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B I O P H Y S I C S

Tracking the ATP-binding response in adenylate  
kinase in real time
Fredrik Orädd1, Harsha Ravishankar1†, Jack Goodman1‡, Per Rogne1, Lars Backman1, 
Annette Duelli2, Martin Nors Pedersen3§, Matteo Levantino3, Michael Wulff3,  
Magnus Wolf-Watz1, Magnus Andersson1*

The biological function of proteins is critically dependent on dynamics inherent to the native structure. Such 
structural dynamics obey a predefined order and temporal timing to execute the specific reaction. Determination 
of the cooperativity of key structural rearrangements requires monitoring protein reactions in real time. In this 
work, we used time-resolved x-ray solution scattering (TR-XSS) to visualize structural changes in the Escherichia 
coli adenylate kinase (AdK) enzyme upon laser-induced activation of a protected ATP substrate. A 4.3-ms tran-
sient intermediate showed partial closing of both the ATP- and AMP-binding domains, which indicates a cooper-
ative closing mechanism. The ATP-binding domain also showed local unfolding and breaking of an Arg131-Asp146 
salt bridge. Nuclear magnetic resonance spectroscopy data identified similar unfolding in an Arg131Ala AdK mutant, 
which refolded in a closed, substrate-binding conformation. The observed structural dynamics agree with a 
“cracking mechanism” proposed to underlie global structural transformation, such as allostery, in proteins.

INTRODUCTION
Conformational dynamics are inherent to protein structure and are 
essential for enzymatic transitions. Both local side-chain rearrange-
ments and global large-scale conformational changes contribute to 
the biological function. A critical component in the orchestration of 
protein dynamics is the synchronization of structural events ac-
cording to predefined pathways, in analogy to the moving parts of, 
e.g., a combustion engine. Examples of such precise coordination of 
structural dynamics are the unidirectional transport of ions that pre-
vents backflow to build up gradients across biological membranes 
(1) or sugar uptake into membrane protein transporters (2). Adenyl-
ate kinase (AdK) catalyzes a reversible phosphoryl transfer reaction 
to produce two adenosine 5′-diphosphate (ADP) molecules from 
adenosine 5′-triphosphate (ATP) and adenosine 5′-monophosphate 
(AMP) and thereby plays an important role in cellular energy ho-
meostasis (3). AdK has become a principal model system to study 
relationships between protein structure, conformational dynamics, 
and catalysis in enzymes (4–14). However, direct experimental evi-
dence for the coordinated structural rearrangements upon substrate 
binding is still missing.

AdK is a 23.6-kDa protein that consists of a central domain 
(CORE) linked to two flexible domains: the AMP-binding domain 
(NMPbd) and the ATP-binding domain (LIDbd). Crystal structures 
of the Escherichia coli AdK have resolved the apo state, with both 
NMPbd and LIDbd in open configurations with accessible AMP- 
and ATP-binding sites [Protein Data Bank (PDB) ID: 4AKE] (15) 
and a closed conformation trapped with a P1,P5-bis(adenosine-5′-)

pentaphosphate (Ap5A) inhibitor (PDB ID: 1AKE) (16). Thus, the 
structural information is indicative of large-scale conformational 
changes associated with substrate binding, i.e., binding of ATP and 
AMP is associated with closure of the LIDbd and NMPbd, respective-
ly (Fig. 1). Because this observed closing conformational change is 
at the heart of the substrate-binding mechanism, several experi-
mental and simulation approaches have attempted to determine the 
kinetics, relative ordering, and level of cooperativity in the domain 
closing.

In nuclear magnetic resonance (NMR) measurements of the 
E. coli AdK, the substrate-binding domains were measured to close 
in 0.73 ms (10). Because the NMR data were fitted by a single ex-
change rate, determination of the relative ordering of the LIDbd 
and NMPbd closing movements was prevented. Single-molecule 
Förster resonance energy transfer (sm-FRET) experiments observed 
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Fig. 1. Open and closed AdK crystal structures with LIDbd (yellow) consisting 
of residues 118 to 167; CORE (blue) consisting of residues 1 to 29, 68 to 117, 
and 161 to 214; and NMPbd (red) domains consisting of residues 30 to 67. 
(A) Substrate-free open conformation of AdK (PDB ID: 4AKE), with arrows indicat-
ing directions of conformational change to achieve a substrate-bound state. (B) Closed 
conformation (PDB ID: 1AKE), with LID and NMP domains rotated to close over the 
nonhydrolyzable Ap5A inhibitor (shown as sticks).
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the open and closed states of the LIDbd to be in equilibrium and 
that ATP binding shifted the ensemble toward a closed state with 
closure taking place in 2.3 ms (4). These closing dynamics were 
measured by attaching probes onto the LIDbd and CORE do-
mains, i.e., the NMPbd closing dynamics were not measured. In 
sm-FRET experiments probing both LIDbd and NMPbd dynam-
ics, a closing time of 0.5 ms was registered (13). A similar labeling 
scheme resulted in a very fast LIDbd-NMPbd closing time of 15 s 
onto the substrates (5). While sm-FRET experiments can give 
important insights into protein dynamics and kinetics, such mea-
surements cannot resolve relative structural changes in, e.g., LIDbd-
NMPbd closing events and the overall interpretations can be 
ambiguous given the small number of distance probes. In addi-
tion, the placement of probes can affect the monitored dynamics. 
Therefore, attaching the LIDbd probe onto an extended loop re-
gion, which likely displays a wide range of dynamics, can possibly 
explain the varying LIDbd-NMPbd closing times observed by sm-
FRET (4, 5, 13). In summary, the experimentally measured time 
scales for closing the substrate-binding domains span a wide tem-
poral range and cannot resolve the level of cooperativity between 
the domain-closing events.

Computer simulations can sample correlative motion between 
the NMP and LID domains, which cannot be observed in ensemble- 
averaged experiments. The consensus of a range of molecular dynamics 
(MD) simulations is that a lower free-energy barrier is associated 
with LIDbd closure compared to NMPbd closure, and therefore, LIDbd 
is predicted to close before NMPbd (8, 9, 17–24). However, both 
LID-first and NMP-first pathways have been observed (25, 26), and 
temperature has been implicated to determine which of these path-
ways are dominating (27). Simulations have also suggested that the 
NMPbd should close first upon ligand binding (28). The variance in 
the observed results can possibly be explained by atomistic MD 
simulations not being able to sample biological time scales and the 
usage of coarse-grained models, enhanced sampling methods, and 
force field accuracies.

Conformational changes in proteins are often key events for 
generation of a biological response. For instance, the marked wrap-
around conformational transition by calmodulin is known to acti-
vate plasma membrane Ca2+–ATPases (29). For AdK, the massive 
conformational change in the LIDbd in response to binding of 
ATP serves several purposes including (i) dehydration of the ac-
tive site to prevent nonproductive hydrolysis of ATP into ADP and 
inorganic phosphate (30), (ii) completion of the active site by Arg156 
situated at the top of the NMPbd, and (iii) an optimal alignment of 
substrates to enable the nucleophilic attack by an oxygen on the 
-phosphate of AMP on the -phosphate of ATP. The classical 
model underlying conformational changes is the “induced fit” mod-
el (31), where a bound ligand induces the conformational change 
in a protein. This model is dependent on a translational motion 
of rigid and folded structural elements. An alternative model, de-
noted the “cracking model,” originates from the energy landscape 
theory (32). In this model, conformational transitions have been 
proposed to involve local unfolding with subsequent refolding of 
specific protein segments. In essence, the model suggests that the 
cooperative folding/unfolding mechanism is used by proteins not 
only for folding of native structures (33) but also for conformation-
al transitions between folded structural states. Such a cracking 
mechanism could possibly constitute a fundamental driving force 
for transitioning between stable intermediate states in enzymatic 

reactions. For instance, the kinase domain of the epidermal growth 
factor receptor has been proposed to use a cracking mechanism for 
an activating conformational change (34). Local regions in a protein 
can be under considerable elastic stress, which then upon local un-
folding is relieved and the structural transition can evolve along the 
reaction coordinate to a nearby stable point in the free- energy land-
scape. Using a coarse-grained model and the principle of minimal 
frustration, localized strain energy and unfolding in the LIDbd was 
suggested to be the source of conformational change in the AdK 
reaction (35). Mutations that disrupt a hydrophobic cluster in the 
LIDbd can induce unfolding, which is then followed by refolding 
in the open-to-closed conformational transition (12, 36). While these 
observations are in favor of a cracking mechanism, experimental 
real-time observation of the initial stages of the AdK reaction—that 
would provide more direct evidence of a cracking mechanism—has 
so far been elusive.

Time-resolved x-ray solution scattering (TR-XSS) experiments 
and subsequent structural refinement can track and visualize struc-
tural rearrangements in photoactive chemicals (37), protein 
dimerization (38), folding (39, 40) and temperature-jump (41) pro-
cesses, as well as large-scale conformational changes in soluble (42–45) 
and membrane (46–49) proteins. A TR-XSS approach has also been 
proposed to simultaneously track local and global structural re-
arrangements in a protein (50). Recent experiments have explored 
a molecular switch mechanism in a circular oligomer of the photo-
active yellow protein (51) and determined the ultrafast structural 
response (52) and salt bridge controlled allostery (53) in hemo-
globin. The TR-XSS experiments take a pump-and-probe approach 
to track structural change in real time, where a laser pulse is typically 
used to trigger the reaction. Therefore, light-sensitive proteins 
constitute prime targets (43–48), but caged compounds, such as 
caged ATP, have also been used to indirectly trigger ATP- dependent 
proteins (49) and processes (38). The laser-induced dynamics can, 
for instance, be registered using synchrotron-generated x-ray pulses 
capable of delivering 1010 photons onto the sample in 100 ps (54). 
Microsecond- long trains of single 100-ps x-ray pulses enhance 
the signal-to-noise ratio and are ideally suited to track dynamics on 
the micro- to millisecond biological time scale. The advantage of the 
TR-XSS methodology is that changes in all interatomic distances 
are measured simultaneously in real time, which enables direct 
determination of ordering and cooperativity of structural events. 
In addition, being a nonintrusive method, there are no risks of 
disturbing the natural dynamics by, e.g., introducing labeling  
probes.

In this study, we used TR-XSS to track the conformational dy-
namics of E. coli AdK after laser-induced release of ATP in a sample 
that contained saturating concentrations of the AMP substrate. 
During the 20-s to 25-ms temporal window that we tracked AdK 
structural dynamics, we observed strong shifts in the difference 
scattering profiles. Structural refinement of a 4.3-ms transient in-
termediate state showed the dominating population of protein 
molecules to display local unfolding in the LIDbd and partial 
closures of both the LIDbd and the NMPbd. In NMR measure-
ments, an AdK mutant that lacked an Arg131-Asp146 salt bridge in 
the LIDbd showed local unfolding, followed by refolding upon 
substrate binding. Our conclusion is that access to ATP—in the 
presence of AMP—triggers local unfolding in agreement with a crack-
ing model and that closing of the LIDbd and NMPbd is a coopera-
tive, synchronized structural event.
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RESULTS
Tracking the ATP-binding conformational changes in AdK 
in real time
To assess the AdK structural response to ATP, we activated the pro-
tein using laser-induced release of caged ATP in the presence of the 
AMP substrate. The structural dynamics in the sample were recorded 
with the TR-XSS methodology at time points from 20 s to 25 ms, 
which cover the broad time scale suggested by different experimental 
NMR and FRET results (4, 6, 12, 14, 55). After removing difference 
scattering contributions from heating of the solvent (42), caged ATP, 
negative time delay, and concentration-dependent effects (figs. S1 
and S2), the measured time-resolved data contained structural in-
formation on AdK conformational changes subsequent to release of 
ATP. The difference spectra displayed features that evolved over time 
(Fig. 2A). Already at 20 s, a negative low q feature was observed at 
0.05 Å−1 that persisted until the final 25-ms time point. The other 
major component was a peak at 0.12 Å−1 that accumulated on a 
millisecond time scale.

To describe the structural dynamics over time, we modeled the 
kinetics of the time-resolved x-ray data. Singular value decomposi-
tion (SVD) analysis (Materials and Methods) showed that two com-
ponents could explain the major features in the TR-XSS data. The 
first SVD component contained the negative low q feature that was 
gradually reduced at time points longer than 1 ms (fig. S3). Similarly, 
the second major component featured the positive peak at 0.12 Å−1 
that emerged over time, in particular, at time points longer than 
1 ms. A two-state sequential kinetic model represented the data well 

with a global least-squares fit of S = 1.0 × 10−6 (Fig. 2A). The accom-
panying spectral decomposition of the time-resolved data resulted 
in early and late time-independent basis spectra (Fig. 2B). The tem-
poral evolution of the transient intermediate states showed an early- 
to-late rise time of 4.3 ms (Fig. 2C). Because the early basis spectrum 
occurred within a similar temporal regime as release of the caged 
ATP (56), we focused on structural refinement of the late basis 
spectrum.
Obtaining a structural representation of the 4.3-ms transient 
intermediate state
To obtain an initial starting point for the structural refinement of 
the late basis spectrum, we calculated a theoretical difference profile 
using coordinates of the available E. coli AdK crystal structures in 
open (PDB ID: 4AKE) and closed (PDB ID: 1AKE) conformations 
(Fig. 3A). While the overall shape of the theoretical difference scat-
tering profile reproduced the shape of the experimental data, there 
were substantial differences. In particular, the positive feature in the 
crystal structure data was shifted toward lower q values, and the data 
below 0.2 Å−1 differed considerably. A crystallographic R factor was 
calculated to obtain a quantitative measure on the comparison to 
the experimental data (Materials and Methods). Because thermal 
fluctuations in a protein were observed to result in R factors ~0.1 
(49), the R factor of 0.85 obtained from the comparison to the open 
and closed crystal structures cannot be considered a satisfactory fit.

To find a better structural solution to the TR-XSS late basis spec-
trum, and hence to structurally characterize the transient state in 
the AdK reaction cycle, we used MD simulation to explore equilib-
rium dynamics in solution. Two simulation trajectories of 450 and 
335 ns were generated starting from the open (PDB ID: 4AKE) and 
closed (PDB ID: 1AKE) E. coli AdK crystal structures, respectively. 
To determine the extent to which the simulations covered AdK dy-
namics, we calculated root mean square deviation (RMSD) toward 
the “target” crystal structure, e.g., for the simulation starting from 
the closed structure, the open structure was used as reference. The 
LIDbd and NMPbd regions were calculated separately. The obtained 
RMSD values for the domains were then compared to the average 
RMSD for the entire protein from both simulations (4.8 Å), which 
represent thermal fluctuations. In the simulation of the closed state, 
both the LIDbd and NMPbd visited conformations with similar 
backbone structure as the open crystal structure (Fig. 3B). The sim-
ulation of the open state produced closed conformations of the 
NMPbd, while the LIDbd remained open. We extracted simulated 
structures from every nanosecond frame along both trajectories, 
and their individual theoretical scattering was calculated. To ensure 
that all possible combinations of degrees of domain closure were taken 
into account, we generated difference scattering profiles by subtracting 
scattering from open-closed, closed-open, closed-closed, and open-
open simulation frames, generating in total ~600,000 difference 
scattering profiles and compared to the experimental late basis 
spectrum (Fig. 3, C to F). It was clear that the difference scattering 
profiles generated from the closed-state simulation produced most 
of the satisfactory fits to the experimental data (Fig. 3D). The matrix 
representation of the R factors shows that frames >100 ns produced 
low R factors when paired with the 1- to 100-ns frames. This can be 
understood by the RMSD plot (Fig. 3B) that shows that the closed 
structure forms an open state at ~100 ns. The closed-state simula-
tion also generated good fits to the data when combined with the 
open-state simulation (Fig.  3F), in particular when combining 
structures from the final 100 ns of the open-state simulation, which 

Fig. 2. TR-XSS data of ATP-dependent AdK structural dynamics. (A) Difference 
x-ray scattering data (black) obtained by subtracting x-ray scattering 50 s before 
the laser pulse (dark reference) from each time delay. (B and C) Reconstituted data 
(red) resulting from linear combination of the population densities and basis spec-
tra are overlaid on the experimental data. (B) Time-independent basis spectra ob-
tained from the spectral decomposition according to a kinetic model including 
early (black) and late (red) states. (C) Population densities of the early (black) and 
late (red) transient states as a function of time. The squares show the optimal linear 
combinations at each individual time point.
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show a high degree of openness (Fig. 3B), and structures from the 
1- to 100-ns frames of the closed-state simulation that featured a 
closed state. Combinations of structures from the open-state 
simulation by itself (Fig. 3C) or when reversing the open- and 
closed-state simulation (Fig. 3E) resulted in fewer fits to the data. 
Together, this suggests that the late basis spectrum can be explained 
by conformational changes that are less pronounced compared to 

those representing full closing events as observed in the crystal 
structures.

We then extracted the 100 structure pairs that generated the 
lowest R factors from all possible combinations of simulated struc-
tures. The structure pairs displayed gradually lowered R factors 
with more pronounced reduction of the 10 best pairs, with R factors 
below 0.24 (Fig. 4A). The 100 lowest R factors originated by 60% 

Fig. 3. Structural refinement of the 4.3-ms late basis spectrum. (A) Difference x-ray scattering profile calculated from the open (PDB ID: 4AKE) and closed (PDB ID: 
1AKE) crystal structures (black) compared to the 4.3-ms late basis spectrum (red) with an R factor of 0.85. (B) Sampling of domain movements in simulations starting from 
the closed (top) and open (bottom) crystal structures. The RMSD values measure the convergence of the LIDbd (black) and NMPbd (red) toward the open (top) and closed 
(bottom) crystal structures. The dashed lines represent the average backbone dynamics displayed by the full protein. R-factor matrices calculated from fitting x-ray scat-
tering difference profiles from the (C) open-state and open-state, (D) closed-state and closed-state, (E) open-state and closed-state, and (F) closed-state and open-state 
simulations to the 4.3-ms late basis spectrum. The difference profiles were obtained from structure pairs generated from each frame combination in the simulations.
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from combinations within the closed-state simulation, which was 
also reflected in the R-factor matrices (Fig. 3, C to F). To interpret 
the structural changes, we generated C distance difference matri-
ces. The C distance difference matrix based on the open and closed 
crystal structures identified several regions characterized by domains 
moving into a closed conformation (fig. S4A). Specifically, four 
main regions could be discerned corresponding to residues in the 
ATP-binding LID domain (residues 118 to 167) and AMP-binding 
NMP domain (residues 30 to 67) to undergo inward rotations in the 
order of 10 to 25 Å with respect to the CORE domain (residues 1 to 
29, 68 to 117, and 161 to 214). To describe the structural ensemble 
that best agreed with the experimental data, we extracted the 10 pair 
structures with the lowest R factors (Fig. 4A) and calculated an 
average C distance difference matrix (Fig. 4B). The change in dis-
tances showed a closing movement of the LIDbd, although much 
weaker, indicating a partial closure in an inward-rotational move-
ment. Similarly, the matrix showed partial closure of the NMPbd, 
which indicates that substrate-induced domain closing in AdK is 
cooperative. The average C distance difference matrix represent-
ing the 10 highest R factors was completely different with structural 
movements in the opposite directions (Fig. 4C). While the differ-
ence scattering profiles that yielded the 10 lowest R factors showed 
excellent agreement to the experimental data at 4.3 ms, the 10 worst 
difference profiles did not capture the spectral features (Fig. 4D). In 

addition, while the low R structural solutions displayed a relatively 
small structural variance, the high R structures were spread across a 
wider range of conformations (fig. S4B). Thus, the 4.3-ms time- 
resolved data could be explained by an ensemble of structures that 
had initiated closing of both the LIDbd and NMPbd in a coopera-
tive mechanism triggered by the released ATP.

Local unfolding accompanies the closure of the LIDbd
The interdomain dynamics within the LIDbd were different com-
pared to the C distance difference matrix for the open and closed 
crystal structures (compare Fig. 4B and fig. S4A). To identify wheth-
er the observed dynamics were possibly associated with breaking of 
secondary structure suggested to facilitate structural transition in 
AdK (32, 45, 46), we tracked the degree of secondary structure 
throughout the simulations. The region including residues 115 to 
155 was involved in notable changes in secondary structure includ-
ing -helical and -sheet unfolding in the open-state simulation 
(Fig.  5A) and, to a lesser extent, in the closed-state simulation 
(Fig. 5B). In contrast, both the NMPbd and CORE regions showed 
conserved secondary structure in both simulations (fig. S5). A pos-
sible source for the unfolding dynamics is the Arg131-Asp146 salt bridge, 
which is present in both the open and closed AdK crystal structures 
(Fig. 5C and fig. S6) and thus constitutes a putative site of stabilization 
for both these structural intermediate states. To probe the presence 

Fig. 4. Structural characterization of the 4.3-ms late basis spectrum. (A) R factors of 100 structure pairs, with the lowest-scoring R factors, generated from all possible 
combinations of frames from the two simulations. Difference distance matrix averaged across the 10 structure pairs with the (B) lowest and (C) highest R factors. (D) Dif-
ference x-ray scattering profiles corresponding to the 10 lowest (black) and gray (magenta) R factors and the 4.3-ms late basis spectrum (red).
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of a broken salt bridge, the Arg131-Asp146 inter-residue distance was 
tracked in simulated structures corresponding to excited states (red 
columns, Fig. 5D) and ground states (blue columns, Fig. 5D). The 
100 lowest R-factor structural ensemble contained structures with a 
broken Arg131-Asp146 salt bridge (Fig. 5D). The average structure 
corresponding to 10 structures from the excited state of the pair 
showed unfolding and a separation of the -sheet motif toward a 
partially closed conformation (red structure, Fig. 5E).

To further explore the structural and functional role of the 
Arg131-Asp146 salt bridge experimentally, we constructed an 
Arg131Ala AdK mutant. The 576 ± 30 nM binding affinity (Kd) to 
the Ap5A inhibitor measured by isothermal titration calorimetry was 
in a similar range as for the wild-type (WT) protein (354 ± 72 nM) 
(table S1 and fig. S7). In addition, the catalytic parameters (KM and 
kcat) from a coupled ATPase assay (Materials and Methods) also 
showed a high degree of similarity (table S1). Overall, the Arg131Ala 
mutant displayed a marginal reduction of the binding affinity and 
kcat, in particular when compared in terms of free-energy differences 
(table S1). Given these functional data, only marginal effects on the 
structure of the substrate-free enzyme would be expected. However, 
as evident from a 1H-15N heteronuclear single-quantum coherence 
(HSQC) NMR spectrum, the structural effect was substantial and a 
large set of amino acids in the LIDbd becomes unfolded as manifest-
ed by a loss of resonances (Fig. 6A). Thus, a loss of the Arg131-Asp146 

salt bridge resulted in partial unfolding of the AdK mutant. In addi-
tion, the 1H-15N HSQC spectrum of the Arg131Ala AdK structure in 
the presence of the inhibitor Ap5A showed that the unfolded seg-
ment is now folded (Fig. 6B). The fact that binding and catalysis in 
the Arg131Ala mutant are only slightly affected and that the LIDbd, 
at the same time, is partially unfolded is consistent with the pro-
posed cracking model (32).

In summary, our data show that upon access to the ATP sub-
strate in the presence of AMP, the initial 4.3-ms state is defined by 
breakage of the Arg131-Asp146 salt bridge and the resulting unfold-
ing of secondary structure in the LIDbd to induce a partial closing 
movement upon the ATP substrate (Fig. 7). In addition, while de-
void of unfolding events, the NMPbd also undergoes partial closing, 
indicating that the substrate-induced closing response in AdK in-
volves cooperativity between the two domains.

DISCUSSION
In this work, we tracked the initial ATP-triggered structural re-
sponse of AdK in real time and observed unfolding and partial closure 
of the substrate-binding domains. Although the NMP substrate was 
present in the sample, the NMPbd remained in an open position. 
Hence, both substrates are required to initiate the closing mecha-
nism. The observed cooperativity between the LIDbd and NMPbd 

Fig. 5. Structural unfolding dynamics in the LIDbd region. Secondary structure of the LIDbd in the simulations of the (A) open and (B) closed AdK states. Random coil, 
-sheet, and -helix secondary structures displayed as black, red, and blue lines, respectively. (C) Arg131-Asp146 salt bridge depicted in sticks and a connecting dashed line 
in the open and closed AdK crystal structures. The LIDbd region in the open and closed structures is colored magenta and pink, respectively, with the remaining structure 
in white. (D) Histogram depicting the Arg131-Asp146 distances measured by the most distal carbon atoms in the respective side chains for the best-fitting 100 structure 
pairs displayed in blue (ground states) and red (excited states). (E) LIDbd region of an average structure from the 10 best-fitting simulated excited states (red), with Arg131 
and Asp146 C atoms shown as van der Waals spheres compared to the open-state crystal structure (magenta).
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upon binding of substrates was also seen in NMR measurements 
that showed ATP binding to induce structural change also in the 
NMP domain (6), which indicate the existence of a communicative 
network spanning between the LIDbd and NMPbd. Such networks 
can be activated by an inherent trigger, such as, e.g., protonation 
state in the lactose permease membrane transporter (57). Similarly, 
ATP binding could act as a trigger to activate cooperativity in 
AdK. A possible molecular explanation has been suggested by Daily 
et  al. (19): Binding of ATP creates more stabilizing contacts be-
tween the LIDbd and the CORE compared to what AMP binding 
can induce in terms of NMPbd-CORE contacts.

The TR-XSS methodology is optimal for tracking conformation-
al dynamics in real time and determines cooperativity and ordering 
of structural events (58). To obtain a measurable signal, a large pop-
ulation of protein molecules needs to be triggered to synchronize 
their functional conformation dynamics in time. Hence, an efficient 
trigger is a prerequisite for TR-XSS measurements, and traditionally, 
laser activation has been used. For this reason, photoactive chemi-
cals (37) and proteins (38, 42–45, 47, 48, 59–61) that can be directly 
activated by the laser pulse are common TR-XSS targets. However, 
indirect triggering by activation of caged compounds, such as ATP 
(38, 49, 62, 63), neurotransmitters (64), and ions (65), constitutes a 
means of drastically increasing the number of possible targets for 
TR-XSS characterization. In this study, we used activation of caged 
ATP to indirectly trigger the ATP-dependent AdK enzyme. Caged 

ATP releases on the millisecond time scale (56), which overlaps 
with the observed faster dynamics (early state) and hence limited 
our characterization to the 4.3-ms late state intermediate. Because 
free ATP continues to be released during the experiment, we are 
limiting the study to observe the initial structural response to the 
ATP substrate, which builds up with time as the late basis spectrum. 
Grouping the difference scattering signal into caged ATP related 
(early state) and protein dynamics related (late state) was further 
justified by the SVD analysis that showed two major components, 
with the second component being more or less identical to the late 
basis spectrum (fig. S3).

Being time-resolved measurements, the difference scattering 
profiles correspond to pairs of structures, where one represents the 
protein before ATP release (prepulse state) and the other corresponds 
to the protein in the presence of ATP (excited state). The 10 excited 
states that were in best agreement with the experimental data showed 
structures with partially closed LIDbd and NMPbd, with the LIDbd 
being partly unfolded. This seemingly contradicts computer simula-
tion results that show ATP or AMP presence to close the respective 
binding domain (66). However, NMR experiments have shown that 
neither of the NMP nor LID domain is fully closed in the presence 
of a single ATP or AMP (6). Our results show that the prepulse state, 
i.e., AdK in the presence of AMP, displays open conformations of 
both LIDbd and NMPbd, such as was observed in sm-FRET studies 
on AdK in the absence of substrates (5). It is not until presented with 
the ATP substrate that the protein reaction is initiated by local 
unfolding in the LIDbd and concerted closing of both the LIDbd 
and NMPbd.

It is well established that the AdK enzyme samples both closed 
and open conformations in the absence of substrates (13). Our re-
sults are not in disagreement with these observations because we are 
measuring a structural response from the majority of the popula-
tion upon release of ATP, i.e., the proteins likely need to reach a 
certain level of openness until they can bind ATP, and therefore, 
closing dynamics are triggered successively over time. This is re-
flected in the RMSD spread of the low-R structural solutions (fig. 
S4B). It has been argued that allosteric structural changes not nec-
essarily need to visit a single transition state but can rather pass 
through a transition-state ensemble of structures that are partially 

Fig. 6. Ap5A-mediated folding of the LIDbd in an Arg131Ala AdK mutant. 
(A) 1H-15N HSQC spectra of substrate-free Arg131Ala (red) and WT (blue) AdK show 
multiple missing residues in the LIDbd because of local unfolding in the Arg131Ala 
variant. (B) Residues that are missing in 1H-15N HSQC spectra of substrate-free 
Arg131Ala are visible in the Ap5A complex and appear at chemical shifts close to 
those of the WT (blue), demonstrating that these residues undergo a coupled fold-
ing and binding reaction induced by Ap5A. Visualization of chemical shift differ-
ences between (C) Arg131Ala and WT AdK in substrate-free and (D) Ap5A-saturated 
(right) states with Arg131Ala resonances that are either missing (red), substantially 
shifted (yellow), or only slightly shifted (blue) displayed on the open and closed 
AdK crystal structures. ppm, parts per million.

Fig. 7. TR-XSS models show the early stages of AdK activation. (A) Open (white) 
and closed (magenta) crystal structures. (B) Structure pair corresponding to aver-
ages of the 10 lowest R-factor pairs (ground and excited structures depicted in 
white and magenta, respectively). Arrows indicate the direction of the conforma-
tional change. All structures were aligned on the CORE region (residues 1 to 29, 68 
to 117, and 161 to 214).
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unfolded (32). Therefore, the 10 excited states that were in best 
agreement with the experimental data might correspond to such a 
transition-state ensemble. Dissecting the ensemble based on an 
inter-residue distance yielded structures with successively varying 
degrees of the same overall structural change (Fig. 5D).

The local unfolding or cracking observed in the 4.3-ms TR-XSS 
intermediate structure agrees with a proposed mechanism that 
requires loss of structural strain to enable funneling through the 
free-energy landscape to the next stable intermediate state (32). Be-
cause the Arg131-Asp146 salt bridge was observed to break in struc-
tures of the transition-state ensemble but was present in both the 
open and closed AdK crystal structures, we putatively assigned this 
salt bridge a role for triggering the local unfolding. NMR measure-
ments showed an Arg131Ala AdK mutant to display substantial un-
folding in the LIDbd in the absence of substrates, which refolded 
upon binding the inhibitor Ap5A. However, we did not observe un-
folding near Pro177 as has been suggested by Brokaw and Chu (9). 
Hence, the LIDbd closes from the outside in, similar to predictions 
from MD simulations where the -sheet loop was observed to move 
toward the CORE region (22).

The communicative network dynamics underlying the observed 
cooperativity can be divided into two fundamentally different sub-
strate-binding mechanisms, induced fit and conformational selec-
tion. In the induced fit–binding mechanism, the ligand binds to the 
protein in an open conformation before closure. In the conforma-
tional selection binding, the protein can also close in the absence of 
the substrate, but the presence of the substrate shifts the population 
toward the closed conformation. Earlier studies of AdK have shown 
evidence for both induced fit (28, 35, 67) and conformational selec-
tion (14, 18, 27). The TR-XSS data presented here determined coop-
erativity in the domain closure, which might be considered an induced 
fit mechanism. However, because we are measuring an ensemble of 
structures over time, it is also possible that we are observing a shift 
in the fast open-closed events toward closed states representative of 
a conformational selection mechanism. It has been argued that AdK 
likely uses both mechanisms (55).

Last, the observed local unfolding and partial closure of the LIDbd 
must somehow be triggered by binding of the ATP. Such ultrafast 
dynamics traveling through communicative networks have been re-
ferred to as a protein quake (68). X-ray free-electron laser (XFEL) 
technology has enabled visualization of protein quakes in, e.g., photo-
synthetic reaction center (69) and myoglobin (70,71) proteins as 
release of strain along propagation pathways on the femto- to pico-
second time scale. Hence, XFEL experiments, together with fast- 
release caged ATP (72), can also possibly enable tracking the 
structural signal from ATP binding to the local unfolding event and 
closing of the LIDbd in AdK. Uncovering such ultrafast, collective 
dynamics along with the slower larger-scale structural rearrangements 
detected in this work holds promise to provide better understand-
ing of the communicative networks underlying allostery in proteins.

MATERIALS AND METHODS
AdK preparation
The gene for the arginine-131 to alanine mutant (Arg131Ala) was 
synthesized and cloned into a self-inducing plasmid (Eurofins 
Genomics, Germany), pEAK91-R131A. Both pEAK91 (WT) and 
pEAK91-R131A (Arg131Ala) were transformed into E. coli BL21(DE3) 
cells and cultivated in M9 minimal media, with 15NH4Cl as the sole 

source of nitrogen to 15N-label the protein for NMR applications. 
The two variants were purified according to an established protocol 
(14). The NMR spectra were acquired on a 200 M sample of either 
WT or Arg131Ala in 50 mM NaCl and 30 mM MES (pH 6.0). For 
spectra of Ap5A-bound AdK, 2 mM Ap5A was added. All NMR 
samples contained 7% D2O to provide a lock signal for the spec-
trometer. The sample for the TR-XSS experiment was prepared by 
mixing the AdK protein to a final concentration of 25 mg/ml pro-
tein with 50 mM NaCl, 30 mM Mops-KOH (pH 7.0), 2 mM AMP, 
2 mM MgCl2, and 10 mM nitrophenylethyl ester (NPE)–caged ATP 
(final concentration).

TR-XSS data collection
The TR-XSS experiments were performed at the dedicated time- 
resolved beamline ID09 at the European Synchrotron Radiation 
Facility (ESRF) at Grenoble, France (73). The AdK sample was pumped 
at a constant flow rate of 41.7 l/min through a 300-m quartz cap-
illary (Hampton Research), replenishing the sample every 10-Hz 
repetition cycle. NPE-caged ATP in the sample was photolyzed with 
a nanosecond laser source at 1 mJ/mm2, exhibiting an elliptical 
1 mm × 0.25 mm beam shape directed onto the spot on the capillary 
that was probed by the pulsed x-ray beam. The dimensions of the 
x-ray beam were 60 m × 100 m generated by polychromatic 
undulator radiation with an energy dispersion of E/E = 3% and a 
peak energy of 18 keV. The sample-to-detector distance was 400 mm, 
and a helium-filled conical chamber was placed in-between the 
sample and the detector to reduce the background scattering. X-ray 
pulses of 20 s were isolated from the synchrotron in a multibunch 
mode using a high-speed rotating chopper (74). The temperature in 
the experimental hutch was 294 K.

To avoid experimental drift in the measurements, time delays 
were measured in a predefined order and interspersed with a nega-
tive time delay after two time delays: −50 s, 80 s, 1.4 ms, −50 s, 
350 s, 25 ms, −50 s, 6 ms, and 20 s. Hence, the resulting time 
series was 20 s, 80 s, 350 s, 1.4 ms, 6 ms, and 25 ms. The scattering 
intensity from the 20-s x-ray pulses was recorded on a charge-coupled 
device camera, with 40 pulses accumulated before detector readout. 
The measurements were repeated >25 times for each time point, 
and the difference scattering profiles were averaged from >1000 ex-
periments to obtain a satisfactory signal-to-noise ratio. The experi-
ments were performed at a 10-Hz repetition rate to ensure that the 
sample was completely replenished between cycles. Because the cal-
culated TR-XSS data also contain the solvent response to heating, 
the effects were removed according to a previously described proto-
col (fig. S1) (42). We also corrected for subtle features originating 
from caged ATP and the negative time delay, with limited effects on 
the basis spectrum profile (fig. S1). X-ray solution scattering profiles 
can show concentration effects at low q values (75). A Guinier plot 
showed low q data to deviate from linearity (fig. S2A). We therefore 
omitted these data points, which constituted ~3% of the data.

Data reduction
The recorded XSS images were radially integrated to obtain intensity 
curves S(q, ∆t) as a function of the magnitude of the scattering vec-
tor q = 4sin/, where 2 is the angle of deflection,  is the x-ray 
wavelength, and ∆t is the time delay between the photoactivating 
laser and arrival of the x-ray beam. The time-resolved spectra were 
subtracted from −50-s “dark” references after alignment in a q 
region of 2.0 to 2.1 Å−1, where minimal differences arising from 
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thermal effects are expected. Difference data that diverged by more 
than 3.5 times the SD for the given time delay were removed from 
the dataset before further analysis. This led to ~90% of the data for 
each time point being retained. The obtained difference scattering 
curves contain only the signals emerging from protein dynamics.

Spectral decomposition
The AdK difference scattering data from 0 to 0.6 Å−1 were spectral-
ly decomposed according to a sequential two-state kinetic model

  Early    k  1     ⟶   Late  

where the rate constant k1 corresponds to the formation of a tran-
sient state. The kinetic model assumes irreversibility and that the 
early state forms concomitantly with the laser pulse. To obtain 
the time-independent basis spectra and associated rate constant, 
spectral decomposition with global fitting was performed on the 
AdK difference scattering data ∆S(q, ∆t) according to the follow-
ing equation

  ∆ S  (q, ∆ t)  theory   = U(q ) C(∆ t)  (1)

where U(q) are the basis spectra in the kinetic model and C(∆t) 
describes the time-dependent concentration of the spectral compo-
nents. The latter is given by the integrated rate equations

  [Early ] =  e   − k  1  t   (2)

  [Late ] = 1 −  e   − k  1  t   (3)

The rate constant was optimized by a global least-squares refine-
ment between the experimental and reconstituted data. To evaluate 
whether the kinetic model adequately described the experimental 
data, linear combinations of the basis spectra and population densi-
ties were fitted to the experimental difference data. A q range up to 
0.6 Å−1 was selected for the structural refinement analyses because 
it contained most of the spectral features. The resulting basis spec-
tra were subjected to a 21-point smoothening to cancel out experi-
mental noise.

SVD analysis
The TR-XSS dataset was arranged into an m × n matrix composed 
of difference scattering intensities recorded at 161 (m) q values and 
6 (n) time points and subjected to singular SVD according to the 
following equation

  ∆ S(q, ∆ t ) = U(q )  S  v   V  (∆ t)   T   (4)

Here, U(q) is an m × m matrix with the orthonormal basis spec-
tra of the dataset ∆S, Sv is an m × m diagonal matrix indicating the 
contributions of the basis spectra (singular values), and V(∆t) is an 
n × n matrix describing the time-dependent variation of the basis 
spectra.

Structural refinement
Theoretical difference scattering curves were calculated using the 
software CRYSOL incorporating the solvent correction and boundary 
layer (76). The resulting calculated difference scattering profiles were 
corrected for the use of polychromatic radiation by mathematical 

convolution with the measured undulator spectrum. An R factor 
was defined to measure the fit between the difference XSS curves 
calculated from structural models and the experimental data in the 
0 Å−1 < q < 0.6 Å−1 range

   R =   Σ  √ 
__________________________

    (c × ∆  S   theory  − c × ∆  S   experiment )   
2
      ────────────────────  

∑  √ 
____________

   (∆  S   experiment )   
2
   
    (5)

Here, ∆Sexperiment represents a difference XSS basis spectrum from 
the spectral decomposition of the experimental data, ∆Stheory rep-
resents a calculated difference XSS curve from a given structural 
model, and c is a scaling factor.

MD simulations
The AdK simulation systems for the AdK open (PDB ID: 4AKE) 
and closed (PDB ID: 1AKE) states were built using CHARMM-GUI 
(77) for the Gromacs 2016.4 simulation engine (78). Force field pa-
rameters were described by the CHARMM36 Additive Force Field 
(79). Each simulation system was energy-minimized in a 5000-step 
steepest-descent energy minimization followed by a 25-ps NVT 
equilibration with restraints on protein heavy atoms. In the equili-
bration simulation, a 1-fs time step was used and a temperature of 
303.15 K was maintained using a Nose-Hoover temperature-coupling 
scheme (80, 81).

The protein conformations used in the structural refinement 
protocol were produced in 450- and 335-ns unrestrained simula-
tions for the open and closed crystal structures, respectively. In these 
simulations, a 2-fs time step was used and the temperature was kept 
at 303.15 K with a Nose-Hoover thermostat (80, 81) and a Parrinello- 
Rahman semi-isotropic barostat (82). Protein structures from every 
nanosecond frame in each trajectory were extracted, and theoretical 
scattering profiles were calculated. Difference scattering profiles 
were then generated by taking each possible combination from the 
open-closed, closed-open, open-open, and closed-closed simulation 
frames. The resulting difference scattering profiles were then compared 
against the 4.3-ms late basis spectrum, and R factors were calculated.

Isothermal calorimetry and ATP activity assay
The Ap5A binding to the Arg131Ala AdK mutant was determined by 
isothermal calorimetry using MicroCal iTC200 (GE Healthcare Life 
Science, Little Chalfont, UK), with the measuring cell containing 218 mM 
WT AdK or 50 M Arg131Ala AdK in a buffer consisting of 50 mM 
NaCl and 30 mM Mops at pH 7.0, and the syringe was filled with 
0.25 or 0.50 mM Ap5A in the same buffer. All measurements were 
done at 298 K. Data analysis was performed with Sedphat (83).

The AdK activity was determined using a coupled enzymatic as-
say (84), where the consumption of ATP is coupled to the conver-
sion of NADH [reduced form of nicotinamide adenine dinucleotide 
(NAD+)] to NAD+, which can be spectrophotometrically moni-
tored at 340 nm. The activity assay was performed in a 100 mM tris 
buffer supplemented with 80 mM KCl. The concentration of ATP 
was varied between 5 M and 1.5 mM, and the enzyme concentra-
tion was 15 nM. The determined reaction rates (V) as a function of 
the substrate concentration ([S]) were fitted to the Michaelis-Menten 
equation

  V([S ] ) =    V  max   × [S] ─  K  M   + [S]    (6)
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where Vmax is the maximum reaction rate and KM is the Michaelis- 
Menten constant. The curve fitting was performed with Origin 
(OriginLab Corp., USA). kcat was calculated by normalizing Vmax 
with the enzyme concentration [E] (Eq. 7)

   k  cat   =    V  max   ─ [E]    (7)

NMR measurements
The NMR spectra were acquired using an 850-MHz Bruker Avance 
III spectrometer equipped with a 5-mmHCN cryoprobe. The exper-
iments were performed at 298 K, using a 1H-15N HSQC pulse se-
quence with a water-suppressing “Watergate” sequence, recording 
2048 × 256 points with a sweep width of 11,111 × 2585 Hz in the 1H 
and 15N dimensions, respectively. Each line was an average of eight 
scans. The spectra were acquired, processed, and analyzed using the 
Topspin 3.6 software. The backbone assignments of WT AdK have 
previously been published, in both the apo state (85) and the Ap5A-
bound state (86). For the Arg131Ala AdK variant, 131 of the 181 
1H-15N HSQC resonances overlapped with WT. For the experiment 
in the presence of the Ap5A inhibitor, 183 of 184 HSQC resonances 
overlapped with WT. Amino acid residues with resonances not 
overlapping enough to be assigned with reasonable certainty were 
left unassigned.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abi5514

View/request a protocol for this paper from Bio-protocol.
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