contain information about the 

average orientation of 1H-15N bond vectors with respect to the external magnetic field 

(Blackledge 2005). This information can be used to characterize the orientations of individual 

domains of a multi-domain protein relative to a common alignment tensor (Blackledge 2005; 

Fushman et al 2004). Around 80 dipolar couplings for the N domain and around 60 dipolar 

couplings for the P domains were measured when aligned in 8 mg/ml Pf1 phage for the apo state, 

the AMPPCP bound state, and the BeF3
- bound states. Around 40 dipolar couplings were 

obtained for the N and P domains respectively when using 5.5% compressed polyacrylamide gel 

for the BeF3
- plus ADP bound state. Both the apo and AMPPCP bound crystal structures (PDB 

2B8E, 2.3 Å; PDB 3A1C, 1.8 Å) were used to fit the RDCs. The level of agreement between 

experimental RDCs and calculated RDCs based on the crystal structures was evaluated in terms 

of a Q-value (Bax 2003). Crystal structure 3A1C was used for domain orientation determination 

because it has better resolution and resulted in a smaller Q-values (Table 2). The linker residues 

were included in or excluded from the calculations of the N, P domains Q-values with similar 

results (Table 3), indicating that the linker structure of the crystal structure 3A1C is

  

 

Table 2 Q-values from RDC measurements of CopA_NPss at different states. Crystal structures 
2B8E (2.30 Å) and 3A1C (1.85 Å) were used in apo state calculation. Structure 3A1C was used 
in the calculation of AMPPCP, BeF3

- +ADP, and BeF3
- bound states. 

 

 Apo (2B8E) Apo (3A1C) AMPPCP BeF3
- +ADP BeF3

- 
N domain 0.46 0.31 0.39 0.42 0.30 
P domain 0.22 0.23 0.30 0.42 0.26 
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representative for the apo and AMPPCP bound states. The domain orientations in solution in the 

apo and AMPPCP bound states were quite similar to the crystal structures reported (Figure 15). 

The Cα root-mean-square deviation (RMSD) between the solution and the crystal structure in the 

apo and AMPPCP-bound states are 2.01 Å and 0.43 Å, respectively. 

 

 

Table 3 Q-values of the N, P domains and linker of CopA_NPss. Crystal structure 3A1C was 
used in the calculation. 
 

 N domain P domain Linker N + linker P + linker 
apo state 0.31 0.23 na 0.31 0.23 

with AMPPCP 0.38 0.29 0.20  0.39 0.31 
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Figure 15 The inter-domain orientations of CopA_NPss in solution determined using RDCs. (A) 
Shown is RDC-derived apo CopA_NPss in magenta and apo crystal structure (PDB 2B8E) in 
blue. Cα RMSD between the two is 2.007 Å. (B) In the AMPPCP bound state, RDC-derived 
CopA_NPss is colored magenta and crystal structure (PDB 3A1C) is colored gray. Cα RMSD 
between them is 0.426 Å. 
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In solution, the apo state populates on average a more open state than the one displayed 

by the crystal structure, with an inter-domain opening angle of 124.4°. As shown in Figure 16, 

AMPPCP binding closes up CopA_NPss by rotating the N domain 20.4°, resulting in an inter-

domain opening angle of 112.0°. BeF3
- plus ADP binding at the catalytic site could mimic the 

transition state, which further closes up CopA_NPss by rotating the N domain 15.8°, thus leading 

to an opening angle of 106.0°. As ADP is being released from the ATP binding pocket, the N 

domain opens up by a 42.1° rotation, resulting in the phosphorylated state of the P domain 

mimicked by BeF3
- binding, with an opening angle of 130.8°. It is interesting to see 

  

 

 

 

Figure 16 Inter-domain orientations of CopA_NPss in the catalytic reaction cycle determined by 
RDCs. The inter-domain opening angles are colored green. The rotation angles of N domain 
relative to P domain between states are colored red. AMPPCP and ADP are colored red. BeF3

- is 
indicated by a green dot. 
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such a dramatic opening-up of CopA_NPss after ADP is released, which indicates that 

phosphorylation of the P domain will promote the opening up of the N and P domains. This will 

give access to the A domain to interact with the P domain and promote ion transport and 

dephosphorylation process. When the P domain is dephosphorylated, CopA_NPss relaxes back 

to the apo state by rotation of the N domain by 11.7°. In addition to domain opening angle 

determination, the distance of each Cα atom of the N domain to each Cα atom of the P domain 

was obtained, of which the average and the median of the minimum distance were used to 

characterize the compactness of CopA_NPss (Table 4). The histograms of the minimum 

distances in the four states are shown in Figure 17. To sum up, three different methods were used 

to evaluate the inter-domain opening of CopA_NPss, and they all consistently show that the N 

and P domains gradually close-up from the apo state to the AMPPCP bound state, and finally to 

the transition state, and then dramatically open-up in the phosphorylated state. 

 

 

Table 4 The inter-domain opening of CopA_NPss in different states defined by different 
measurements. The opening angle is defined as the angle between two vectors, which are the 
vectors between the center of mass of all Cα atoms of the N domain and the center of mass of all 
Cα atoms of the P domain to the center of mass of the Cα atoms of the linker, respectively. 
“Distance” is calculated as the average distance of each Cα atom of the N domain to each Cα 
atom of the P domain. “Median minimum distance” is the median of the minimum distance of 
each Cα atom of the N domain to each Cα atom of the P domain. The error is calculated using 
Monte Carlo error analysis assuming a standard deviation of the RDCs of 1 Hz. 
 

 Opening angle Distance (Å) Median min distance (Å) 
Apo 124.0° ± 0.5° 35.2 ± 0.1 18.4 ± 0.1 

AMPPCP 112.0° ± 0.7° 34.1 ± 0.2 17.5 ± 0.3 
BeF3

- + ADP 106.0° ± 1.0° 33.2 ± 0.2 16.4 ± 0.3 
BeF3

- 130.8° ± 0.6° 36.2 ± 0.1 20.0 ± 0.2 
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Figure 17 Histograms of the interdomain minimum distances of CopA_NPss in different states. 
From the top to the bottom are states of CopA_NPss in the apo state, the AMPPCP bound state, 
the BeF3

- plus ADP bound state, and the BeF3
- bound state. Minimum distances of each Cα atom 

of the N domain to each Cα atom of the P domain are plotted in the histogram. 
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Fast timescale dynamics of CopA_NPss 

Dynamics of CopA_NPss on the picosecond to nanosecond timescale was explored by 

NMR 15N spin relaxation experiments. The spin relaxation data provides atomic details of the 

15N-1H bond vectors along the protein backbone, and can be used to study the rotational tumbling 

of the molecules and its anisotropy. The backbone 15N longitudinal (R1) and transverse (R2) 

relaxation rates, and the {1H}-15N heteronuclear steady state nuclear Overhauser effect (NOE) of 

CopA_NPss in the apo and AMPPCP bound states were measured. Overall, CopA_NPss in both 

states shows a similar pattern (Figure 18), with a relatively rigid backbone in both the N and P 

domains, as the majority of the NOE data are ~0.8, with the exception of a flexible region 

(G636-G646) in the P domain. In both ligand free and ligand bound states, several key residues 

of CopA_NPss showed relatively fast internal motions, including the AMPPPCP stacking 

residue H462 and T549 on the C terminal hinge region. L479 - G480 in the loop of the N domain 

shows increased flexibility on the ns to ps timescale. The overall correlation time (τm) for 

rational diffusion of the N and P domains were estimated from the relaxation rates R1 and R2 

(Table 5, Figure 19). For CopA_NPss, the rotational tumbling time for both the N and P domains 

were quite similar, with the N domain in the apo state tumbling slightly faster. 

 

 

Table 5 Average τm of the N, P domains in both free and ligand bound states of CopA_NPss. 
Flexible N terminus and the flexible region (G636–G646) in the P domain were excluded for τm 
cestimation. 
 

 

 N domain P domain 
apo state 14.2 ns 16.2 ns 

AMPPCP bound state 16.5 ns 17.4 ns 
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Figure 18 Backbone 15N relaxation rates R1 and R2, heteronuclear {1H}-15N NOE, and relaxation 
rate ratio R2/R1 of CopA_NPss in the apo (blue) and AMPPCP bound (red) states. 
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Figure 19 Residue-wise tumbling correlation times τm of the N and P domains of CopA_NPss in 
the apo (blue) and AMPPCP bound (red) states. The N domain is indicated by green region on 
top of the sequence. The part of the P domain included in the τm calculation is indicated in 
yellow. 
 

 

Model-free analysis (Lipari & Szabo 1982a; b) was performed to quantify the dynamics 

on the ps-ns timescale. The order parameter (S2) derived from model-free analysis is a reporter of 

local protein flexibility. A small value of S2 indicates that the residue is flexible, and a S2 value 

larger than 0.8 implies that the residue is relatively rigid. In both apo and ligand bound states, 

both domains are overall quite rigid on the subnanosecond timescale (Figure 20), with the 

exception of a flexible region (G636–G646) in the P domain. The β strands in the P domain have 

a certain extent of flexibility on the fast timescale, and AMPPCP binding leads to rigidification 

of these flexible regions. Interestingly, residue Gly480, located in the long loop in the upper 

corner of N domain, is very flexible in both apo and AMPPCP bound states. This long loop may 

serve as the hinge of the β strand Val485–Ile488 and the α helix Pro463–Glu474, which 

contribute to regulating AMPPCP binding.  
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Figure 20 Dynamics of CopA_NPss on the pico-second to nano-second timescale. (A) Backbone 
order parameter (S2) derived from modelfree analysis in the apo (blue) and AMPPCP bound 
(red) states. S2 of the AMPPCP free (B) and bound (C) states color mapped onto the crystal 
structure of CopA_NP (PDB 3A1C). AMPPCP is colored green. S2 values larger than 0.8 are 
colored yellow, smaller than 0.6 are colored red, and between 0.6 and 0.8 are colored orange. 
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Role of the conserved DXXK motif in the hinge 

Since the N domain is an insertion between two fragments of the P domain, there are two 

hinge regions connecting the N and P domains. The C terminal hinge contains a conserved 

DXXK motif in the Cu-ATPase, and the equivalent motif in SERCA is DPPR. It has been 

proposed that in SERCA this 601DPPR motif, together with the conserved sequence 601–624 in 

the P domain are probably important for the proper coordination of events in the N and P 

domains during the ATP phosphorylation process (Moller et al 2010). Mutation studies on the 

conserved D601 in the hinge of SERCA showed that D601A and D601N mutations abolished 

Ca2+ translocation by disturbing the E1P to E2P conformational transition (McIntosh et al 2004). 

Interestingly, for the equivalent D1230A mutant in the human Cu-ATPase, ATP7A, Cu+ 

transporting activity was dramatically decreased although the catalytic turnover was unaffected 

(Voskoboinik et al 2003). This suggests that D1230A mutation uncoupled the conformational 

changes during the catalytic cycle, which normally links ATP hydrolysis and ion translocation in 

P-type ATPases. How the DPPR/DXXK motif coordinates the conformational transitions in the 

catalytic cycle, however, is not clear. Therefore, the role of the DXXK motif in the nucleotide-

binding event was studied to better understand the structure and dynamic effect of this conserved 

motif. 

The D548N mutation was produced based on CopA_NPss by site directed mutagenesis. 

The binding affinity of AMPPCP in the presence of Mg2+ was obtained by isothermal titration 

calorimetry (ITC) for the D548N mutant (Figure 21). Interestingly, the D548N mutation resulted 

in a 5-fold increase of the binding affinity for AMPPCP compared with CopA_NPss. The 

dissociation constant is 58 �M for the D548N mutant, and 261 �M for CopA_NPss as discussed 

in Figure 14. Increase of the nucleotide binding affinity in the Asp to Asn substitution was also 
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seen in other P-type ATPase members. In SERCA, the D601N mutation in the DPPR motif 

showed enhanced ATP binding (McIntosh et al 2004). In the D1230A mutation in the DXXK 

motif of ATP7A, the ATP binding affinity was increased around 20-fold (Voskoboinik et al 

2003).  

 

 

 

 

Figure 21 ITC titration of AMPPCP into the D548N mutant. Titration experiments by isothermal 
titration calorimetry (ITC) were performed at 25 °C. The initial concentration in the ITC well 
was 0.25 mM in the buffer of 20 mM Hepes, pH 7.0, 100 mM NaCl, and 5 mM MgCl2. The 
concentration of AMPPCP in the injection syringe was 6.0 mM in the same buffer. The 
normalized data were fitted to a single class of binding, resulting the Kd value of 58 �M. 
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To see if there are any structural changes upon D548N mutation, we used NMR 1H-15N 

HSQC spectra to detect the chemical shift differences between CopA_NPss and the D548 mutant 

in the apo and AMPPCP bound states (Figure 22). The backbone 1HN and 15N chemical shifts are 

highly sensitive to the protein backbone conformation and the local chemical environment. The 

backbone assignment of the D548N mutant was obtained based on the assignment of 
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Figure 22 Chemical shift perturbation of CopA_NPss due to D548N mutation in the apo (A) and 
AMPPCP bound (B) states. �δ = ((�δH)2 + ((1/5)� δN)2)1/2. �δH and �δN are the chemical shift 
differences of H and N between D548N and CopA_NPss. 
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CopA_NPss. Comparing the chemical shift differences between CopA_NPss and the D548N 

mutant, there is only a small perturbation in the apo state, and very little perturbation in the 

AMPPCP bound state. Both are localized to the hinges of the N and P domains (Figure 23). 
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Figure 23 Chemical shift perturbation due to D548N mutation are mapped on the structure of 
CopA_NP (PDB 3A1C) for illustration of the apo state (A) and the AMPPCP bound state (B). 
Residues showing chemical shift differences larger than 0.1 ppm are colored in orange, and 
smaller than 0.1 ppm are colored in yellow. Residues not assigned are colored in gray. AMPPCP 
is shown at the nucleotide-binding site, with Mg2+ indicated by a green sphere. 

 

 

We then investigated whether there are any inter-domain orientation changes upon 

D548N mutation by using backbone 1H-15N residual dipolar couplings (RDCs) experiments 

aligned in 8 mg/ml Pf1 phage. In the D548N mutant, over 40 RDCs are measured for each of the 

N and P domains in both AMPPCP free and bound states. These dipolar couplings were fitted to 

both the apo and AMPPCP bound crystal structures reported (PDB 2B8E, 2.3 Å and 3A1C, 1.8 

Å). A Q-value was calculated to evaluate the agreement between the experimental RDCs and the 
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crystal structure (Bax 2003). Crystal structure 3A1C was used for domain orientation 

determination because it has better resolution and resulted in smaller Q-values (Table 6). The 

smaller Q-values were consistent with the chemical shift perturbation results, that the

  

 

Table 6 Q-values of the D548N mutant in different states. Crystal structures in the apo state 
(PDB 2B8E 2.30 Å) and the AMPPCP bound state (PDB 3A1C 1.85 Å) were used in apo state 
calculation. Structure 3A1C was used in the calculation of AMPPCP bound and BeF3

- bound 
states. 
 

 Apo (2B8E) Apo (3A1C) AMPPCP BeF3
- 

N domain 0.51 0.32 0.41 0.33 
P domain 0.32 0.34 0.28 0.25 
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Figure 24 Inter-domain orientations of CopA_NPss (blue) and the D548N mutant (magenta) in 
both the apo (A), AMPPCP bound (B), and BeF3

- bound (C) states measured by RDCs with 8 
mg/ml Pf1 phage as the alignment medium. Cα RMSD between the two in the apo and ligand 
bound states were 0.254 Å, 0.265 Å, and 1.226 Å, respectively. AMPPCP is colored in cyan. 
BeF3

- is indicated by a green sphere.  
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D548N mutation cause little structure perturbation. The inter-domain orientations of the D548N 

mutant in both and AMPPCP bound states are shown in Figure 24. It is very similar to that of 

CopA_NPss, with backbone Cα RMSD of 0.254 Å and 0.265 Å in the apo and ligand bound 

state, respectively. Therefore, the D548N mutation does not affect the relative inter-domain 

orientation in the apo and AMPPCP bound states.  

 

 

Table 7 The inter-domain opening of the D548N mutant in different states defined by the same 
measurements as CopA_NPss. The opening angle is defined as the angle between two vectors, 
which are the vectors between the center of mass of all Cα atoms of the N domain and the center 
of mass of all Cα atoms of the P domain to the center of mass of the Cα atoms of the linker, 
respectively. “Distance” is calculated as the average distance of each Cα atom of the N domain 
to each Cα atom of the P domain. “Median minimum distance” is the median of the minimum 
distance of each Cα atom of the N domain to each Cα atom of the P domain. The error is 
calculated using Monte Carlo error analysis assuming a standard deviation of the RDCs of 1 Hz. 
 

 Opening angle Distance (Å) Median min distance (Å) 
Apo 125.3° ± 0.8° 35.2 ± 0.2 18.6 ± 0.3 

AMPPCP 112.1° ± 1.1° 34.0 ± 0.2 17.0 ± 0.5 
BeF3

- 125.6° ± 0.9° 35.4 ± 0.1 19.0 ± 0.3 
 

 

In the BeF3
- bound state, CopA_NPss is more open than the D548N mutant (Figure 24 

C), with a backbone Cα RMSD of 1.226 Å. The D548N mutant has an inter-domain opening 

angle of 125.6° (Table 7), whereas CopA_NPss has an inter-domain angle of 130.8° (Table 4). 

Besides, the rotation angle of the N domain between CopA_NPss and the D548N mutant in the 

BeF3
- bound state is 11.7° when the P domains of the two are matched. In fact, the inter-domain 

orientation of the D548N mutant in the BeF3
- bound state is identical as the mutant in the apo 

state. Therefore, the opening-up of the N and P domain interface due to phosphorylation, as is 
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seen in CopA_NPss, seems to be lost upon D548N mutation. As discussed before, the opening-

up of the N and P domain interface could enable interaction with the A domain thereby 

promoting the rotation of the A domain, which in turn opens the gate for ion translocation and 

positions the TGEF motif of the A domain for dephosphorylation of the P domain. This might 

explain how the Asp to Asn mutation in the DXXK motif leads to disrupted ion translocation due 

to reduced rotation of the A domain in the first place.  

The dynamics effect of the D548N mutation on the inter-domain flexibility was explored 

by 15N relaxation experiment by NMR. The backbone 15N longitudinal (R1) and transverse (R2) 

relaxation rates, and the {1H}-15N heteronuclear steady state nuclear Overhauser effect (NOE) of 

the D548N mutant in the apo and AMPPCP bound states were measured. Overall, the D548N 

mutant shows a similar pattern as CopA_NPss (Figure 25, Figure 26). The overall correlation 

time (τm) for rotational diffusion of the N and P domains were estimated from the relaxation 

rates R1 and R2 (Table 7). For CopA_NPss, the rotational tumbling time for both the N and P 

domains were quite similar, with the N domain in the apo state tumbling slightly faster as 

discussed before (Table 5, Figure 19). The D548N mutation in the hinge could not break the 

coupling between the two domains, as the overall correlation time for the N and P domains were 

very similar as CopA_NPss in both ligand free and bound states.  

 

 

Table 8 Average τm of the N, P domains in both free and ligand bound states of the D548N 
mutant. The flexible N terminus and the flexible region (G636–G646) in the P domain were 
excluded for τm estimation. Data from Table 5 for CopA_NPss is also listed for comparison. 
 

 N domain 
(D548N) 

N domain 
(CopA_NPss) 

P domain 
(D548N) 

P domain 
(CopA_NPss) 

apo state 14.2 ns 14.2 ns 15.3 ns 16.2 ns 
AMPPCP bound state 16.4 ns 16.5 ns 17.2 ns 17.4 ns 
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Figure 25 Backbone 15N relaxation rates R1 and R2, heteronuclear {1H}-15N NOE, and relaxation 
rate ratio R2/R1 of CopA_NPss (blue) and the D548N mutant (red) in the apo state. 
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Figure 26 Backbone 15N relaxation rates R1 and R2, heteronuclear {1H}-15N NOE, and relaxation 
rate ratio R2/R1 of CopA_NPss (blue) and the D548N mutant (red) in the AMPPCP bound state. 
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In CopA, residue D548 is interacting with the backbone amide of K433 and G432, as 

well as the side chain of T430 (Tsuda & Toyoshima 2009). The equivalent interactions were seen 

in SERCA, with D601 interacting with N359 backbone amide and T357 side chain, and possibly 

K352 (Ma et al 2005). These interactions might play important roles in the domain movement, 

positioning of substrate, and catalysis (Ma et al 2005). The D548N mutation in CopA_NPss 

breaks these interactions and results in a dramatic increase of R2 relaxation of T430 and 

somewhat increase of R2 in G432 (Figure 27), indicating conformational exchange in the 

microseconds to milliseconds timescale. Despite these interactions being abolished, it is 

surprising to see neither the inter-domain orientation nor the overall rotational tumbling of the N 

and P domains are affected by the Asp to Asn substitution. It should be noted that the domain 

orientation determined by RDCs represents the average over all substates populated in solution. 

The inter-domain orientations of certain lowly populated “excited states” might be altered, but 

they fall outside the detection limit.  

The DXXK/DPPR motif in the hinge of the N and P domains is conserved throughout the 

P-type ATPase family. Functional studies have demonstrated that this motif is critical for the 

cation translocation, yet structure and dynamics information is missing on how this allosteric 

regulation is achieved. Here the N and P domains of CopA were used as a model system to study 

the structural and dynamics effect of the D548N mutation in the hinge. In solution, the N and P 

domains of CopA tumble together as a single unit rather than independently. Although the 

D548N mutation breaks certain interactions between the two hinges, the average inter-domain 

orientation remains the same in the apo and AMPPCP bound states. Inherently, in the BeF3
- 

bound state the inter-domain orientation is identical as in the apo state, and the opening-up of the 

N and P domains as seen in CopA_NPss is missing in the mutant. Moreover, an apparent 
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decrease of deuterium uptake was observed by HD exchange mass spectroscopy (data not 

shown) after the D548N mutation in the AMPPCP bound state, especially at the nucleotide 

binding site and the phosphorylation site, suggesting that a network of close interactions formed 

after AMPPCP binding tightly locked AMPPCP in position for catalytic reaction. A structural 

strain was observed in the P domain helix K551 – M564 of CopA_NPss (equivalent to P2 helix 

in SERCA) after AMPPCP binding, but was missing in the AMPPCP bound D548N mutant, 

indicating that the allosteric regulation of the DXXK motif is present in CopA_NPss and lost 

after the mutation. 

 

 

 

 

Figure 27 The differences of backbone 15N relaxation rates R2 between the D548N mutant and 
CopA_NPss in the apo (upper) AMPPCP bound (lower) states. �R2 is the difference between R2 
of the D548N mutant and R2 of CopA_NPss. 
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CHAPTER 4 

DISCUSSION AND PERSPECTIVE 

The N and P domains of Cu-ATPase are studied here using high-resolution nuclear 

magnetic resonance to understand their structural and dynamic properties in solution in 

relationship to their function. Based on 1H-15N HSQC spectra of uniformly 15N labeled 

CopA_NPwt, we find substantial cross-peak overlaps and peak broadening at lower 

temperatures, indicating conformational exchange of the P domain. Disulfide linking of the 

terminal helices of the P domain decreases peak broadening effects and stabilizes the active 

conformation. The structure of CopA_NPss in solution closely matches the crystal structures, 

and relaxation studies in solution indicate that CopA_NPss is overall rigid with the exception of 

a few flexible loops. The inter-domain orientation of CopA_NPss was determined by using 

RDCs, which report the average population in solution. Although there are many sub-states of 

CopA ATPase in the catalytic cycle, the relative orientation of the N and P domains can be 

described with four principal structures as shown in Figure 16. It should be noted that the relative 

orientation of the N and P domains are determined in the absence of the A domain, and in the full 

length ATPase, the domain orientation could be different due to the close interaction of the A 

domain with the N and P domains and the ligand. Hydrogen bonds could be formed between the 

N domain and the A domain as seen in SERCA (Toyoshima & Nomura 2002). Key residues in 

the A, P and N domains of SERCA modulate ATP binding, which include F487, A215, R560, 

R678, K204, K205, I188, and R174 (Clausen et al 2007; Clausen et al 2008). The TGES loop of 

the A domain carries out the catalytically important role during dephosphorylation reaction 

(Olesen et al 2007). 
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Indeed in the apo state, although the RDC-derived structure is close to the apo crystal 

structure of CopA (PDB 2B8E), it is much more compact than the structure of SERCA (PDB 

1SU4) by Toyoshima et al. (2000) in the Ca2E1 open conformation with no ATP bound. This 

structure of SERCA may not represent the largest population in solution, as was shown by 

electron microscopy, where the N and P domains appear to be more compact in the crystals 

generated under milder conditions (Toyoshima 2008). On the other hand, in the BeF3
- bound 

state, the N and P domains in solution are not as wide open as what is shown in the crystal 

structure of CopA in the AlF4
- bound state (PDB 3RFU), where the A domain rotates deep into 

the gap between the N and P domains. This indicates that ADP release and phosphorylation of 

the P domain would promote the opening of the N and P domain interface allowing the A 

domain to come closer to the pohsphorylation site. When the A domain is present at the N and P 

domain interface, the two domains can further open up until the TGES loop of the A domain is in 

the required position for dephosphorylation.  

The DXXK motif in the hinge of the N and P domains has an allosteric regulation on the 

ion translocation of the ATPase. In the human Cu-ATPase, ATP7A, the D1230A mutation in the 

DXXK motif resulted in a significant reduction in copper translocation (Voskoboinik et al 2003). 

However, copper-dependent phosphorylation was also significantly higher. The de-

phosphorylation and turnover rate was similar to wild type ATP7A. The decrease of copper 

transport with the highly efficient phosphoenzyme formation suggests that the D1230A mutation 

uncoupled the conformational changes required to link ATP hydrolysis and ion translocation 

(Voskoboinik et al 2003). A similar allosteric role of the equivalent DPPR motif was seen in 

SERCA. Both D601N and D601E mutations in SERCA reduced the phosphorylation rate from 

ATP, and Ca2+ translocation was disturbed as the conformational transition rate from the E1P 
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(phosphorylated E1) state to the E2P state was slowed down (McIntosh et al 2004).  The possible 

allosteric role of the DXXK motif is the regulation of the inter-domain orientation of the N and P 

domains. Although the inter-domain orientation of the D548N mutant was very much the same 

as for CopA_NPss in the apo and AMPPCP bound states, as studied here by RDCs, the Asp to 

Asn substitution hinders the opening of the N and P domains after the phosphorylation event as 

seen in the BeF3
- bound state. Moreover, since the binding affinity of ATP analogs in the mutant 

is much higher than WT CopA, strong binding affinity is expected for ADP as well. It is also 

possible that after phosphorylation ADP is stuck in the nucleotide-binding pocket, which would 

prevent the opening of the N and P domains after phosphorylation. Furthermore, this will prevent 

the rotation of the A domain, which ultimately affects the opening of the ion channel in the 

transmembrane helices. Therefore, comparing the binding affinity of ADP for CopA_NPss and 

the D548N mutant combined with RDCs studies of the inter-domain orientation in the ADP 

bound state could contribute to the understanding of the allosteric role of the DXXK motif.  

The current catalytic model of P-type ATPases relies largely on the X-ray crystal 

structures and information gained from mutagenesis of SERCA. The crystal structures capture 

snapshots of the different conformations of SERCA during the reaction cycle and help 

rationalize a number of important aspects of the mechanism of the active transport by SERCA. 

However, some key questions are left unanswered about the reaction cycle. One fundamental and 

very interesting question is how the signal is transmitted from the primary ion-binding site in the 

transmembrane domain to the phosphorylation site (Toyoshima & Cornelius 2013). The 

phosphorylation site in the P domain is over 48 Å away from the Ca2+ binding site in SERCA. 

When Ca2+ is bound at the cation-binding site in the transmembrane helices, the signals are 

transmitted to the catalytic site in the P domain, enabling phoshorylation of Asp351 by ATP. 
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Once the ATPase has become phosphorylated, the signals are sent back to the membrane to 

induce translocation of the bound Ca2+ ions. The physical process underlying this long-range 

allosteric effect has been a puzzle for many years. Possible mechanisms have been proposed, 

although further experimental evidence is needed. Scarborough (2002) has suggested a charge-

relay system, which mainly operates via the peptide backbones that connect the Ca2+ binding 

sites and the phosphorylation site (Scarborough 2002). The cytoplasmic end of M5 is integrated 

into the P-domain near the phosphorylation site, and it is hydrogen bonded to the M4 helix. The 

P-domain is hydrogen bonded to M3. Therefore, a mechanical transition mechanism was also 

proposed (Toyoshima 2008).  

As discussed in the introduction, the two Ca2+ binding sites of SERCA are formed by 

carboxylic amino acid side chains and main chain carbonyl groups from M4–M6 and M8. In 

Cu+-ATPase, the M4-M6 helices are most likely involved in ion recognition and transport in full 

analogy to SERCA (Mattle et al 2013). In our model system of CopA_NPss, the N and C 

terminal helices of CopA_NPss are the cytoplasmic parts of the M4 and M5 transmembrane 

helices. Therefore, cross-linking of M4 and M5 stabilizes a conformational substate similar to 

the one obtained by ion binding to the ion-binding pocket formed by M4 and M5 next to the 

transmembrane region. During the catalytic cycle, there are some movements among the 

transmembrane helices, especially the M1-M4 helices, which are responsible for the opening of 

the gate for ion translocation. To see how large the movement is between the cytoplasmic part of 

the M4 and M5 helices of SERCA during the cycle, the distance between the backbone Cα atom 

of C318 and N576 (equivalent to A391C and K671C in CopA_NPss) were examined. From the 

49 crystal structures of SERCA it is found that the backbone Cα atom of C318 and N576 has an 

average distance of 8.7 Å, the Ca2+ bound apo state has an average distance of 8.0 Å, and all the 
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other states have an average distance of 9.0 Å. In fact, inhibitors in the transmembrane helices 

present for some of the crystal structures might somewhat bias the result, since the crystal 

structures of SERCA with inhibitors bound have an average distance of 9.1 Å, whereas in the 

states without the inhibitor the average distance is 8.0 Å. Together these results suggest that the 

movement between C318 and N576 in SERCA is minor. Therefore, our CopA_NPss serves as a 

model system to study the communication between ion binding and phosphorylation.  

The close relationship between the transmembrane helices and the P domain had been 

noticed previously for SERCA and it was pointed out that the fluidity of the membrane could 

affect ion binding, phosphorylation, and dephosphorylation (Moller et al 2010). It seems in the 

absence of ion binding, the transmembrane helices are mobile relative to each other as they are 

embedded in a fluid membrane environment, a property that can be propagated throughout the P 

domain. Upon stabilization of the transmembrane helices, the P domain is stabilized to an active 

conformation. Interestingly, we have seen conformational exchange of the P domain in 

CopA_NPwt, and the stabilized P domain in CopA_NPss. In 1H-15N HSQC spectra of 

CopA_NPwt, a large number of broadened peaks were observed indicating conformational 

exchange. Disulfide bond linkage stabilized the conformation, resolved spectral resolution, and 

lead to a 200% NMR signal enhancement. The crystal structures reported on SERCA, Na+/K+ 

ATPase, and CopA all showed that the P domain is in a well-folded state. However, the majority 

of the crystal structures were crystallized with either ion binding or transmembrane inhibitor 

binding at the transmembrane helices, which resulted in the stabilization of the transmembrane 

helices. It was noted that the thermal movements of the transmembrane helices would result in 

denaturation of SERCA at pH > 7 when Ca2+ was not present (Toyoshima & Cornelius 2013), 

which happened even with the transmembrane helices embedded in the native membrane. 



 79

Because at pH > 7, negative charges in the ion-binding pocket prevent stabilization of the 

transmembrance helices, no crystal structures could be obtained in the E1 state, which has no 

ions bound in the pocket (Toyoshima & Cornelius 2013). 

Based on our findings, we propose a different mechanism. Before the ion binds to the 

transmembrane helices, the P domain of P-type ATPase undergoes exchange between multiple 

conformations in the apo form, which is manifested as a significantly broadened NMR spectrum. 

Ion binding to the transmembrane helices induces ordering of the P domain by a population shift 

that stabilizes a conformational subset of the P domain that enables an efficient phosphorylation 

reaction. Cu+ and Ca2+ binding promotes or triggers phosphorylation at a distance by converting 

the P domain from a structurally heterogeneous, dynamic state to a more stable state. This 

behavior could be a general property of the P domains in P-type ATPases. 
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