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P-type ATPase proteins 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
Ca**ATPase (SERCA) governs muscle relaxation and is by far the best-characterized member of the P-type
ATPase family with several crystallized intermediates [1]. However, not all transient intermediate states are
amendable to trapping techniques and whether the observed dynamics displayed within the crystal lattice also
are perserved in the native membrane is a fundamental unanswered question. We have developed time-
resolved X-ray solution scattering (TR-XSS) for activating P-type ATPase proteins using laser-induced
release of caged ATP. The main target have been the SERCA reaction (report LS-2410, LS-2527, and LS-
2667), which have now resulted in a publication in Science Advances [2]. In short, we determined the
structure and timing of a two transient intermediate states, one that was previously unresolved (Fig. 1A,B).
Importantly, for the structural biology field, the already observed intermediate showed quite similar structural
rearrangements as the crystallized protein. A critical part of this LS-2883 experiment: when adding the
SERCA-specific inhibitor thapsigargin the signal was completely eradicated (data not shown in this report).

Having established TR-XSS experimental design and MD simulation-based structural refinement protocol for
P-type ATPase activation, we now seek to explore other targets in the family. SERCA is a special case due to
its very high presence in membranes from rabbit skeletal muscle. Therefore, to study other P-type ATPases
would require performing TR-XSS experiments on recombinant proteins. In earlier ID09 experiments (LS-
2527 and LS-2665), we collected data on recombinant Zn?*-transporting ATPase (ZntA) [3] and bacterial
Ca**-transporting ATPase (LMCAL1) [4] and in this LS-2883 experiment we collected data on the ZntA
protein at higher concentration, as well as a Co?'-transporting ATPase. While we can track the different
kinetics of these transporters, the data quality did not allow structural refinement (exemplified by ZntA in



Fig. 1C). The conclusion is that a higher protein concentration and cleaving off the 6xhis-tag did not improve
the data. Instead, it is likely that dynamics in the heterogenic micelle-lipid environment is contributing to the
difference scattering thereby obscuring the protein signal (several orders of magnitude larger difference
scattering compared to the native membrane). We now propose to perform TR-XSS experiments on
nanodisc-inserted recombinant proteins, which will provide a controlled uniform surrounding — much like the
native membrane (see 2020 proposal).

Finally, we also performed experiments on ATP-activation of adenylate kinase (AdK), which catalyzes
interconversion of ATP, ADP, and AMP, and thereby plays an important role in cellular energy homeostasis
[5]. Open and closed crystal structures show how ATP- and AMP-binding domains close over a central core
region (Fig. 1D). A fundamental question is which of the domains close first upon presenting ATP, i.e. is the
binding event cooperative? TR-XSS offers a unique possibility as a non-intrusive method that can determine
the ordering of structural events. We collected high-quality time-resolved data of AdK dynamics following
laser-induced release of caged ATP (Fig. 1E). Using our established MD-based structural refinement protocol
we obtained very good fit to the experimental data (Fig. 1F), which corresponded to a structure with the NMP
domain open, while the ATP domain closing on the ATP. Hence, LS-2883 provided the first experimental
evidence of cooperativity in substrate binding in the AdK enzyme (manuscript in progress).

In conclusion, we have established an experimental and modeling protocol for laser-induced ATP activation
of P-type ATPase proteins — now published in Science Advances. To capitalize on this progress we now
propose to shift focus from micelle-lipid solubilized recombinant proteins to nanodisc-inserted recombinant
proteins (see 2020 proposal). We also performed a successful experiment on the ATP-dependent adenylate
kinase enzyme that showcases the broad applicability of our developed approach and the versatility of the
ID09B beam station.
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Figure 1. (A) Time-resolved X-ray scattering data for SERCA (black lines) and corresponding fits from
kinetic modeling (red lines). (B) Refined TR-XSS pre-pulse, 1.5 intermediate, and 13 ms late states. (C)
Time-resolved X-ray scattering data for ZntA. (D) Open and closed crystal structures of adenylate kinase
(AdK) (E) Time-resolved X-ray scattering data for AdK. (F) MD-based refined modeling agreement to the

late basis spectrum from decomposed AdK data.
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