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Report: 
We have developed a time-resolved X-ray solution scattering (TR-XSS) approach at beamline ID09 to 
determine the structure and timing in ATP-dependent biological processes. The main focus is on P-type ATPase 
proteins that are found in biological membranes and execute active transport by means of ATP hydrolysis to 
transport (mostly) ions against a concentration gradient. These membrane protein transporters are critical to 
several important biological processes, such as the muscle contraction-relaxation cycle, cellular homeostasis 
of transition metals, and upholding membrane potential. The sarcoplasmic reticulum Ca2+ATPase (SERCA1a) 
governs muscle relaxation and is by far the best-characterized member of the P-type ATPase family with 
several crystallized intermediates [1]. We have used the TR-XSS method to determine structural intermediate 
states of SERCA1a in solution [2]. Having established a TR-XSS experimental design and MD simulation-
based structural refinement protocol for P-type ATPase activation, we now seek to understand regulation of 
the transport reaction, which constitutes a new frontline in structural biology. 

In the LS-3088 experiment, we characterized how SERCA1a transport is regulated by the concentration of the 
transported Ca2+ ion. Above a critical limit of 0.1 mM Ca2+, the formation of the first intermediate state is 
slowed down and the main peak is shifted towards high-q, which indicates that the cytoplasmic soluble domains 
takes a more compact structure – while the rate-limiting state is independent of Ca2+ concentration (Fig. 1A,B). 
Structural refinement using our established MD protocol is ongoing. The results will be summarized in 
Manuscript 1. 

We have earlier collected TR-XSS data of the SERCA2b isoform, which is an ubiquitous transporter that 
controls Ca2+ levels in all tissues [3]. The SERCA2b data showed considerably slower kinetics compared to 
the SERCA1a isoform, which is in agreement with a higher Ca2+ affinity. It has been proposed that a unique 
C-terminal extension is responsible for this regulatory process (Fig. 1C) – and indeed the basis spectrum 
indicated a different structure compared to SERCA1a. In the LS-3088 experiment, we characterized a mutant 
SERCA2b protein where this C-terminal extension had been deleted (collaboration Kenji Inaba, Tokohu 
University, Japan). The TR-XSS data of the mutant showed that while the rate-limiting states were more or 

 



less identical between the wild-type and mutant proteins, the mutant showed a very different early state that 
contained structural features reminiscent of later stages in the reaction cycle (Fig. 1D). A preliminary 
interpretation is that deletion of the regulatory C-terminal extension leads to uncontrolled roaming of the 
enzyme through the reaction cycle. We have initiated structural refinement and will summarize the results in 
Manuscript 2.              

To enable determination of regulatory mechanisms induced by lipid composition in the membrane, we have 
developed TR-XSS experiments on recombinant proteins inserted into nanodiscs – in which the lipid content 
can be controlled. In the LS-3088 experiment, we have now performed TR-XSS experiments on a bacterial 
Ca2+ transporter (LMCA1) [4] in POPG (found predominantly in the bacterial membrane) and POPC lipids 
(found in membranes associated with Ca2+ transport in eukaryotes). While the kinetics developed similarly in 
POPG lipids to what we have observed so far in other systems, the suboptimal POPC lipids resulted in very 
different development of the transient intermediates (Fig. 1D,E). We are now summarizing this first attempt at 
determining regulatory mechanisms induced by membrane-protein lipids in Manuscript 3 – and we will also 
propose to characterize several lipid compositions to better understand the coupling between lipid chemistry 
and protein function (see new proposal).     

We also proposed to characterize internal regulation in Zn2+ ATPases, but here the protein signal was obscured 
by what we determined to be a signal originating from a polymer-forming oxidative reaction caused by 
cysteine, which functions to deliver Zn2+ to the protein. This is a challenge, and we are now exploring 
alternative ways of Zn2+ delivery, such as e.g. by the native chaperone.  

Finally, we have used TR-XSS to determine the level of cooperativity in the adenylate kinase reaction [5]. In 
the published data, the full reaction was not covered – so now we extended in 1 Hz mode also to collect the 
longer time delays (Fig. 1F). While the structural interpretation is similar, the kinetic data differ and we now 
summarize our results in Manuscript 4, which will focus on TR-XSS method development. 

 

Figure 1. Time-resolved development at low and high Ca2+ concentration for the (A) first-forming SERCA1a 
intermediate and (B) the rate-limiting state. (C) Schematic of the SERCA2b structure with C-terminal 
extension (green). (D) TR-XSS basis spectra of SERCA1a, SERCA2b wild-type, and SERCA2b deletion 
mutant. Time-resolved intermediate populations of LMCA1 in (E) POPG and (F) POPC nanodiscs. (G) 
Adenylate kinase data merged over longer time delays in a bifurcated kinetic model.   
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