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of a Potassium Channel

Carmen Domene,* Satyavani Vemparala,’ Michael L. Klein," Catherine Vénien-Bryan,* and Declan A. Doyle®

*Department of Chemistry, University of Oxford, Oxford OX1 3QZ, United Kingdom; *Department of Chemistry and Center for Molecular
Modeling, University of Pennsylvania, Philadelphia, Pennsylvania 19104-6323 USA; *Laboratory of Molecular Biophysics, Department
of Biochemistry, University of Oxford, Oxford OX1 3QU, United Kingdom; and SStructural Genomics Consortium, University of Oxford,
Botnar Research Centre, Oxford OX3 7LD, United Kingdom

ABSTRACT Position of the transmembrane aromatic residues of the KirBac1.1 potassium channel shifts from an even
distribution in the closed state toward the membrane/solute interface in the open state model. This is the first example of an integral
membrane protein making use of the observed preference for transmembrane aromatic residues to reside at the interfaces. The
process of aromatic localization is proposed as a means of directing and stabilizing structural changes during conformational
transitions within the transmembrane region of integral membrane proteins. All-atom molecular dynamics simulations of the open
and closed conformers in a membrane environment have been carried out to take account of the interactions between the aromatic
residues and the lipids, which may be involved in the conformational change, e.g., the gating of the channel.
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Despite the steady increase in the number of integral
membrane proteins (IMP) in the Protein Data Bank and the
recent success of computational studies on biological channels
(1), there is still a relatively poor understanding of the extent
and nature of the interactions between IMP and the surround-
ing lipids, and more importantly, about the functional role these
interactions might have in processes such as gating and
modulation. This communication reports, to our knowledge,
the first example of an IMP making use of the observed
preference for transmembrane aromatic residues that reside
at the interfaces. The process of aromatic localization is
proposed as a means of directing and stabilizing structural
changes during conformational transitions within the trans-
membrane region of KirBac. Multiple nanosecond molecular
simulations are employed to establish a qualitative picture of
the intermolecular interactions between a lipid bilayer and the
aromatic residues of a membrane protein for which a high
resolution x-ray closed structure (2) and an open model (3—4)
are available (Fig. 1).

One feature present in all membrane proteins is the
localization of their transmembrane aromatic residues at the
membrane/solute interface. It has been known for a number
of years that aromatic residues preferentially reside at this
interface (5-7), but their functional role is unclear. These aro-
matic belts are suggested to anchor the protein within the
flexible membrane, although several other roles related to
packing, insertion, and folding (7-9) have also been attributed
to them. Anchoring of the protein to the membrane is accom-
plished by interactions of a polar part of the aromatic amino
acids of the protein with the phospholipid headgroups at the
membrane-water interface, and the hydrophobic part of these
amino acids with lipid acyl chains (9). Primarily, Trp and Tyr
are the amino acids reported to prefer being concentrated in the
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lipid headgroup region near the ends of the transmembrane
helices, although in this particular protein there is a high content
of Phe.

The closed and the open states surprisingly show con-
trasting views of the location of the aromatic residues (Fig.
1). In the closed state, the aromatic residues are evenly dis-
tributed along the length of the transmembrane helices; in
contrast, they show a dramatic shift toward the external and
internal interfacial regions plus a band located at the central
cavity section in the open state (Fig. 1). This dramatic change
in the location of aromatic residues between closed and open
states is the first view of an IMP using the interfacial aromatic
residues as part of protein function. As these aromatic residues
are highly conserved in this family of K channels (10), we pro-
pose that aromatic localization could contribute to the driv-
ing force during the conformational changes associated with
gating in the Kir family.

To characterize the dynamics of these residues, >40 ns
of molecular dynamics simulations were carried out in a
dioleoylphosphatidylcholine lipid bilayer using NAMD.
System sizes were of ~132,000 atoms.

Previous simulation studies have probed the role of
aromatics in anchoring proteins to lipid bilayers solely
(11,12). Our simulation aims to shed light on the role of the
aromatic residues in the conformational changes implicated
in the gating mechanism. We have analyzed the nature of the
interactions between the aromatic residues of the protein
in the open and closed states and the lipid membrane. In
KirBacl.1, there are 24 Tyr, 12 Trp, and 44 Phe residues in
the transmembrane domain, including the slide helices (there
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FIGURE 1 Schematic diagrams (drawn using VMD) of the aro-
matic localization at the membrane/solute interface of the open
and closed state models. The protein backbone is drawn in cyan
ribbons; aromatic side chains are displayed in red, space-filling
format.

are 460 residues in total in the transmembrane domain).
When the channel is open, the distribution of these residues
is in three bands: 32 (12 Tyr + 20 Phe) residues in the upper
(periplasmic) belt, 40 (12 Tyr + 12 Trp + 16 Phe) residues
in the lower (cytoplasmic) belt, and 8 Phe residues in the
central belt. Phe appears to have no preference for the in-
terface over the core of the membrane (13). During the
simulation time, the number of contacts between the lipid
bilayer and the open conformer are greater than for the
closed conformer, not surprisingly as the surface-accessible
area of the open form is greater. It is also observed that the
number of contacts between each type of aromatic residues
and the lipids is also greater in the open conformer due to the
movement of some of the originally buried residues toward
the lipids. Two order parameters, S; and Sy, were calculated
to characterize the orientation of these residues in both
conformers in the bilayer. Sy (¥2(3cos2 — 1)) is the angle
between the axis normal to the bilayer and a vector normal to
the plane of the aromatic ring, and S is the angle between
the axis normal to the bilayer and a vector from CS to Ca in
Tyr and Phe. The time evolution trends in the orientation of
Tyr and Trp residues remain unchanged between the closed
and open conformers unlike Phe residues. Sy and Sy values
fluctuate by ~16° and ~35°, respectively, on a picosecond
timescale in both Tyr and Trp. However, Trp residues
change their orientations from parallel to perpendicular on
a nanosecond timescale. The picture that emerges from the
analysis of the Sy and Sy values for Phe residues is somehow
more complex. Those Phe residues located in the pore helix
and buried within the protein (Phe'® and Phe'®) do not
move at all in either the closed or the open conformers. In
contrast, the rest of Phe residues behave very differently; Sy
and Sp values globally change on a nanosecond timescale in
the open conformer, whereas they remain constant in the
closed conformer with fluctuations on a picosecond time-
scale of ~45° and ~16° in the open and closed confor-
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mations, respectively. Representative cases are plotted in
Fig. 2. In summary, the orientation of the Phe residues
dramatically changes in the open conformation, whereas it
remains uniform in the closed state, except for the residues
that are buried in the protein and are totally immobilized in
both the closed and open conformations.

The interactions have been analyzed further in terms of
H-bonding between lipid and aromatic residues. A hydrogen
bond was counted if the donor-acceptor distance was <0.35
nm and the angle between hydrogen-donor-acceptor was
<60°. Interactions between headgroups and aromatic residues
of the closed conformer are appreciable with contributions
coming from Trp>Tyr>Phe; they become negligible for the
open conformer with the exception of Tyr (but these are the
residues located in the slide helices). It might appear
contradictory that there is a decrement in hydrogen bonds as
the surface exposure of aromatic residues to lipids increases in
going from closed to open. This observation may be accounted
by the fluctuations of the aromatic residues discussed above,
and it should also be noted that it may be advantageous to have
fewer lipid/aromatic contacts when the channel is in the open
state to prevent the stabilization of the open state of the channel
for a long time.

The results presented in this communication provide
computational and direct structural evidence of the nature of
interaction between a lipid bilayer and IMPs. Many membrane
proteins are involved in the transport of ions and small
molecules, and these are likely to undergo significant
conformational changes within their transmembrane section
as the protein moves from one state to another. The process of
aromatic localization may be part of the driving force as the
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FIGURE 2 Orientation of representative cases of aromatic
rings in the open and closed conformations as a function of
time. The first row corresponds to any nonburied Phe residues;
the second row, labeled Phe,, corresponds to Phe''? or Phe''3;
and the third row corresponds to any of the Tyr residues. Data
are smoothed in windows of 75 ps. Data corresponding to only
one of the residues of one of the four chains of the tetramer are

shown for clarity as they all behave in a similar manner.
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protein cycles between the different conformational states. In
this model, the aromatic residues can be thought of as a buoy
in the sea, directing the movement of any attached item to the
correct level. Even if the time spent in one conformational
state is not preferred over another, it can be envisioned that the
location of the transmembrane aromatic residues is optimized
to prevent the formation of an energetic well during transitions
between states. Therefore, the process of aromatic localization
may be a general method used by membrane proteins as the
transmembrane sections move between various conforma-
tional states and aromatic residues are not exclusively used in
order that a membrane protein is stably inserted in a bilayer.
Though aromatic belts seem to facilitate the anchoring of the
protein within the membrane through their interactions with
the polar heads of membrane lipids (Trp and Tyr), we also
suggest that in this particular family of IMPs, the interfacial
aromatic residues (Phe) play a role in guiding conformation
changes as the channel cycles between various gating states.
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