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Translation of environmental cues into cellular behavior is a
necessary process in all forms of life. In bacteria, this process
frequently involves two-component systems in which a sensor
histidine kinase (HK) autophosphorylates in response to a stimulus
before subsequently transferring the phosphoryl group to a
response regulator that controls downstream effectors. Many
details of the molecular mechanisms of HK activation are still
unclear due to complications associated with the multiple signal-
ing states of these large, multidomain proteins. To address these
challenges, we combined complementary solution biophysical
approaches to examine the conformational changes upon activa-
tion of a minimal, blue-light–sensing histidine kinase from Eryth-
robacter litoralis HTCC2594, EL346. Our data show that multiple
conformations coexist in the dark state of EL346 in solution, which
may explain the enzyme’s residual dark-state activity. We also
observe that activation involves destabilization of the helices in
the dimerization and histidine phosphotransfer-like domain,
where the phosphoacceptor histidine resides, and their interac-
tions with the catalytic domain. Similar light-induced changes oc-
cur to some extent even in constitutively active or inactive
mutants, showing that light sensing can be decoupled from acti-
vation of kinase activity. These structural changes mirror those
inferred by comparing X-ray crystal structures of inactive and ac-
tive HK fragments, suggesting that they are at the core of confor-
mational changes leading to HK activation. More broadly, our
findings uncover surprising complexity in this simple system and
allow us to outline a mechanism of the multiple steps of HK
activation.
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While all living things sense and respond to their environ-
ment, this process is especially important to single-celled

organisms. To do so, these organisms often use two-component
systems, consisting of a sensor histidine kinase (HK), which
autophosphorylates in response to specific stimuli, and a re-
sponse regulator (RR), which is then phosphorylated by the HK
and activates downstream responses (1, 2). Despite recent
structural studies of HKs motivated by general interest in signal
transduction mechanisms and more specific goals of designing
new antibiotic/antifungal agents (3, 4), the detailed mechanisms
of HK activation have been inferred chiefly from static snapshots
of active and inactive states (5–9).
Aside from notable exceptions (10, 11), HKs are canonically

viewed as dimeric proteins with modular architecture that in-
cludes an extracytoplasmic sensor region, transmembrane (TM)
helices, various signal transduction domains, and a kinase do-
main consisting of dimerization and histidine phosphotransfer
(DHp) and catalytic ATP-binding (CA) subdomains (12, 13).
After the sensor detects its stimulus, the signal propagates
through the TM and other intervening domains via a variety of

motions alternatively described as piston-like motions, scissoring,
or helical rotations (12), to the DHp helices. The CA domain
then catalyzes the transfer of a phosphoryl group from the bound
ATP substrate to the phosphoacceptor histidine located on the
first DHp helix. We term this process, consisting of the two steps
of (i) stimulus detection and (ii) increase of autophosphorylation
enzymatic activity, HK “activation.” The molecular details of this
process are somewhat unclear due to the disparate truncated
protein constructs used in different studies, although it is ap-
parent that activation is associated with breaking the dimeric
symmetry observed in inactive states (14, 15).
In contrast, the soluble, minimal HK EL346 consists simply of

a sensor domain [a Light-Oxygen-Voltage (LOV) domain that
responds to blue light] and kinase domain (10, 16). Since
EL346 contains only the minimum modules needed to sense and
respond to its stimulus, and light is easy to apply in a laboratory
setting, this protein is well-suited for mechanistic studies of sig-
nal transduction. In addition, from the sensor point of view, one
well-established mechanism of LOV domain signaling involves
release of a C-terminal helix (17–19). Interestingly, the EL346
kinase functions as a monomer, with the standard DHp dimer-
ization interface blocked by a direct interaction with the sensor
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LOV domain in the dark, inactive state (10) (Fig. 1). Another
useful feature of this kinase is a collection of point mutations
that alter dark and light state activity, including constitutively
inactive (V119A) and active (V115A) mutants, which tune the
basal dark-state activity of EL346 by modulating of the LOV-
DHpL interface (10).
These practical advantages of EL346 make it an ideal system

to probe the conformational changes that accompany HK acti-
vation in a natural, full-length context. Thus, we studied the
conformations of this enzyme in solution in the dark state, upon
light sensing, and as a result of ATP hydrolysis. To do so, we
applied biophysical methods that are especially useful for highly
dynamic systems, such as hydrogen-deuterium exchange by mass
spectrometry (HDX-MS) and pulsed electron spin resonance
(ESR) spectroscopy. Intriguingly, we found that, in the dark
state, the enzyme exists in both inactive and active conforma-
tions, a balance that is shifted during activation. In agreement
with our proposed model (10), we found that light-induced
changes in the sensor domain are propagated to the kinase do-
main via a disruption of direct interactions between the domains.
Finally, we directly detect the destabilization of the central
DHpL helices upon illumination and loss of their interaction
with the gripper helix (15) in the catalytic domain upon ATP
hydrolysis, confirming and more fully characterizing previously
inferred HK activation-induced changes.

Results
EL346 Is Monomeric Regardless of Illumination State. We subjected
EL346, without and with prior illumination, to size-exclusion LC-
MS in nondenaturing conditions (20, 21). Both unilluminated
and illuminated proteins eluted at times corresponding to a 39-
kDa globular protein (consistent with monomeric EL346) with-
out sign of dimers or higher-order oligomers in any of the
chromatograms. However, illumination resulted in a small but
reproducible shift in elution time and broadening of the elution
peak (SI Appendix, Fig. S1A). This shift may suggest a change in
conformation or a decrease in number of conformations sam-
pled. The mass spectra of unilluminated and illuminated pro-
tein samples were almost identical, with charge states and m/z
values corresponding to monomeric protein, as well as low-
intensity dimers and trimers (SI Appendix, Fig. S1B). Since
these oligomers coelute with monomeric protein, they likely
result from nonspecific protein association in the electrospray
droplets (20, 22). The masses of the major peaks match the
predicted molecular weight of EL346 plus that of the flavin
chromophores riboflavin (RBF), FMN, and FAD (SI Appendix,
Fig. S1C).

DHpL α1 and α2 Helices Are Exposed upon Activation by Light. To
more precisely characterize the structural rearrangements upon
light sensing, we used HDX-MS, which reports on changes in
amide protection and, by extension, changes in protein structure
(23). Deuterium uptake can mark transiently populated states
for detection on the peptide level (“local HDX-MS”), making it
a powerful tool that has been applied to studying dynamic sig-
naling states of photoreceptors (24, 25) and histidine kinases
(26–28). Our protocol (Fig. 2A and SI Appendix, SI Methods)
reproducibly resulted in coverage of about 67% of the protein
sequence, with extensive representation of sites in the DHpL and
CA domains. Most of the missing peptides reside in the LOV
domain (and notably in the ATP lid of the catalytic CA domain);
however, as experiments are performed on full-length protein,
we can still detect the effects exerted by the LOV on the kinase
domain. By studying mutations in the LOV domain (see below),
we were also able to examine communication between the LOV
domain and the rest of the protein.
Overall, we see that ATP-bound EL346 has a central core that

is well protected from HDX in both dark and light states (Fig.
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2B). However, many helices in the DHpL and CA domains
display fraying at the ends. For example, the N-terminal end of
the α2 helix in the DHpL domain, which interacts with the LOV
domain β-sheet surface in the dark-state crystal structure (10) (SI
Appendix, Fig. S2), is not protected from exchange even after
1 min, suggesting that regions of the protein visit other confor-
mations in solution.
Upon illumination, the overall pattern of exchange remains

similar, but there are differences in several regions anticipated
to be involved in HK regulation. Subtracting the extent of
deuteration in the dark from that in the light illuminates three
specific regions of increased exchange: the central regions of
both DHpL helices, namely (i) α1, which harbors the phos-
phoacceptor H142; (ii) α2, near the pronounced kink and
nucleotide-contacting R175; and (iii) the gripper helix of the
CA domain (Fig. 2C), implicating these three helices in
EL346 activation by light, as elaborated below. It is important
to point out that the conformational changes elicited by illumi-
nation include two molecular mechanisms: (i) conformational
response to light and (ii) conformational changes resulting in
increased autophosphorylation rate. From the comparison of the
extent of deuteration in the light and dark discussed above, we
detected a combination of these changes localized to the α1, α2,
and gripper helices.

The EL346 Structure Is More Dynamic in the Absence of the Nucleotide
γ-Phosphate. Concerned that we might be observing a heteroge-
neous mix of ATP- and ADP-bound conformations in these ex-
periments, we repeated the local HDX-MS experiments with
ADP. Strikingly, exchange throughout the DHpL and CA do-
mains increases greatly with ADP compared with ATP (Fig. 3A),
even in the dark, suggesting that the protein structure is stabi-
lized when bound to ATP. These data provide important
solution-state validation of our dark-state crystal structure,
where the side chain of R175 (DHpL) directly contacts the
γ-phosphate of AMP-PNP in a functionally critical way (10) (Fig.
1B). However, it is not only the vicinity of R175 that is desta-
bilized upon ADP binding, but also both DHpL helices and the
gripper helix (Fig. 3 B and C), suggesting that the γ-phosphate
stabilizes this interaction and implicating these regions specifi-
cally in the ATP hydrolysis reaction catalyzed by the kinase.
We obtained a similar result using solution NMR spectroscopy

with a C-terminally truncated EL346(1-338) construct that gave
rise to higher-quality spectra (SI Appendix, SI Methods) but did
not affect the overall structure of EL346 (SI Appendix, Fig. S3 A
and B). A comparison of fingerprint NMR spectra [transverse
relaxation-optimized spectroscopy heteronuclear single quantum
coherence (15N/1H-TROSY-HSQC)] of EL346(1-338) in the
dark with AMP-PNP and ADP indicated decreased stability with
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ADP, with a loss of cross-peaks likely arising from well-folded
β-strand residues (SI Appendix, Fig. S3C).
Comparing the 2H uptake plots of DHpL helix peptides re-

veals that, with ADP, these helices are less protected in the dark
than the corresponding peptides with ATP even in the light (Fig.
3C). Both helices are destabilized upon illumination, indicating
that their stability is coupled. The overall rank order of exchange
(ATP dark < ATP light < ADP dark < ADP light) argues that
the ADP-bound conformation is a postchemistry state with a
destabilized kinase domain ready to facilitate nucleotide ex-
change for another round of phosphorylation.

Comparison of Inactive and Active Mutants Confirms That Enzymatic
Activation Involves DHpL and Gripper Helix Destabilization. Experi-
ments on both ATP- and ADP-bound EL346 implicate de-
stabilization of the DHpL helices and the gripper helix in
response to light. To separate out the conformational changes
correlated to enzymatic activation (increased autophosphor-
ylation rate) from those involved in light sensing, we turned to
two previously characterized mutants of EL346: the constitu-
tively inactive V119A and the constitutively active V115A (10).
These two hydrophobic residues on the LOV domain directly

contact ends of the stable core of the DHpL domain, which in-
cludes the phosphoacceptor H142, as seen in Figs. 2B and 3A.
We measured the extent of HDX in the inactive V119A and

active V115A mutants of EL346 in the dark. Compared with wild
type (WT), the inactive V119A mutant displayed protection
throughout the DHpL and CA domains in the dark (Fig. 4A).
The regions with the biggest differences between the mutant and
WT were the α1 and α2 helices of the DHpL domain. The helices
and C-terminal region of the CA domain also showed some
protection. In active V115A, the DHpL helices showed increased
exchange, as did the gripper helix (Fig. 4B). Other regions of the
CA domain displayed some protection, similar to the inactive
V119A mutant. By comparing patterns of protection and expo-
sure in the WT and mutant proteins, we identify three regions
where the extent of exchange correlates with the increased
autophosphorylation rate: the two DHpL helices and the gripper
helix in CA (arrows in Fig. 4). These data are entirely consistent
with autophosphorylation activities measured for the V119A
(reduced activity in the dark and light correlates with reduced
exchange in these three regions) and V115A (increased activity
in the dark and light correlates with increased exchange in these
three regions) mutants. These regions also show increased ex-
change in the WT protein upon illumination (Fig. 4C).
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The lack of a drastic increase in exchange in the mutants
suggests that each mutant protein largely adopts the same
structure as the WT. This is corroborated by size-exclusion
chromatography (SEC) data showing very similar elution vol-
umes for the WT protein and two point mutants (SI Appendix,
Fig. S4). A slight shift of elution volume toward earlier elution
supports the existence of a marginally more expanded confor-
mation in the cases of both valine-to-alanine mutants, as we
originally proposed (10). This more expanded conformation may
also be reflected in the decreased exchange in peptides origi-
nating from the A′α and Aβ regions of the LOV domain in both
mutants (Fig. 4 A and B). Additionally, each valine-to-alanine
mutation affects both α1 and α2 helices, confirming that the
stability of one DHpL helix is coupled to the other.

Inactive and Active EL346 Mutants Still Exhibit Structural Response to
Light. Individual peptide uptake plots confirm that the DHpL
helices exchange to a lesser extent in V119A and a greater extent
in V115A, when dark states are compared (Fig. 5). However,
light does have some effect on the structural level, despite having

minimal effect on the autophosphorylation rate in these consti-
tutively (in)active mutants, more so in the inactive V119A than
active V115A (Fig. 5). Interestingly, there is no light-induced
destabilization of the gripper helix, in contrast to the light-
induced changes in the WT protein (Fig. 5 A and B vs. Fig.
4C). This comparison allows us to more directly link changes in
the gripper helix to increased autophosphorylation rather than
light sensing and suggests that these two steps in the activation
mechanism can be decoupled by mutations (10).

Multiple Conformations Exist in the Dark State of EL346. To get a
better idea of the structural changes in the dynamic conforma-
tions of EL346, we used site-directed spin-labeling (SDSL) and
double electron-electron resonance (DEER) ESR spectroscopy
to measure distances between EL346 domains in the dark and
light states (29, 30). One key advantage of DEER is that samples
are frozen from solution, allowing the distance distribution to
report on the multiple populations present before freezing.
We introduced cysteine residues at positions 188 and 270,

allowing measurement of a key distance between the DHpL and
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CA domains (Fig. 6A). After labeling these two cysteine residues
with paramagnetic 1-oxyl-2,2,5,5-tetramethyl-pyrroline-3-methyl)-
methanethiosulfonate (MTSL), we confirmed that the MTSL-
labeled mutant protein remained active. The initial rate of the
autophosphorylation reaction for the labeled mutant protein
was determined by a 32P autokinase assay (10) to be 2.4× faster
in the dark and 3.4× faster in the light than the WT protein,
with a net 1.7× increase upon illumination (SI Appendix, Fig.
S5). We then measured the DEER signal in the dark with
AMP-PNP and determined the distance distribution between
these sites, avoiding a mix of hydrolyzed and nonhydrolyzed
ATP. Despite a good signal-to-noise ratio, we observed broad
and overlapped peaks in the distance distribution calculated via
Tikhonov regularization and maximum entropy method (SI
Appendix, Fig. S6), suggesting that EL346 adopts multiple
conformations in the dark state. To improve the sensitivity and
resolution of these spectra, we subjected the DEER signal to
wavelet denoising and singular value decomposition recon-
struction (Fig. 6 B–E) (31–34).
We observed two major peaks in the distance distribution of

AMP-PNP bound EL346 in the dark, centered at about 2.4 and
2.8 nm (Fig. 6B). The 2.8-nm distance agrees very well with the
maximum of the distance distribution predicted by the MMM
software (35) from the EL346 dark-state crystal structure (10).
After illumination, the distance distribution undergoes a minor
perturbation (Fig. 6B), evidenced by a small change in relative

intensities of the two major peaks. However, the constitutively
inactive V119A mutant shows a strikingly different distance
distribution, with the 2.4-nm peak shifting slightly to 2.3 nm and
becoming the dominant peak, and the 2.8-nm peak greatly re-
ceding in intensity (Fig. 6C). Nevertheless, notable signal from
distances above 3.0 nm is still present in the inactive mutant. In
the active V115A mutant, the shorter 2.3-nm peak remains the
major peak, but all distances at 2.8 nm and above are greatly
reduced in intensity. The presence of a large peak at 2.3/2.4 nm
in all distance distributions measured from all of our MTSL-
labeled proteins, coupled with the increased autophosphor-
ylation activity that we measured in the MTSL-labeled WT
EL346, suggests that this distance reports on a “broken” state
induced by either the removal of native cysteine residues or the
introduction of new cysteine residues and their labeling with
MTSL, leading to slightly increased autophosphorylation activ-
ity. By contrast, the 2.8 nm and longer distances likely arise from
inactive conformations, such as that seen in the dark-state crystal
structure. In the presence of ADP, the change upon illumination
manifests in broader distance peaks (Fig. 6E), indicative of a
highly dynamic state, in agreement with our local HDX-MS data.
With our assignments in hand, we can conclude that multiple

conformations are present in the dark state, likely indicating
both catalytically active and inactive states in the presence of
either ADP or AMP-PNP. The presence of a notable proportion
of active conformation in the dark state is supported by our
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autophosphorylation assays indicating higher activity of the
MTSL-labeled mutant protein in the dark. Local HDX-MS data
support the presence of two different conformations in the dark
state through the appearance of bimodal exchange patterns for
several peptides (exemplified in SI Appendix, Fig. S7). In the
dark state of the WT protein, these peptides exist in two pop-
ulations that interconvert in the EX1 regime more slowly than
the intrinsic rate of HDX of ∼10 s−1 under these conditions (36).
This behavior, indicating exchange between a more protected
and a more exposed conformation, virtually disappears in the
light and active V115A mutant, with only the more exposed
conformation remaining. In the inactive V119A mutant, we
again see two interconverting states in solution. Thus, this in-
terconversion with a more protected state in HDX-MS peptides
seems to correlate with the presence of DEER distances between
2.8 and 3.2 nm. Since the ratios of the two states in this mea-
surement depend on rates of exchange and not equilibrium
populations, we underscore that they need not match the relative
populations estimated at equilibrium from the DEER distance
distributions.

Discussion
We have shown that activation of the blue-light–sensing HK
EL346, whether by the native stimulus of light or by artificial
“decoupling” mutations in the LOV domain, proceeds via the
destabilization of the LOV-DHpL interface before propagating
to the catalytic domain. We can rationalize these observations in
the context of the dark-state crystal structure, in which the
DHpL domain serves as a “bridge” with large interfaces to both
the sensory LOV and catalytic CA domains. We note that the
∼2,000 Å2 DHpL/CA interface is important in this control,
particularly via the 600-Å2 interactions between the DHpL helices
and CA domain gripper helix. In crystal structures of truncated
dimeric HKs, repositioning of this interaction and some un-
folding of the gripper helix accompanies autophosphorylation
(6, 8, 15, 37). Thus, our data confirm these activation-coupled
structural rearrangements more directly and further allow us
to separate the effects of light sensing and increase in auto-
phosphorylation rate (see below).
The destabilization of DHpL helices likely indicates inter-

conversion between two conformations, as illustrated by our
HDX-MS data showing EX1 behavior in specific DHpL peptides,
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and not complete unfolding of the helices. This behavior is rem-
iniscent of similar conformational exchange between active and
inactive states in other LOV proteins, including an isolated LOV-
Jα construct (38) and an engineered LOV-Jα-GTPase (25). While
calculation of interconversion rates awaits further kinetic model-
ing studies, a rough estimate obtained from the expected rates of
HDX under these conditions suggests slower interconversion rates
for EL346 than the simpler LOV-Jα protein (∼10 s−1 for EL346;
∼1,000 s−1 for LOV-Jα) (36, 38). Interestingly, the “decoupled”
mutants, both active V115A and inactive V119A, have a small
structural response to light. The α2 helix of the DHpL, which
normally contacts the nucleotide, is especially sensitive. This
finding argues that the mechanisms of light sensing (in the LOV
domain but communicated to the DHpL helices) can be decou-
pled from the mechanism of autophosphorylation (mainly in the
kinase domain) with the DHpL domain serving as a central point
of communication for these two mechanisms.
We also find that multiple conformations are present in both

the dark and light states of the protein. These states are apparent
in three major distances between spin labels in the DHpL CA
domains. The longest of these distances, ∼3.2 nm, is assigned to
an inactive conformation, while the shortest, 2.3/2.4 nm, is
assigned to a broken state arising from the mutations or spin
labels introduced into the DEER sample, manifesting in in-
creased enzymatic activity of the labeled mutant protein (SI
Appendix, Fig. S5). The middle distance, ∼2.8 nm, corresponds to
the maximum of the predicted distance from the dark-state
crystal structure and likely represents an inactive conformation
as well. The presence of the broken state distance in all datasets
likely masks other conformations of the protein, but we can
conclude that ADP-loaded samples of both dark and light states
of the protein have large proportions of broken and inactive
states, as well as presumably an active state. The simultaneous
presence of active and inactive conformations in both dark and
light states agrees with, and explains, the findings that EL346
displays residual dark-state autophosphorylation (10) and our
observation of increased activity in MTSL-labeled protein (SI
Appendix, Fig. S5). An equilibrium between active and inactive
states has also been proposed for the oxygen-sensing HK
AfGcHK based on HDX-MS data (28). Additionally, we show
that our previous crystal structure does not fully describe the con-
formation of EL346 in the dark in solution with the coexistence
of active and inactive states and detectable helical fraying in all
conformations.
The interactions of LOV domains with C-terminal helices are

a major signaling mechanism for both natural and engineered
LOV-containing proteins (18, 39). In Avena sativa phototropin
LOV2 (AsLOV2), the N-terminal A′α and C-terminal Jα helices
are bound to the LOV β-sheet surface in the dark and released in
the light (17, 18, 40). The EL346 DHpL helices occupy the same
binding sites on the LOV β-sheet surface (SI Appendix, Fig. S2),
suggesting a similar signaling mechanism for EL346 light re-
sponse. Previous removal of the entire LOV domain released
these putative inhibitory LOV-DHpL contacts and resulted in a
massive rearrangement of DHpL helices [Protein Data Bank
(PDB) ID code 4R39], while more subtle approaches to disrupt
these interactions via the V115A and V119A mutations led to
decoupling of light sensing and activity (10). In addition, our
previous limited proteolysis data indicated that the α2 helix near
R175 became accessible to trypsinolysis upon light activation.
The HDX-MS data presented here are completely consistent
with this model, with DHpL helices α1 and α2 both showing
increased exchange and presumably detachment from the LOV
surface in enzymatically active states generated by illumination
or point mutation. These data complement previous findings of
changes in stability of helical domains N-terminal to signaling
kinases—from destabilization of helices leading into DHp domains
correlated with higher kinase activity in the dimeric transmembrane

HKs DesK and BvgS (41–43) to increased stability in the helical
domains of cytosolic fragments of EnvZ (44) and the Asp receptor
(45). The implication of this structural rearrangement in activation
across HKs with different sensor domains and oligomeric states
strongly argues for a conserved universal role of changes in DHp
helix stability in activation. However, technical limitations with re-
spect to activation and study of full-length signaling proteins in vitro
currently do not allow for a comprehensive comparative study
across systems.
Although both valine-to-alanine mutations are expected to

perturb the hydrophobic interactions between LOV and DHpL
domains, they have opposing effects on activity (Fig. 7A). Altering
the interaction of V119, which contacts both DHpL helices,
retains DHpL helix stability and prevents enzymatic activation,
while the same change at V115, which contacts the α1 helix,
destabilizes both DHpL helices and promotes autophosphor-
ylation. The greater destabilizing effect of V115A could be due
to its interaction with the α1 helix C terminus, loss of which
may be propagated to the α2 helix immediately C-terminal
to it, or its position on the same end of the molecule as the
nucleotide-binding site. Alternatively, the V119A mutation
could strengthen the DHpL-CA interaction due to “knobs-into-
holes” packing. Interestingly, both mutations affect both DHpL
helices, indicating that they are coupled in their signaling mech-
anism. Other effects that both mutations have in common are
increased protection of the A′α helix in the LOV domain and
some regions in the CA domain seen in our HDX-MS data (Fig. 4
A and B) and the slight shift in elution time to a larger size/shape
for the mutants (SI Appendix, Fig. S4). These data hint at a loss of
LOV-DHpL contacts that may be responsible for the abrogated
light response of the mutants.
This increased conformational flexibility of the DHpL helices

is likely transmitted to the CA domain by a loss of their in-
teraction with the gripper helix, which is illustrated by comparing
light- and nucleotide-induced changes in HDX profiles in a pu-
tative conformational cycle (Fig. 7B). The change upon illumi-
nating the ATP-bound dark state is mostly limited to the DHpL
helices, while the CA domain is mostly untouched. However,
concomitant with the loss of the γ-phosphate from ATP, there is
increased exchange in both the DHpL helices and the gripper
helix and, to a lesser extent, other regions of the CA domain.
This role of the gripper helix is supported by changes in pro-
tection of that region in the inactive and active mutants, but not
in response to light. This different response allows us to separate
the structural changes accompanying light sensing and enzymatic
activation leading to autophosphorylation. The light response
consists of DHpL helix destabilization, likely due to release of
inhibitory contacts with the LOV domain, while the changes
leading to increased autophosphorylation are in the DHpL he-
lices and gripper helix, likely involving breaking of that interface.
These two components of HK activation can be separated out
using our nucleotide and mutant data.
While we underscore that this proposed cycle of conforma-

tional changes (Fig. 7) remains an open hypothesis to guide fu-
ture work, our proposal is supported by the involvement of the
exact protein regions that were identified from comparing
available crystal structures of active and inactive variants of di-
meric HK fragments. Our direct interrogation of these structural
rearrangements during the two steps of HK activation (stimulus
detection and autophosphorylation) in solution and a full-length
native HK confirms that they are central to the general mecha-
nism of HK activation. Interestingly, in all these structures, only
one protomer in each dimeric assembly is in the active state,
resulting in an asymmetric dimer. Such breaking of symmetry is
thought to be essential for activation of HisKA-type HKs (8, 9,
14, 15). Much of this view is rooted in the fact that most HKs
are dimeric; however, it is becoming clear that a wider variety
of oligomeric assemblies are used in HK signaling—from the
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monomeric EL346 to the trimeric SasA component of cyano-
bacterial signaling systems (11) to the monomeric/dimeric acid-
sensing EvgS in Escherichia coli (46). We assert that this variety
of quaternary structure used for HK regulation suggests that the
root element—destabilization of the DHp (or DHpL) interac-
tions with the CA domain—is conserved, even if the precise
mechanism of triggering that destabilization is different (i.e.,
symmetry-breaking vs. sensor/DHpL interface breaking).

Conclusions. Using a minimal, light-sensing histidine kinase,
EL346, we have uncovered aspects of both the inactive and the
active states of HKs. Our HDX-MS and DEER data show that
the crystal structure of EL346 does not fully represent the dark-
state structure in solution in that multiple conformations coexist
with certain regulatory helices undergoing substantial dynamics.
These findings may explain the detectable dark-state activity of

EL346 and raise questions about the conformations of other
HKs in inactive states. We also show that, in response to light,
the DHpL domain helices are freed from LOV inhibitory con-
tacts and visit less-protected conformations, and, upon ATP
hydrolysis, the DHpL interaction with the gripper helix in the CA
domain is destabilized. This mechanism holistically integrates
findings from crystal structures of fragments of canonical dimeric
HKs, suggesting that it is a general conformational change
leading to HK activation.

Materials and Methods
We expressed WT and mutant EL346 from the pHis-GB1-Parallel1 vector in
E. coli BL21 (DE3) cells (Novagen/Millipore Sigma) and purified the proteins
by affinity and size exclusion chromatography in the dark under dim red light.
We determined protein concentration from an approximate absorption
coefficient e446 = 11,800 M−1·cm−1 for flavin-containing proteins, assuming
all flavin was protein-bound. All structural analyses were performed at

H

R
ATP

FMN

gripper H

R
ADP

FMN

gripper

Loss of interaction
Destabilization

Activation

Loss of interaction
Helices still stable
Unable to activate

V115

C

C

N

N

V119
Y183

Q141

α2α1

WT

L148

A115

C

C

N

N

V119
Y183

Q141

α2α1

V115A
ACTIVEINACTIVE

L148

V115

C

C

N

N

A119
Y183

Q141

α2α1
Iβ Iβ Iβ

V119A

L148

ADP Dark

ADP Light

ATP Dark

ATP Light

A

B

H

R
ATP

FMN

gripper H P

R
ADP

FMN

gripper

Putative Conformational Cycle
Open Hypothesis

Fig. 7. Disruption of LOV-DHpL interface leads to activation transitions. (A) In the WT EL346 protein (Center), V115 interacts with the C-terminal part of the
α1 helix and V119 interacts with both α1 (N-terminal) and α2 (C-terminal) helices. The central regions of the DHpL helices between these hydrophobic residues
make up the stable core of the DHpL domain, including H142, as seen in HDX-MS data. In the inactive V119A mutant (Left), the interaction of V119 with Y183
(α2) and Q141 (α1) is likely lost, but the DHpL helices remain stable and autophosphorylation cannot be activated. In the active V115A mutant (Right), the
interaction of V115 with L148 (α1) is likely lost, leading to destabilization of the central core of the DHpL helices and activation of autophosphorylation. (B) A
proposed reaction cycle with overlaid HDX-MS difference maps shows that (counterclockwise from Top Left) photoactivation of the ATP-bound state results in
DHpL helix destabilization, followed by further destabilization of the DHpL and large changes in the CA domain, especially the gripper helix, upon auto-
phosphorylation (ATP to ADP). The sequence of steps to return to the dark state and bind ATP is unknown.

Dikiy et al. PNAS | March 12, 2019 | vol. 116 | no. 11 | 4971

BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y



pH 7.5 with 10 mMMgCl2 and 5 mM AMP-PNP, ADP, or ATP. For SEC coupled
to native MS, we injected 30 μM EL346 with ADP into a SEC column equili-
brated with 50 mM ammonium acetate solution (47). The HDX-MS experi-
mental workflow is summarized in Fig. 2A. We diluted 50 μM EL346 1/100 in
100% D2O buffer, incubated for a set amount of time, and quenched the
exchange with ice-cold low-pH quench buffer before subjecting the protein
to peptic digestion and peptide separation on a reversed-phase column,
followed by mass detection. Time between quench and elution was 5–10 min,
at 0–4 °C and pH 2.5, to minimize back-exchange. We collected 15N/1H
TROSY HSQC spectra at 25 °C on dark-adapted (4 h) EL346 1–338 with 5 mM
nucleotide using a Bruker AVANCE III HD 600 MHz spectrometer with a
cryogenically cooled TCI probe. For SDSL and DEER experiments, we first
removed all cysteine residues aside from the flavin-binding cysteine (Cys55)
in WT and V115A EL346 and then introduced the I188C and V270C muta-
tions. We expressed and purified the mutant proteins as above, except that
we retained the His6-Gβ1 tag on V115A EL346 I188C V270C due to low ex-
pression and labeled the proteins with MTSL. The MTSL-labeled I188C V270C
protein was confirmed to have similar activity to the WT protein with a 32P
autophosphorylation assay as in ref. 10. We performed DEER experiments on

labeled proteins at 50–100 μM in buffer containing 80% D2O and 20% d8-
glycerol (both Cambridge Isotope Labs) at cryogenic temperature (60 K) on a
home-built 17.3 GHz Ku-band pulsed ESR spectrometer as previously described
(48, 49) using a standard four-pulse DEER sequence (50). To remove noise from
DEER signals, we applied a recently developed wavelet denoising method (31,
32) to the original data before subtracting background in the log domain and
reconstructing distance distributions by singular value decomposition (33, 34).
Detailed procedures are found in SI Appendix, SI Methods.
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