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ABSTRACT: The complex of sensory rhodopsin II (SRII) and its cognate
transducer HtrlI (2:2 SRII—HtrII complex) consists of a photoreceptor and its
signal transducer, respectively, associated with negative phototaxis in extreme
halophiles. In this study to investigate how photoexcitation in SRII affects the
structures of the complex, we conducted two series of molecular dynamics
simulations of the complex of SRII and truncated HtrII (residues 1—136) of
Natronomonas pharaonis linked with a modeled HAMP domain in the lipid
bilayer using the two crystal structures of the ground state and the M-
intermediate state as the starting structures. The simulation results showed
significant enhancements of the structural differences observed between the
two crystal structures. Helix F of SRII showed an outward motion, and the C-

terminal end of transmembrane domain 2 (TM2) in Htrll rotated by ~10°. The most significant structural changes were
observed in the overall orientations of the two SRII molecules, closed in the ground state and open in the M-state. This change
was attributed to substantial differences in the structure of the four-helix bundle of the HtrII dimer causing the apparent rotation
of TM2. These simulation results established the structural basis for the various experimental observations explaining the
structural differences between the ground state and the M-intermediate state.

he complex of sensory rhodopsin II (SRII) and its cognate

transducer Htrll [2:2 SRII—Htrll complex (Figure 1)]
transfers a repellent signal for blue-green light to cytoplasmic
chemotaxis proteins and finally leads to negative phototaxis.'~*
The process of signal transduction is initiated by the
photoisomerization of the retinal chromophore in SRII from
all-trans to 13-cis, followed by structural changes of SRII to a
series of intermediate states. These structural changes are
transferred to the tightly bound transducer Htrll. Numerous
studies have been devoted to resolving the mechanism of the
signal transfer from retinal to SRII and then to Hitrll, focusing
on the difference between the ground state and the M-
intermediate state of the complex of Natronomonas pharao-
nis.>7' In these studies, various kinds of spectroscopic
techniques have been utilized: electron paramagnetic resonance
(EPR) spectroscopy,””’ Fourier transform infrared (FTIR)
spectroscopy,® ' solid state NMR spectroscopy,'"'* and
Forster resonance energy transfer (FRET)," as well as other
biochemical assay techniques.">™"® The results derived from
these experiments have been mapped onto the crystal
structures of the complex determined in the ground state
(PDB entry 1h2s°).

The crystal structure of the complex determined in the late
M-intermediate (PDB entry 2f95") raised the possibility of
resolving the signal transduction mechanism in the comparison
with the ground state structure. Actually, the characteristic
structural changes upon excitation that are found in EPR
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experiments and disulfide bond assays®~”'* are also observed in
the M-state coordinates: the shift of helices F and G in SRII
and the rotation of the C-terminal part of TM2 in HtrII (Figure
1), in addition to the local structural changes around the
isomerized retinal due to the transfer of a proton from the
Schiff base to D75.”* However, the observed amplitudes of the
coordinate shifts from the ground state structure are much
smaller than expected in other experiments;*”">
mean-square deviation (rmsd) of the Ca atoms between the
two crystal structures (PDB entries 1h2s and 2{95) is only 0.49
A. It has been argued that this small change is due to the
constraint originating from the crystal environment.” These
facts give an impression that the signal transfer process has
been certainly triggered, but the motions seem to be somehow
stalled in the crystal environment.

In this study, we intended to remove the crystal packing
effects from the crystal structures and to observe the structural
differences between the ground state and the M-intermediate
state in fully relaxed complex structures in a lipid bilayer using
molecular dynamics (MD) simulations. Sato et al. performed
MD simulations of the complex in the ground state and in K-
and M-intermediate states.”> However, because of short
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Figure 1. Simulation system of the SRII—HtrII complex with the
modeled HAMP domain in a lipid bilayer. The portions of SRII and
HitrII determined in the crystal structure (PDB entry 1h2s) are colored
red and green, respectively. The modeled HAMP domain is colored
blue, and the other modeled fragments are colored gray. The two
molecules of SRII and Htrll are named SRII, and SRII;, and Htrll,
and HtrIIy, respectively, for the sake of clarity: (a) view parallel to the
membrane and (b) view from the extracellular side. Molecular graphics
images were generated using PyMOL (The PyMOL Molecular Graphics
System, version 1.1rl, Schrédinger, LLC, New York).

simulation times (500 ps) and an incomplete simulation system
(1:1 SRII-HtrIl complex with modeled K- and M-state
structures), the results were not sufficiently reliable. We have
constructed simulation systems of the complex of N. pharaonis
in the ground state and the M-intermediate state based on the
two crystal structures, with all molecules in the complex (2:2
SRII-HtrII complex) appended with many missing residues
[the full length of SRII (residues 1—239) and the N-terminal
part of HtrII (residues 1—136), including a modeled HAMP
domain (residues 84—136)] embedded in the lipid bilayer. The
HAMP domain was included because of reports mentioning the
importance of the interactions between the HAMP domain and
QRI] 121325

B MATERIALS AND METHODS

Simulation Systems. Crystal Structures. The simulation
system, the complex of SRII (residues 1—239) and Htrll
(residues 1—136), was constructed on the basis of the two
crystal structures of the SRII-HtrII complex, the ground state
structure (PDB entry 1h2s°°) and the M-intermediate state
structure [PDB entry 295 (alternate conformation B)*']. The
missing residues were supplemented using MODELLER
(version 8.2%°) as follows. In the ground state structure, C-
terminal residues 226—239 of SRII and N-terminal residues 1—
22 of Htrll were appended simply by extending the a-helical
structures. The method of modeling the C-terminal residues
83—136, including the HAMP domain, is explained below. In
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the M-intermediate state structure, residues 1, 2, and 223—239
for SRII and 1-26 and 80—136 for HtrII are appended.

Homology Modeling of the Htrll HAMP Domain. On the
basis of the NMR structure of the Af1503 HAMP domain,”’” a
homology model of the Htrll HAMP domain (residues 84—
136) was created and equilibrated for 200 ns by molecular
dynamics (MD) simulation in explicit water. The detailed
methods are described in ref 28. The MD trajectory of the
isolated HAMP domain was used for the model in the complex,
i.e,, a snapshot at 50 ns for the ground state simulation and one
at 160 ns for the M-intermediate simulation. These snapshots
were chosen so that the interhelical distances between the two
TM2 helices matched optimally with those of the correspond-
ing crystal structures. The two selected models have similar
structures with an rmsd for the Ca atoms of 1.12 A.

The modeled HAMP was appended as follows. After
extending one residue as an a-helical structure in the ground
state structure (residue 83) and four residues in the M-state
structure (residues 80—83), we connected the N-terminal
residue of the modeled HAMP domain (residue 84) to the C-
terminal residue of the crystal structure (residue 83) while
constraining the connecting region as an a-helix.

Modeling of the Complex without the HAMP Domain. As
a reference to the complex with the HAMP domain, another
model of the complex terminated after the first helix (called the
AS1 helix) of the HAMP domain (residues 1—102) was
modeled simply by extending the TM2 helix to residue 102
with MODELLER.*

MD Simulations of the Complex in the Lipid Bilayer. The
simulation system was constructed by embedding the complex
in a 1-palmitoyl-2-oleoylphosphatidylcholine (POPC) lipid
bilayer in an aqueous environment. As a result, the system
consisted of nearly 184000 atoms, including 440 lipid
molecules and 38000 water molecules and KCl ions
corresponding to 150 mM with a box size of 127 A X 127 A
X 114 A (Figure 1).

All the simulations were conducted with MARBLE* using
CHARMM?22™ force fields corrected by CMAP?' for proteins
and retinal, CHARMM27%* for lipids, and TIP3P*® for water.
Electrostatic interactions were calculated using the particle
mesh Ewald method.>* The time step was 2 fs. The Schiff base
and D75 are protonated and deprotonated, respectively, in the
ground state and are deprotonated and protonated, respec-
tively, in the M-state. The entire system was equilibrated for 4.0
ns under the NPT ensemble (300.15 K and 1 atm) conditions
with constraints against the protein and lipid non-hydrogen
atoms. The constraints were gradually decreased to zero over 4
ns. Production runs were repeated twice for each state [G1, G2,
M1, and M2 (Table 1)] under the NPAT ensemble conditions
(constant surface area and constant pressure) for 100 ns
without any constraints. In addition, production runs for the
system without the HAMP domain were performed for each
state [Gp and Mp (Table 1)] for 100 ns.

Table 1. Summary of Simulations

photochemical HAMP domain (the C- production
simulation state of SRII terminal residue of HtrII) run (ns)
Gl1, G2 ground state —136 2 X 100
Gp ground state —102 (AS1 only) 100
M1, M2 M-intermediate —136 2 X 100
Mp M-intermediate —102 (AS1 only) 100
dx.doi.org/10.1021/bi300696b | Biochemistry 2012, 51, 5958—5966
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Figure 2. (a and b) Time evolution of the root-mean-square deviation (rmsd) from each crystal structure [PDB entries 1h2s and 295 (alternate
location B)]: (a) the simulations starting from the ground state structure (G1 and G2) with G1 colored cyan and G2 colored blue for the HAMP
domain (rmsd from the NMR structure; PDB entry 2asw with the alignment in ref 29), G1 colored pink and G2 colored red for the transmembrane
(TM) region of SRII [SRIL, (top) and SRIIy (bottom); the TM region is defined by residues 4—25, 34—SS, 70—91, 95—117, 122—149, 173—181,
and 190—204], and G1 colored light green and G2 colored dark green for the TM region of the HtrII dimer (residues 24—43 and 60—81). (b)
Simulations starting from the M-intermediate state structure (M1 and M2) with the same coloring scheme as in panel a. (c) Residue profile of the
rmsd of the Car atoms among 16 pairs of the four average structures of SRII, and SRII; in G1 and G2 simulations and the four average structures of
SRII, and SRII in M1 and M2. (d) Result of the principal component analysis (PCA) using the eight average structures of SRII, and SRIl} in G1,
G2, M1, and M2. The four average structures in Gp and Mp are mapped onto the principal components of the two largest eigenvalues, PC1 (58%
contribution) and PC2 (20% contribution). (e) Eigenvector of PC1 plotted on the SRII structure: view from the cytoplasm (left; loops omitted) and
view parallel to the membrane (right). The lengths of the vectors are magnified by a factor of 20. The positions of the residues are indicated for L89
(helix C) and L159 (helix F), whose distance was measured by the EPR experiment.”

B RESULTS AND DISCUSSION

Stability of the Simulation Systems. MD simulations
were conducted for the SRII-HtrIl complex of N. pharaonis
with the modeled HAMP domain: simulations G1 and G2
(starting from the ground state structure) and M1 and M2
(from the M-intermediate state structure) are listed in Table 1.
The stability of the simulation systems is shown in panels a and
b of Figure 2 in terms of the rmsd values of the Car atoms from
the corresponding crystal structures or the NMR structure. The
entire complex was stable within the simulation period of 100
ns. The HAMP domain shows a larger rmsd value, but it did
not change the structure markedly from the initial structure
obtained in the simulation of the isolated HAMP domain®
whose rmsd value was already ~2.0 A from the NMR structure.

Comparison with the Experimental Data: Validation
of the Simulation Systems. The structure and position of
the modeled HAMP domain in the SRII-HtrII complex were
examined in comparison with the information derived from
EPR experiments by Steinhoff et al:***?>*% inter-residue
distances (Figure S2 of the Supporting Information), residue
accessibility from the aqueous environment (Figure S3 of the
Supporting Information), and residue mobility (Figure S4 of
the Supporting Information). Débber et al.*® argued on the
basis of the EPR experiments that the HAMP domain is in an
equilibrium between two conformational states, a highly
dynamic (less ordered) state and a more compact (more
ordered) state. We concluded from a comparison between the
EPR experiments and the simulations (see the Supporting
Information) that the simulated HAMP domain structure in the
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SRII-HtrlI complex closely resembles the compact state
observed in the EPR data. It is difficult to sample the dynamic
state far from the initial structure in a limited simulation time of
100 ns. Therefore, the following discussion is based on the
assumption that the HAMP domain stays in the compact state.

Several hydrogen bonds have been reported to be crucial for
the SRII—HtrlI interactions and the signal transfer."®™'® The
hydrogen bonds important for stabilizing the SRII-HitrII
complex are the T189—E43, T189-S62, and Y199—-N74
bonds,'” and the key hydrogen bond for the signal transfer in
SRII is the T204—Y174 bond."® These bonds were found to be
stable in both the ground state simulations (G1 and G2) and
the M-state simulations (M1 and M2) (Figure SS of the
Supporting Information). In addition to these stable contacts,
local structural changes were observed during the transition
from the ground state to the M-state. These changes occurred
upon the transfer of a proton from the Schiff base to D75,
including the K205—D75, K205—water, D75—water,22‘36 and
D75—T79 hydrogen bonds.'® The formation and cleavage of
these hydrogen bonds during the simulations (G1, G2, M1,
M2, Gp, and Mp) were found to be consistent with the
experiments including the crystal structures (see the Supporting
Information for details).

In summary, we observed that the simulation system was
stable and maintained the important hydrogen bonds observed
in the crystal structures over 100 ns. The structure of the
modeled HAMP domain agreed well with the compact state
observed in the EPR experiments.

dx.doi.org/10.1021/bi300696b | Biochemistry 2012, 51, 5958—5966
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Shift of Loop EF and Helix F in SRII. Let us focus on the
structural changes in SRII between the ground state and the M-
state, observed in the simulations. Figure 2c shows Ca rmsd
values between one of the four average structures in the ground
state simulations (SRII, and SRII; in G1 and G2, respectively)
and the four average structures in the M-state simulations. The
figure shows that loop EF and the N-terminus of helix F moved
greatly, in addition to the large motions in the N- and C-
termini, though the rmsd values fluctuated significantly among
the average structures. To clarify the structural differences in
the average structures, we performed a principal component
analysis (PCA) for SRII using the eight average structures
obtained in G1, G2, M1, and M2. The results are shown in
Figure 2d as the projection of the average structures onto PC1
(58% contribution) and PC2 (20% contribution). Two clusters
were clearly separated along PC1: one consisting of the average
structures of G1 and G2 and the other of M1 and M2 with the
exception of SRIIy in M2.

To illustrate the characteristic coordinates of PC1, separating
the M-state from the ground state, we describe the eigenvector
of PC1 on the SRII structure in Figure 2e, where loop EF and
the cytoplasmic region of helix F move outward. Movements of
loop EF and helix F have been observed in various
experiments.**'*!* In Figure 2e, as a reference, the positions
of residues 189 (helix C) and L159 (helix F), whose distance
was measured by the EPR experiments,7 are indicated. In the
EPR experiments, the distance between the two residues was
found to increase, and the outward motion of helix F was
proposed as a plausible explanation.” This motion is not clearly
observed in the M-state crystal structure,”’ but our MD
simulations correctly reproduced the experimental observa-
tions. The average increase in distance between L89Cj; and
L159Cj over the last SO ns was 1.7 A. This structural difference
in SRII will be discussed again in terms of the interaction
between SRII and HitrIl.

Rotation of the TM2 Helix in Htrll. Another important
motion observed in the experiments is the clockwise rotation
(looking from the cytoplasmic side) of the TM2 helix in HtrII
along with the transition from the ground state to the M-
state.%*' To evaluate the rotation of TM2 quantitatively, we
devised a side chain Crick angle®® based on the program
TWISTER for the analysis of coiled-coil structures,>” whose
definition is given in the Supporting Information. The side
chain Crick angles calculated along the TM2 residues are
shown in Fi§ure 3a as well as those of the crystal structure of
the M-state.”’ The M-state crystal structure clearly shows a
definite clockwise rotation (the negative sign corresponds to
clockwise rotation) at the cytoplasmic half of the TM2, though
the rotation angle is approximately half of the reported value.”!
The simulation results also indicate clockwise rotations not
only in the cytoplasmic half but also in the entire helix with
increased magnitudes, though the angles have large deviations.
Figure 3b shows the direction of motion together with the
residues whose distances have been measured by EPR
experiments.6

Change in the Overall Orientation of SRIl Molecules.
A more obvious difference between the ground state and the
M-state was seen in the entire complex structure, that is, the
orientation of the SRII molecules. As shown in Figure 4a—c, the
simulation results in the ground state show that the molecular
orientation of the two SRII molecules became more closed than
in the ground state crystal structure (Figure 4a), while the
orientation became more open than in the M-state crystal
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Figure 3. (a) Differences in the side chain Crick angles, defined for the
two helices of TM2 in the dimeric HtrII, between the ground state and
the M-state: blue for M1 — GI, cyan for M2 — GI, red for M1 — G2,
pink for M2 — G2, and black for the difference in the two crystal
structures, 2f9S — 1h2s. (b) Molecular view of SRII (magenta) and
Htrll (green) from the cytoplasmic side indicating the structural
change of SRII from the ground state to the M-state (eigenvector of
PC1) and the rotation of TM2 indicated by the side chain Crick angle.
The positions of the interface residues between SRII and HtrII, used in
the EPR experiments,® are also indicated.

structure in the M-state simulations (Figure 4b). It is notable
that the two crystal structures have almost the same orientation,
as indicated below. The superposition of the two average
structures in the ground state and the M-state simulations more
clearly indicates the change in the overall orientation of SRII
molecules (Figure 4c). To describe this difference more
quantitatively, we calculated the orientation angle defined by
connecting the centers of the TM regions, SRII,—HtrII dimer—
SRII;. Figure 4d (left panel) shows the time evolution of the
orientation angle. In G1 and G2, the angle decreased by ~5°
from that of the crystal structure in the ground state, whose
angle is 151.2°, immediately after the simulation started. On the
other hand, in M1 and M2, the angle increased by less than ~5°
from that of the M-state crystal structure (151.4°), also right
after the simulation started. The difference in the orientation
angle between the two simulations reached almost 10°.

These quick changes of the orientation angle in a lipid bilayer
suggest a possible release from the crystal environment. In the
crystal structures, the extracellular end (the turn region
between ASI and AS2 helices, GS1 and D52) of HtrII in the
adjacent cell is plunged into the cytoplasmic end of Hitrll
(Figure 4e). The open space at the cytoplasmic end of HtrlI is
actually filled with long disordered chains that are invisible in
the crystal structures: 54 residues (1—22 and 83—114) in the
ground state and 104 residues (1—26 and 80—157) in the M-
state. These disordered residues may have certain crystal
packing effects caused by the proteins in the adjacent cell. We
therefore consider that the complex relaxes in the structure

dx.doi.org/10.1021/bi300696b | Biochemistry 2012, 51, 5958—5966
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Figure 4. (a) Superposition of the SRII—HtrII complex structures. Average structure of G1 (green) and the crystal structure of the ground state
(yellow, PDB entry 1h2s), fitted to their TM domains of SRII: horizontal view (top) and cytoplasmic view (bottom). The HAMP domain is not
shown here for the sake of clarity. (b) Superposition of the average structure of M1 (red) and the crystal structure of the M-state (yellow, PDB entry
2f95). (c) Superposition of the average structures of G1 (green) and M1 (red). (d) Time evolution of the angle of the TM domain defined by
connecting the three centers, SRI[,—HtrII dimer—SRII. The left panel shows G1 (light green), G2 (dark green), M1 (pink), and M2 (red). The
right panel shows Gp (dark green) and Mp (pink). (e) Crystal packing of the SRII—HtrII complex (PDB entry 1h2s). The cytoplasmic portion of
the HAMP domain whose coordinates are missing in the crystal structure (residues 1—22 and 83—114) exists around the region encircled by a
dotted line. This region may have a crystal contact with HtrII in the neighboring crystal cell.

without the packing effects when the complex is transferred
from the crystal environment to a lipid bilayer.

Interactions between SRIl and Htrll. Sudo et al"
demonstrated in a binding assay that the interaction between
SRII and HtrIl is weakened in the M-state compared to the
ground state by 25—50-fold. Although these simulations cannot
follow such drastic changes, the MD trajectories successfully
captured small but significant changes in the interactions.
Figure S6 of the Supporting Information shows the number of
contacts, both hydrophobic and polar, between SRII and HtrII
observed in the simulations; the definition of a contact is given
in the legend of Figure S6 of the Supporting Information.
Differences were clearly observed in the linker region in HtrII
(Figure S6b of the Supporting Information, residues 83—90);
the number of contacts in the M-state (1.7 + 1.5) is almost
one-third of the number in the ground state (5.1 = 3.2). The
direction of the change is consistent with the binding
experiments, though the magnitude of the change is much
smaller than the experimental difference. Among the various
contacts, major polar contacts in this region are the
G83(HtrI[)~N165(SRII) and D85(HtrII)—R162(SRII) con-
tacts in the ground state. In the M-state, the G83—N165
contact was broken but the D85—R162 contact was maintained.
Yang et al.'>'* and Kamada et al."® pointed out that G83 is
important for signal transduction. Sudo et al."> suggested the
importance of R162 in the interaction with HtrI. The switched
contact, G83—N165, may relate to the function, and the
preserved contact, D85—R162, may contribute to stability.
These observations thus appear to be consistent with the
experimental data.
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The weakening of the interaction occurred as a consequence
of the opening motion of the entire SRII molecules in the M-
state shown in Figure 4. In other words, the opening motion of
the entire SRII molecules (more distant from HtrII) dominated
the outward shift of helix F (approaching Htrll). We also
noticed that the interactions on the extracellular side of TM2
were maintained in the simulations (Figure S6a of the
Supporting Information). On the other hand, the interaction
with the HAMP domain itself was found to be very weak both
in the ground state and in the M-state (Figure Sé6c of the
Supporting Information).

The difference in the interactions between SRII and HtrII is
clearly reproduced in the interhelical distance between helix F
in SRII and TM2 in HtrII (Figure Sa,b). The smaller distance is
in the ground state and the larger distance in the M-state. A
close examination of panels a and b of Figure S reveals a clear
relationship between the interhelical distance and the structural
classification of SRII along PC1 shown in Figure 2d (Figure
Sc). The correlation coefficient was as large as 0.85. The
distance of SRII; in M2, which shows a ground state-like
structure, gives a smaller value of the interhelical distance. We
therefore concluded that there is a tight coupling between the
structure of SRII and the interactions between SRII and HtrIL

Structural Changes in the Four-Helix Bundle of Htrll.
It is difficult to consider that the change in the orientation of
SRII shown in Figure 4 occurred as a spontaneous motion of
SRII to adapt itself to an optimal orientation in the membrane,
because the structural change of the TM region in SRII is small.
Therefore, the origin of the orientational change has to be
ascribed to another portion of the complex. We consider that

dx.doi.org/10.1021/bi300696b | Biochemistry 2012, 51, 5958—5966
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Figure S. (a) Interhelical distances between helix F and helix TM2 in
the simulations with the HAMP domain, defined by the distances
between two helical axes, averaged over the last SO ns of the
simulations: G1 (light green), G2 (dark green), M1 (pink), and M2
(red). Left and right panels show the data of the SRII;—HtrII; and
SRII,—Htrll, pairs, respectively. (b) Interhelical distances in
simulations Gp (dark green) and Mp (pink). Distances of the crystal
structures of the ground state (black dot) and the M-state (black solid)
are also plotted. (c) Correlation between the distances between F-
TM2 and PCl shown in Figure 2. These two factors strongly
correlated with a correlation coeflicient of 0.85.

the cause is in the four-helix bundle of the HtrII dimer. As
shown in Figure 6a, the interhelical distance in the ground state
simulations (Gl and G2) between the two TM2 helices in
Htrll is shorter by almost 4 A at residues 70—80 than in the
crystal structures. At the same time, the distance between the
two TM1 helices is expanded around residues 25—32 compared
to that in the crystal structures. On the other hand, the
arrangement in the M-state simulations (M1 and M2)
maintains the crystal form where the ground state and the
M-state take the same structure of HtrIl. This means that the
four-helix bundle changed the arrangement from orthorhombic
(diamond cross section) in the ground state to tetragonal
(square cross section) in the M-state. This change in the
structure of Htrll, particularly tightly interacting region of
residues 70—80, induced the change in the orientation of the
SRII molecules.

The structural change of the four-helix bundle can be
quantitatively measured by the all atom rmsd values between
the structures in G1 and G2 and those in M1 and M2 at each
layer of the four-helix bundle (Figure 6b). The rmsd value
gradually increases from residue 70 and becomes greater than §
A after residue 79. To illustrate the difference, cross sections of
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the HtrII are shown in Figure 6¢—f. It can clearly be seen that
there are two types of helix packing, loose packing (the two
crystal structures and the M-state simulations, the tetragonal
form) and close packing (the ground state simulations, the
orthorhombic form).

Influence of the HAMP Domain. Finally, the influence of
the HAMP domain is discussed by referring to the MD
simulations of the complex without the HAMP domain (the
model with only the AS1 helix; Gp and Mp). As for structural
stability during the simulation [the rmsd values from the crystal
structures (Figure S7 of the Supporting Information)] and the
stability of the hydrogen bonds important for stabilization and
function [the hydrogen bond distances (Figure SSef of the
Supporting Information)], the complex without the HAMP
domain was stable enough and showed almost no influence of
the absence of the HAMP domain. Actually, as shown in Figure
Séc of the Supporting Information, almost no direct interaction
was observed between SRII and the HAMP domain.

However, when looking at the other details, we found
significant differences between Mp and M1 or M2. Figure 2d
shows the behavior of loop EF and helix F in SRII in the
principal components. Notably, Gp and Mp resulted in a mixed
structure; GpB and MpA are in the cluster of the ground state,
while GpA and MpB are in the cluster of the M-state. This may
suggest a possible role for the HAMP domain in the stability of
SRIL This classification precisely matches the distance between
helix F in SRII and TM2 in HtrII as shown in Figure Sc; the
shorter distance corresponds to the ground state-like structure
of SRII and the larger distance to the M-state-like structure. As
shown in Figure S8 of the Supporting Information, showing the
side chain Crick angle, neither Gp nor Mp exhibited a
noticeable rotation of TM2 of HtrlIl as in G1 and G2, unlike
M1 and M2. Figure 4d (right panel) shows the orientation
angle of SRIIL, which clearly indicates that Gp and Mp
underwent similar closing motions as in Gl and G2. We
noticed in Mp that the closing motion did not occur rapidly,
but after more than 50 ns, it eventually attained the same
orientation angle as the ground state simulations. The
interhelical distance (Figure S9 of the Supporting Information)
and the cross section views (Figure S10 of the Supporting
Information) of Gp and Mp are also consistent with those of
the ground state simulations, or the close packing form.

As shown in these simulation results, the Mp simulation did
not exhibit the characteristic motions occurring in the M-state
but showed behaviors similar to those in the ground state.
Although the influence from the HAMP domain did not appear
clearly in Gp, in the case of Mp the existence of the HAMP
domain seems to determine the structure, either the M-state-
like or the ground state-like structure. What caused these
differences in the structures between Mp and M1 or M2?

Here, we try to explain the reason for these differences found
in the simulation Mp by focusing on the stability of the four-
helix bundle, particularly in the cytoplasmic region. The initial
models for simulations Gp and Mp were built simply by
extending TM1 and TM2 as a-helices from the crystal
structures. The absence of the HAMP domain allowed the
elongated helices to remain straight down to the cytoplasmic
region. As a result, these models yielded stable interactions in
the four-helix bundle almost up to residues 19 in TM1 and 85
in TM2 (for the correspondence of two residues in TM1 and
TM2, see Figure Slla of the Supporting Information), which
may stabilize the four-helix bundle to assume close packing. On
the other hand, the existence of the HAMP domain makes
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Figure 6. (a) Interhelical distances between two TM1 helices (left) and between two TM2 helices (right) of HtrlI, averaged over the last 50 ns: G1
(light green), G2 (dark green), M1 (pink), and M2 (red). The distances of the crystal structures of the ground state (black dot) and the M-
intermediate state (black solid) are also plotted. (b) Residue profile of the rmsd for the non-hydrogen atoms of helices TM1 and TM2 among four
pairs of the two average structures in G1, G2, M1, and M2 simulations: blue for M1 vs G1, cyan for M2 vs G1, red for M1 vs G2, and pink for M2 vs
G2. The superposition was for residues 27—43 and 60—79 in HtrIl. Each rmsd value was calculated for residue pairs 60—44, 61—43, .., 86—18,
representing the layers of the HtrII four-helix bundle. (c—f) Hydrophobic side chain packing of the four helices in the HtrII dimer: (c) ground state
crystal structure, (d) M-state crystal structure without Phe26, (e) snapshot of G2 at 90 ns, and (f) snapshot of M2 at 80 ns. TM1 and TM2 helices

are colored green and yellow, respectively.

TM1 and TM2 bend at around residues 20 and 84, respectively,
to avoid a steric clash with the HAMP domain. This bend may
make the four-helix bundle marginally stable or allow it to
switch between the ground state and M-state structures. In this
sense, the extraordinary behavior of simulation Mp can simply
be ascribed to the stabilization of the four-helix bundle because
of the artificial model without the HAMP domain. Never-
theless, the long relaxation time in Mp (50 ns) shown in Figure
4d (right panel), unlike the rapid relaxation in G1, G2, and Gp,
may indicate a significant difference from the ground state
structure.

Here, we noticed the important differences in the
cytoplasmic region of the four-helix bundle between the
ground state and the M-state. The structures of G1 and G2
maintained stable interactions of the bundle up to residues 23
(TML1) and 81 (TM2), in accordance with the crystal structure
of the ground state that contains these interactions. On the
other hand, simulations M1 and M2 did not achieve stable
interactions in the helices after residues 26 (TMI1) and 78
(TM2) (see the large values of the root-mean-square
fluctuations in Figure S11b of the Supporting Information).
These large fluctuations in residues 26—28 coincide with the
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M-state crystal structure in which the residues involved in these
interactions are disordered. Therefore, these differences suggest
an importance of the stability of the four-helix bundle in the
cytoplasmic region, particularly residues 23—26 in TM1 and
80—82 in TM2, as a determinant of the overall structure of the
SRII-HtrIl complex.

B CONCLUDING REMARKS

Here, we summarize the difference between the ground state
and the M-state observed in the simulations, following the
supposed process of signal transduction. The changes in the
hydrogen bond network due to photoexcitation were properly
reproduced in the simulations (Figure SS of the Supporting
Information). The structural changes in SRII occurred
predominantly in loop EF and helix F (Figure 2). This
structural change weakens interactions between SRII and HtrII
(Figure S6 of the Supporting Information) through the
coupling between the structural changes in SRII and the
distance between helix F and helix TM2 (Figure Sc). The
weakened interactions triggers the structural transition of the
four-helix bundle of HtrlI from close packing to loose packing
(Figure 6). These structural changes can also be seen in the
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rotation of TM2 (Figure 3) and in the change in the orientation
of the SRII molecules (Figure 4). The structural transition of
the four-helix bundle may be related to the destabilization of
the stable helix contacts in the cytoplasmic part of Htrll
(probably in the region containing residues 26—28 in TML1).
When these contacts remain stable, the process converting the
ground state to the M-state does not occur [simulation Mp
(Figures 4 and S and Figures S7—S10 of the Supporting
Information)]. These simulation results established the
structural basis for the various experimental observations
explaining the structural differences between the ground state
and the M-intermediate state.

Although we could not observe any significant structural
change in the HAMP domain during the M-state simulations,
the changes in the packing state of the four-helix bundle will
further transmit the signal to the HAMP domain, probably
causing some conformational changes in the HAMP domain, as
well as in the second HAMP domain that was not included in
the simulation model, as proposed in the crystal structure of
poly-HAMP domains®® and in a probe labeling efficiency
analysis.>

B ASSOCIATED CONTENT

© Supporting Information

Definition of the side chain Crick angle, full description of
comparisons between the EPR experiments and the simu-
lations, time evolution of the hydrogen bond distances, time
evolution of the total contacts involved in the HtrII-SRII
interface, the corresponding residue numbers in the interface
region between the TM and the CP domains of Htrll, residue
profile of all atom root-mean-square fluctuations, and figures
(time evolution of the rmsd, the difference in the side chain
Crick angles, the interhelical distances, and the hydrophobic
side chain packing of the four-helix bundle of the HtrII dimer)
of the simulations without HAMP domains Gp and Mp. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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SRII, sensory rhodopsin II; HtrIl, halobacterial transducer of
rhodopsin II; MD, molecular dynamics; EPR, electron
paramagnetic resonance; HAMP domain, domain found in
histidine kinases, adenylyl cyclases, methyl-accepting chemo-
taxis proteins, and phosphatases; AS1 and AS2, first and the
second amphipathic helical segments in the HAMP domain,
respectively; TM, transmembrane; CP, cytoplasmic; PDB,
Protein Data Bank.
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