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ABSTRACT: Archaea are able to sense light via the complexes of sensory rhodopsins I and II and their
corresponding chemoreceptor-like transducers HtrI and HtrII. Though generation of the signal has been
studied in detail, the mechanism of its propagation to the cytoplasm remains obscured. The cytoplasmic part
of the transducer consists of adaptation and kinase activity modulating regions, connected to transmembrane
helices via two HAMP (histidine kinases, adenylyl cyclases, methyl-accepting chemotaxis proteins, phos-
phatases) domains. The inter-HAMP region of Natronomonas pharaonis HtrII (NpHtrII) was found to be
R-helical [Hayashi, K., et al. (2007) Biochemistry 46, 14380-14390]. We studied the inter-HAMP regions of
NpHtrII and other phototactic signal transducers by means of molecular dynamics. Their structure is found
to be a bistable asymmetric coiled coil, in which the protomers are longitudinally shifted by ∼1.3 Å. The free
energy penalty for the symmetric structure is estimated to be 1.2-1.5 kcal/mol depending on the molarity of
the solvent. Both flanking HAMP domains are mechanistically coupled to the inter-HAMP region and are
asymmetric. The longitudinal shift in the inter-HAMP region is coupled with the in-plane displacement of the
cytoplasmic part by 8.6 Å relative to the transmembrane part. The established properties suggest that (1) the
signal may be transduced through the inter-HAMP domain switching and (2) the inter-HAMP region may
allow cytoplasmic parts of the transducers to come sufficiently close to each other to form oligomers.

Archaea use light-sensing sensory rhodopsins (SRs)1 I and II
as positive and negative photoreceptors tomove toward red light,
which enables bacteriorhodopsin and halorhodopsin activity,
and to avoid harmful near-UV light (1, 2). The signal from SR is
relayed to the transducer protein (Htr), whose cytoplasmic tip
forms a complex with CheA kinase and CheW adapter protein.
CheA regulates phosphorylation of CheY, which controls the
regime of rotation of the flagellarmotor.Adaptation to a signal is
regulated by proteins CheB and CheR, which are involved in
adaptive methylation and demethylation of the transducers (3).

Sensory rhodopsins contain a covalently attached cofactor
retinal, and their structure resembles that of bacteriorhodop-
sin (1, 2). In the membrane, receptors form 2:2 complexes with
transducer proteins Htr (HtrI and HtrII). Both HtrI and HtrII

have a domain organization similar to that of bacterial chemo-
receptors (see Figure 1). Transducers have a short unstructured
cytoplasmic C-terminus, followed by transmembrane helix TM1,
a chemotaxis receptor domain (only in HsHtrII), then another
transmembrane helix TM2, two consecutiveHAMPdomains (4),
separated by the inter-HAMP region, and the kinase control
(KC) module with adaptational methylation sites. As opposed to
Htr proteins, the chemotaxis proteins contain only one HAMP
domain and no inter-HAMP region.

The crystallographic structure ofNpSRII bound to transmem-
brane helices ofNpHtrII (residues 23-82) is known for the ground,
K, and M states (5, 6). The structure of the HAMP domains is
represented well by the NMR structure of the HAMP domain of
Archeoglobus fulgidus hypothetical protein Af1503 (7, 8). The
NpHtrII fragment of residues 100-159 was shown to be trypsin-
resistant, with the inter-HAMP region (residues 135-150) adopt-
ing an R-helical structure (7, 9). The structure of the kinase control
module of the homologous Escherichia coli serine chemoreceptor
was also determined by X-ray crystallography (10). Other Htrs are
highly homologous to NpHtrII and thus expected to adopt a
similar conformation.

Several models of transduction of signals to the cytoplasmic
domainwere proposed. They include a pistonlikemotion, amotion
in the membrane plane, and rotation of transmembrane helix
TM2 (3). There is crystallographic and cysteine-scanningmutagen-
esis evidence that in bacterial chemoreceptors the signal is con-
ducted to the TM domain in a pistonlike fashion (11, 12). For
NpHtrII, rotation by 15� and in-plane displacement by 0.9 Å of the
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membrane interface part of helix TM2 were observed by crystal-
lography (5). A gearboxlike model for the HAMP domain signal
transduction was proposed on the basis of its NMR structure (8),
but it is not backed up with any experimental evidence. Subse-
quently, a dynamic bundle model for HAMP domain func-
tion based on mutational experiments was proposed (13, 14).
Finally, the crystallographic structure of three consecutive HAMP
domains of Pseudomonas aeruginosa soluble receptor Aer2 led to a
model of interconversion between the two HAMP domain con-
formational states (15). For the inter-HAMP region of NpHtrII,
the role of a mechanical joint was proposed (9), though no details
were provided.

Because the structure of the transducer transmembrane part is
known (6), the structure of theHAMPdomains should be similar
to that of Af1503 (8), and the generation of the signal in the
transmembrane region upon photoexcitation is established (5),
we focused our study on the region of the HAMP domains. First,
we analyzed the sequences of the proteins and found that their
inter-HAMP regions are predicted to have an R-helical structure
and adopt a coiled-coil (CC) conformation. These coiled coils are
unique because their hydrophobic residues are alanines. More-
over, charged residues surrounding the hydrophobic core are
organized in such a way that an asymmetric configuration of
protomers is possible. We also performed a molecular dynamics
study of the NpHtrII inter-HAMP region. It shows a great
instability of the symmetric conformation and spontaneous
symmetry breaking with subsequent formation of an asymmetric
configuration. As the primary structure of protomers is identical,
two equally favorable asymmetric conformations are possible,
which means that the inter-HAMP region may act as a switch
that fixes the amplitude of the relative shift of the protomers, but
not its sign. Finally, we studied the system of the two HAMP
domains and the inter-HAMP region of NpHtrII by means of
molecular dynamics. We found that the conventional structure
model (8, 15) can be applied to these HAMP domains. However,
it is important to note that they are asymmetrical as a conse-
quence of coupling to the asymmetrical inter-HAMP region.

Obtained data suggest that the inter-HAMP region may play
the role of a switch or of a passive rigid mechanical joint between
two HAMP domains.

MATERIALS AND METHODS

Initial Data and Models. All sequences and domain assign-
ments were taken from reviewed UniProt database (16) records
P33741 (HsHtrI), Q9HP81 (HsHtrII), and P42259 (NpHtrII).

The initial model for the NpHtrII R-helical fragment of resi-
dues 135-150 was taken from Protein Data Bank (PDB) entry
2RM8 (9). The HAMP domainmodel for homologymodeling was
taken from PDB entry 2ASW (8). Initial models of R-helices for
which no structure was present were built using PyMOL (DeLano
Scientific, Palo Alto, CA). For homology modeling of the NpHtrII
HAMP domains, MODELLER (17) was used. Some energy mini-
mizations and structure manipulations in the dihedral subspace
were performed using the SAMSON symmetry module (18).
Molecular Dynamics. All molecular dynamics simulations

were conducted using NAMD2 (19) with CHARMM27 para-
meters (20). Preparations of initial models and data analysis using
our own tcl-scripts were performed in VMD (21). As a first step,
hydrogen positions of a model in a vacuum were minimized for 50
standard NAMD minimization steps. This was followed by addi-
tion of awater boxwith a padding of 8 Å. Sodiumand chloride ions
were added at a total concentration of 0.5, 1, 2, or 4M, accordingly,
for different simulations, in such amounts that the system had zero
total charge. Simulation in the water box was conducted with
periodic boundary conditions. The water box wasminimized for 50
steps and then was subjected to molecular dynamics for 1 ps, with
protein atoms frozen. After that, the whole system was minimized
for 1000 steps and then heated to 310 K in steps of 10 K and 0.1 ps
per step. The integration time step was 2 fs, and the SHAKE
algorithm was used to keep bonds between hydrogens and heavy
atoms rigid. The temperature of 310 K was maintained with a
Langevin thermostat with a damping coefficient of 5 ps-1. The
pressure of 1 bar was maintained with a Langevin piston with the
following parameters: period of 100 fs and decay of 50 fs. For
electrostatic calculations, the particle-mesh Ewald method was
used. Additional information about the model preparation and
stability can be found in Table S1 of the Supporting Information.
Longitudinal Shift Calculations.For each frame of theMD

trajectory, calculations were conducted as follows. First, the
direction of each helix was determined as the main axis of its
inertia tensor, along which the moment of inertia is minimal.
Second, the CC axis was calculated as an average of directions of
the two individual helices. Finally, the vector difference in the
positions of the centers of mass of respective helices was projected
on the CC axis to determine the relative shift of helices. For these
calculations, only positions of the backbone atoms were used.
Free Energy Calculations. To determine the free energy of a

system as a function of longitudinal shift, we used the umbrella
sampling technique (22) followed by either the weighted histogram
analysismethod (WHAM) (23) or themultiple-Bennett acceptance
ratio method (MBAR) (24). We used WHAM implementation by
A.Grossfield (http://membrane.urmc.rochester.edu/content/wham,
version 2.04) and MBAR implementation by J. Chodera and
M. Shirts (https://simtk.org/home/pymbar).

Sampling positions along the longitudinal shift were -2.1,
-1.4, -0.7, 0, 0.7, 1.4, and 2.1 Å with force constants of 10 kcal
mol-1 Å-2 for each simulation. Shift values of >2.4 Å were not
sampled aswe believe that they are not realized in properly folded
proteins. Free energy values for such shifts would also be affected
by erroneous contributions from artificial exposition of hydro-
phobic surfaces at the ends of the inter-HAMP model. The
system was modeled for at least 20 ns around each position. As
the protomers are absolutely identical, the resulting free energy
should also be symmetric as a function of the longitudinal shift.
Thus, convergence was postulated if the energy difference
between symmetrical positions (shifts of the same absolute value,
but different signs) was less than 0.2 kcal/mol.

FIGURE 1: Domain architecture of bacterial chemoreceptors (top),
the phototactic signal transducersHsHtrI andNpHtrII (middle), and
the transducer and chemoreceptorHsHtrII (bottom). TM1 andTM2
are the transmembrane helices, and AS1 and AS2 are the helices of
the HAMP domain. Chemoreceptor modules are colored differently
as there is no sequence homology between them.
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HAMPDomainAxis Calculation.To calculate theHAMP
domain axis, the directions of helices AS1 and AS2 of both
protomers were averaged.
Protonation State of the Ionizable Residues. On the basis

of the data describing the environmental pH (25) as well as the
optimal pH for enzymes from halophilic archaea (26), we expect
the inner-cell pH to be in the range of 7.0-9.0. To make the
correct choice of protonation states of ionizable residues, their
pKa values were predicted in corresponding environments. Pre-
dictions were performed with the MCCE2 multiconformation
continuum electrostatics package (27).

In the NpHtrII HAMP domain region model (number 10 in
Table S1 of the Supporting Information), 98 residues in both
protomers were treated as ionizable. Multiple conformers for
these residues were built with the total number of conformers
being 5247. A conformer is defined as a heavy atoms rotamer of a
certain side chain, in which protons are added, their positions are
optimized, and a certain ionization state is chosen. Many
conformers were included into the prediction because conformer
sampling improves the match between experiment and calcula-
tion for individual residues and dramatically weakens the depen-
dence on the starting structure (26). For our system, no residues
were found to have a pKa value in the range of 7-11 (see Table S2
of the Supporting Information). Therefore, all residues in the
initial models of this simulation were left in their default
protonation states.

We also studied the possibility of protonation-deprotonation
events during the simulation of theNpHtrII inter-HAMP region.
pKa values of the key rechargeable residues (D137, R142, and
D144) were predicted along the PMF trajectories. These residues,
along with the non-rechargeable Q149, were subjected to ex-
tensive multiconformer trials, corresponding to different rota-
mers and ionization states. Conformers for other residues did not
include side chain rotamers, only different ionization states. The
total number of conformers was approximately 200-300 for
different snapshots of the trajectory. Calculations were per-
formed for the simulation at a molarity of 0.5 M, because at
higher molarities pKa shifts caused by solvation contributions
would be evenweaker, as follows from theDebye-Huckel theory
of solvation. The total length of this simulation was 140 ns, and
snapshots were taken every 200 ps. Resulting pKa values,
computed as a probability density function along the PMF
trajectory, are given in Figure S1 of the Supporting Information.
Briefly, for both D137 and D144, peaks of their distributions
were shifted from the pKa value in solution (3.71) not more than
0.1, with standard deviations of ∼0.65 for D144 and ∼0.42 for
D137. In the case of R142, the peak of its pKa distribution is
shifted from the pKa value in solution (12.1) to 13.1 with a
standard deviation of 0.4. No points were observed in the pH
range of 7-11. Therefore, the probability of the key residue
switching its default protonation state is negligibly small under
physiological conditions (pH 7.0-9.0).

RESULTS

Predictions of Structure for Inter-HAMP Regions. We
used the PSIPRED protein structure prediction server (28) to
analyze sequences of studied proteins. For all of them, an R-
helical structure is predicted with a high degree of confidence for
sequence fragments that consecutively include helix AS2 of the
first HAMP domain, the inter-HAMP region, and helix AS1 of
the second HAMP domain. The same fragments are predicted to

be in a coiled coil by the coiled-coil prediction server (29) (Figure
S2 of the Supporting Information).
Model for Inter-HAMPRegions. All inter-HAMP regions

studied in this work have a pronounced continuous hydrophobic
groove when modeled as an R-helix (see that of NpHtrII, for
example, in Figure 2A). Interestingly, this groove is composed
mostly of alanines. Two identical fragments, modeled as ideal
R-helices in PyMOL and located so that the interface is at the
hydrophobic groove, form a CC structure in <100 ps for the
short inter-HAMP region of residues 135-153 of NpHtrII
(Figure 2B), and <1 ns for the longer inter-HAMP regions of
residues 356-400 of HsHtrII (Figure 2C) and residues 106-150
of HsHtrI. After formation of the CC, the structure remains
stable during thewhole length of the simulation (see Table S1 and
Figures S6-S8 of the Supporting Information for additional
information). In the longer inter-HAMP regions, deviations from
the ideal R-helical geometry are clearly seen, which is typical for
CCs. The helices are bent around each other, with a total twist of
90� (Figure 2C). The twist is defined as the angle between
projections of the lines, connecting the beginnings and ends of
R-helices, on the plane perpendicular to the CC axis (see Figure
S3 of the Supporting Information for examples).

For all the modeled inter-HAMP regions, the homodimer
adopts the asymmetric conformation, with a longitudinal shift of

FIGURE 2: Proposedmodels for the inter-HAMP region. (A)Hydro-
phobic groove of the NpHtrII inter-HAMP fragment of residues
135-153. Alanines are highlighted in pink. (B) Structure of a
homodimer of the two NpHtrII inter-HAMP regions of residues
135-153. Note the asymmetric position of protomers and the
differences in ionic bonds formed on each side of the structure. (C)
Structure of a homodimer of the twoHsHtrII inter-HAMPregions of
residues 356-400. Positions of the protomers are also asymmetric.
The structure presented in panel A was determined by NMR [PDB
entry 2RM8 (9)]. Panels B and C show manually built models,
subjected to molecular dynamics.
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one protomer relative to the other of∼1 Å. The reason for this is
most clear in the case of NpHtrII. Charged residues framing the
hydrophobic core are distributed in such away that the shifted con-
formation is preferred (Figure 2B). Namely, the positively charged
R1420 may be electrostatically attracted either by the negatively
chargedD137or by the negatively chargedD144. Simulations show
that the conformation inwhichR1420 is attractedbybothD137and
D144 is unstable. Attraction of R1420 in one protomer to D137 in
the other leads to a longitudinal displacement, such that R142
comes closer to D1440, and vice versa. The resulting shift is addi-
tionally stabilized by short-lived bonds between Q1490 and D144.
Designations without a prime correspond to one protomer, and
those with a prime correspond to the other.

For a quantitative description of the inter-HAMP region, we
calculated free energy profiles for the longitudinal shift using the
umbrella sampling and weighted histogram analysis method
(Figure 3; sampling distributions are presented in Figure S4 of
the Supporting Information). Energy minima are observed at
approximately(1.3 Å. The barrier height is slightly different for
different molarities, namely, 1.5 kcal/mol for 0.5M, 1.4 kcal/mol
for 1 and 2 M, and 1.2 kcal/mol for 4 M. These differences fall
within the expected error of the method.

We believe that the observed features are not artifacts of the
calculation, as we used the standard force field (CHARMM27).
There are no regions with a high induced electronic polarization in
the inter-HAMP region, so effects of different force fields on the
obtained PMF profile were not addressed, as is sometimes done
for free energy calculations of ion conduction through channels or
for calculations of small ligand binding affinities.Weak variability
of the free energy profile within the wide ion concetrations range
also reflects the robustness of the observed features.

To check for possible systematic errors introduced byWHAM
and to estimate statistical errors, we recalculated the free energy
profiles using the multiple-Bennett acceptance ratio method
(MBAR) (24). This method gave similar results (see Figure S4
of the Supporting Information for the corresponding graphs).

Therefore, we conclude that the observed asymmetry is not a
calculation artifact.
HAMPDomains.To check the correspondence of theNMR

HAMPdomain structure (8) with those ofHtrs, wemodeled both
HAMP domains of NpHtrII (residues 85-134 and 155-210
accordingly), along with the original HAMP domain of putative

protein Af1503 of A. fulgidus. Initial models generated by
MODELLER were equilibrated for 4 ns and appeared to be very
stable. The NMR model (PDB entry 2ASW) of the Af1503
HAMP domain, containing residues 276-331, was later ex-
panded by residues 332-338 (amino acids SLEEALK), modeled
as an R-helical continuation of AS2. These last seven residues of
Af1503 were not included in the construct for the determination
of theNMR structure but could somehow influence the structure
of theHAMP domain. The resulting expanded structure was also
stable for 8 ns. The average root-mean-square deviations (rmsd)
for the backbone atoms during the simulations were 1.5 Å for
HAMP1ofNpHtrII, 1.7 Å forHAMP2ofNpHtrII, 1.4 Å for the
Af1503 fragment of residues 276-331, and 1.6 Å for the Af1503
fragment of residues 276-331.Amore extensive stability analysis
is given in the Supporting Information. Ribbon diagrams of the
resulting structures are presented in Figure 4A,B.
Modeling of the HAMPDomains with the Inter-HAMP

Region. To check whether the structure of the HAMP domain is
affected by the inter-HAMP region or vice versa, we performed
molecular dynamics studies for two constructs. HAMP1 with the
inter-HAMP region of NpHtrII (residues 85-153) were simulated
for 10 ns, and HAMP1, the inter-HAMP region, and HAMP2 of
NpHtrII (residues 85-210) were simulated for 60 ns. Though large
structural movements are seen, they do not change the architecture

FIGURE 3: Free energy profiles for the relative longitudinal shift of
the protomers in the inter-HAMP region (NpHtrII residues
135-153) at different molarities: 0.5 M (blue, solid), 1 M (magenta,
dashed), 2M(yellow, dotted), and 4M(green, dotted-dashed).Note
that theminimaare at approximately(1.3 Å, and the barrier height is
1.2-1.5 kcal/mol. For the sampling distributions and further infor-
mation, see Figure S4 of the Supporting Information.

FIGURE 4: (A) Ribbon diagram of the Af1503 HAMP domain,
expanded by the seven terminal amino acids, after molecular dy-
namics for 8 ns. (B) Overlay of the initial NMR structure of the
Af1503 HAMP domain (green) with homology-modeled structures
of the first (blue) and second (purple) NpHtrII HAMP domains. (C)
Proposed model for the NpHtrII HAMP domain region (residues
85-210), including both HAMP domains and the inter-HAMP
region. Note the asymmetry between the protomers and the tilt of
the axes of the HAMP domains relative to the axis of the inter-
HAMP region.
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of these constructs. Root-mean-square deviations for the whole
NpHtrII HAMP domain region are presented in Figure 5. To
calculate rmsds, the last trajectory snapshot was used as a reference
structure. Only the backbone atoms were included in the calcula-
tion. An extensive stability analysis for this construct is given in
Table S1 and Figures S13-S17 of the Supporting Information.
Despite the initial symmetrical conformation of the system, a
relative longitudinal shift of corresponding R-helices develops after
a few nanoseconds and persists for the whole length of the simula-
tion. As opposed to the zero twist angle of the inter-HAMP region
alone, it equals approximately 45� in the presence of the HAMP
domains. The twist is defined above and explained inmore detail in
Figure S3 of the Supporting Information. HAMP domains them-
selves retain their general conformations (Figures S16 and S17 of
the Supporting Information). However, the shift imposed by the
inter-HAMP region results in a reorientation of corresponding
helices and renders HAMPs highly asymmetric (Figure 4C and
Figures S16 and S17 of the Supporting Information). The relative
position of the two HAMP domains changes considerably, though
the directions of the main axes of both HAMP domains coincide
well with each other. The angle between the axes of HAMP1 and
HAMP2 is 9 ( 5�, as opposed to 13 ( 4� for the angle between
HAMP1 and the inter-HAMP region and 16 ( 6� for the angle
between HAMP2 and the inter-HAMP region.

As we suppose that transmembrane helices TM2 and TM20

may continue in HAMP1 helices AS1 and AS10 without a kink
(see a hypothetical model in Figure S5 of the Supporting
Information), we considered it interesting to analyze the motion
of HAMP2 relative to the membrane plane and to the transmem-
brane segment of NpHtrII. For this purpose, we calculated the
probability density of the projection of the HAMP2 center of
mass (COM) on the membrane plane relative to the HAMP1
COM (Figure 6, including a symmetrical image that corresponds
to the longitudinal shift with the opposite value). The probability
density distribution function was determined as the time that the
projection of the second HAMP domain’s center of mass onto
themembrane plane spent in a given 1 Å� 1 Å square, divided by
the total simulation time. The distance between the projections of
the centers of mass of the two HAMP domains is 8.6 ( 3.5 Å.
This value is approximately equal to what follows from simple
geometric considerations: the length of the inter-HAMP region is
approximately 50 Å, the mean distance between centers of the
helices is 9 Å, the mean longitudinal shift value is 1.3 Å, and thus
the in-plane displacement is ∼7 Å (Figure 7C).

DISCUSSION

Herein, we have reported the model of the inter-HAMP region
of sensory rhodopsin transducers. It is quite similar to the

signaling helix (S Helix) (30) in that it continues AS2 of the
HAMPdomain. The observed differences are as follows. First, at
its C-terminus, the inter-HAMP region also ends with a HAMP
domain helix (AS1). Second, a and d CC positions are occupied
by alanines in the inter-HAMP region, as opposed to bulky
amino acids of the S Helix. We expect that this may facilitate
longitudinal motions of protomers along each other.

Molecular dynamics simulation shows that a symmetric con-
formation of the inter-HAMP domain is unfavorable. A long-
itudinal shift between the inter-HAMP protomers is observed.
Because they are identical, a longitudinal shift of the same value

FIGURE 5: Root-mean-square deviations for different parts of the NpHtrII HAMP domain region, simulated as a whole. Only the backbone
atoms are included in the calculation. For eachpart, the last trajectory snapshotwas used as a reference structure. See the Supporting Information
for more detail.

FIGURE 6: (A) Computed probability of finding the projection of the
NpHtrII second HAMP domain center of mass on the membrane
plane at the corresponding X, Y coordinates, in inverse square
angstroms. View from the cytoplasm. The X axis is directed along
the centers of mass of the HAMP1 AS1 helices; the Y axis is
perpendicular to it, and both axes lie in the membrane plane. The
initial structure was symmetric, and the tilt and the longitudinal shift
in the inter-HAMP region developed later. Two regions with the
highest probability correspond to the two possible signs of long-
itudinal shifts and are colored red and magenta, correspondingly, to
guide the eye. (B) Same probability density distribution laid over the
structure of the 2:2 NpSRII-NpHtrII complex on a proper scale.
PDB entry 1H2S (6).
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but of the opposite sign is also possible. It means that the inter-
HAMP region is bistable. The energetic barrier between the two
states is sufficiently high to prevent frequent switching by thermal
fluctuations, but it is much lower than 60 kcal/mol, the average
energy of the photons, absorbed by sensory rhodopsins. An
asymmetric conformation of the inter-HAMP region persists
when theHAMPdomains are also included in the simulation.We
suggest that this is biologically relevant. It is important to note
that the asymmetry of the inter-HAMPregion is coupledwith the
asymmetry of the HAMP domains.

The established properties of the inter-HAMP region may
have direct implications for our understanding of the signal
propagation through the cytoplasmic part of the transducers. As
the inter-HAMP R-helices constitute a CC and are always turned
to each other by their hydrophobic groove, signaling through the
changes in the interhelical angle as supposed in ref 8 is question-
able. We suggest that the probable mechanism of signal transduc-
tion may involve either switching of the inter-HAMP region or
some rigid body motion of the cytoplasmic part without any
changes in the inter-HAMP state (Figure 7). Switching might
result in a large structural rearrangement (Figure 7A) and thus
could be prohibited by tight hexagonal packing of KC fragments.
Signal encoding by displacement of the whole cytoplasmic part of
the transducer, i.e., by a position of HAMP2 relative to HAMP1,
in turn would be affected by very large fluctuations (Figure 6A,B).

As we have noted, asymmetry of the inter-HAMP is enforced
by electrostatic interactions of oppositely charged side chains of
corresponding residues. Flexibility of those side chains allows
some longitudinal displacements (up to zero shift) without break-
ing of the formed electrostatic bonds. Thus, the evolution of the
system with time may be different depending on which bonds are
formed, that is, the history of the system. Thismeans that the inter-
HAMP region is in effect a multistate switch. It is worth
mentioning that a study of the HAMP domain alone would not
provide sufficient information about signal transduction.

CONCLUSION

We built a model of the inter-HAMP region and of the flanking
HAMP domains and studied their structure and properties via

molecular dynamics. It was found that the Htr inter-HAMP
region forms a CC. The structure is asymmetric, as there is a
longitudinal shift of protomers of∼1.3 Å. HAMP domains are
mechanistically coupled to the inter-HAMP region and are
also asymmetric. Taking all described features into considera-
tion, we propose the following functions for the inter-HAMP
regions. First, they impose an initially asymmetric conforma-
tion on the Htr dimer, which may help to bring kinase control
fragments sufficiently close in space to come into contact [in
membranes, the Htr dimer is surrounded by two sensory
rhodopsins, and thus, Htr dimer centers are separated by at
least 30 Å (6) (see Figure 6B)]. Second, they may act as a
switch, which needs no signal input to maintain its state but
changes its output upon receiving a proper signal.
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study, packing analysis of the NpHtrII HAMP domains as a
part of the HAMP domain region, and a table of the pKa

values of ionizable residues in the NpHtrII HAMP domain
region model. This material is available free of charge via the
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FIGURE 7: Twopossible roles of theHAMPdomain regionofphototactic signal transducers.Themodel of the 2:2 sensory rhodopsin-transducer
complex is colored yellow, with the protomers shown in different shades. Equivalent positions are marked on the inter-HAMP regions of the two
protomers as black triangles to facilitate the perception of the longitudinal shift. (A) The change in the sign of the longitudinal shift results in a
distinct conformation, in which the kinase control module (KC) is displaced on average by 8.6 Å� 2 (≈17 Å) along themembrane plane (second
conformation colored white). Thus, the signal may be transduced through the inter-HAMP switching. (B) Asymmetry of the HAMP domain
region may facilitate the contacts with the adjacent transducers or receptors. Otherwise, these contacts would be impaired by bulky sensory
rhodopsins, residing in the membrane. (C) Simple geometrical model of the conversion of the inter-HAMP longitudinal shift in the displacement
of the transducer’s cytoplasmic part.Datapresented are themeanvalues. Themeandisplacement of the secondHAMPdomain relative to the first
one in themembrane plane is 8.6 Å. The approximate length of the inter-HAMP region is 50 Å. The approximate distance between the axes of the
inter-HAMP helices is 9 Å. The mean longitudinal shift in the inter-HAMP region is 1.3 Å.
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