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Abstract

For a variety of reasons, the internal motions of integral membrane proteins have largely eluded
comprehensive experiential characterization. Here, the fast side chain dynamics of the 7-transmembrane
helix protein sensory rhodopsin II and the beta-barrel bacterial outer membrane channel protein W have
been characterized in lipid bilayers and detergent micelles by solution NMR relaxation techniques. Though
of quite different topologies, both proteins are found to have a similar and striking distribution of methyl-
bearing amino acid side chain motion that is independent of membrane mimetic. The methyl-bearing side
chains of both proteins, on average, are more dynamic in the ps-ns time regime than any soluble protein
characterized to date. Approximately one third of methyl-bearing side chains exhibit extreme rotameric
averaging on this timescale. Accordingly, both proteins retain an extraordinary residual conformational
entropy in the folded state, which provides a counterbalance to the absence of the hydrophobic effect that
normally stabilizes the folded state of water-soluble proteins. Furthermore, the large reservoir of
conformational entropy that is observed provides the potential to greatly influence the thermodynamics
underlying a plethora of membrane protein functions including ligand binding, allostery and signaling.

Main Text

The motions of amino acid side chains of proteins
are important for understanding the connection
between energetics, structure and function in these
complex macromolecules. For example, the
conformational entropy manifested in subnanosecond
motion can be a pivotal contribution to the
thermodynamics of molecular recognition by
proteins.' Furthermore, the dynamical disorder of side
chains in the sub-nanosecond time regime is
heterogeneously distributed throughout the protein,

which has significant implications for important
Fig. 1. Structural folds of pSRII and OmpW. The  aspects of their function.” Three types or classes of
crystal structures of pSRII (A) (PDB code 1H68) and  11otion have been discerned thus far by NMR
OmpW (B) (PDB code 2F1T) are colored by
secondary structural elements; a - helices in red, f3 - ; A
sheet in tan, and loops in blue. The black lines bracket ~ @ single rotameric well (termed the o-class), larger
approximate bilayer-spanning regions of the excursions within a rotameric well that are
proteins. The retinal cofactor of pSRII is drawn as
yellow sticks and structural water oxygen atoms are
highlighted as cyan spheres.

relaxation approaches: highly restricted motion within

accompanied by occasional rotameric interconversion
(«-class); and motions involving more extensive
interconversion between two rotameric states (J-
class).? These classes of motion are often resolved as distinct statistical distributions of NMR-derived
generalized order parameters.”® Importantly, ligand binding can result in redistribution of side chain
motions."** A quantitative interpretation of the dynamical response provides insights into the
thermodynamics underlying molecular recognition and indicates that the associated changes in
conformational entropy often have an important role in the overall free energy of ligand binding."® This
view has been obtained entirely with soluble proteins.! For a variety of reasons, membrane proteins have
largely eluded similar investigations. Here we report the first comprehensive experimental characterization
of the fast internal motions of two integral membrane proteins: sensory rhodopsin II (pSRII) and outer
membrane protein W (OmpW). Both proteins display a similar distribution of fast side chain motion that is
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markedly different from that seen soluble proteins and corresponds to an unusually high residual
conformational entropy.

Our findings are particularly remarkable because OmpW and pSRII represent the extremes of integral
membrane protein topologies. pSRII is a 7-transmembrane helix homologue of G-protein coupled receptor
proteins. The structure of isolated pSRII has been determined by crystallography (Fig. 1A)’ in lipid bilayers
and by solution NMR spectroscopy in micelles® and are in good agreement.® In contrast, OmpW is a -
barrel membrane protein found in the outer membrane of E. coli and other Gram-negative bacteria. Like
pSRII, the structure of OmpW has been solved using both x-ray crystallography and solution NMR
spectroscopy.”'? It contains 8 transmembrane B-strands that form a barrel structure in the membrane (Fig.
1B). Half of the inter-strand connections are short turns while the other four connections are large, loop
structures. The functions of pSRII and OmpW are also distinct. pSRII mediates negative phototaxis in
response to absorption of blue light. The 13-trans-cis isomerization of the attached retinal cofactor activates
a two-component signaling system through its bound transducer partner protein.'' Though its precise
function has not been confirmed, OmpW has been implicated in multiple cellular processes, such as
transport of hydrophobic substrates,’ iron uptake,'? and antibiotic resistance.'® Given these structural and
functional differences, the large reservoir of conformational entropy observed here in both points to a
general role for fast motions in the thermodynamics governing membrane protein stability, folding and
function.

Results & Discussion

Incorporation of integral membrane proteins into multiple membrane mimetics for NMR studies

We utilized a newly-developed growth and expression strategy (detailed elsewhere'®) to generate fully
5N, *CH; ILVM labeled pSRII in the background of ~75-80% deuteration. The labeling strategy involves
expression in H,O and avoids “back exchange” of amide hydrogens that generally plagues preparation of
membrane proteins generated by expression in D,O (Fig. S1A) while maintaining optimal methyl labeling
(Fig. S1C) in a background of sufficient deuteration to permit quantitative measurement of methyl dynamics
using cross correlated relaxation techniques (Fig. S1A, S1C)." The presence of amide "N-'H allows access
to local backbone motion and determination of the molecular reorientation time of the protein.'® OmpW
can be refolded in high yield and thus the traditional approach of expression during growth on bulk D,O
media permitted a standard labeling strategy for '°N, *CH; ILV labeling in a background of carbon bonded
deuterium (Fig. S1B & S1D). pSRII and OmpW were solubilized for NMR experiments in both detergent
micelles (composed of c7-DHPC and SB3-12, respectively) as well as DMPC lipid bilayers in the form of
q ~ 1-1.1 bicelles where q is the molar ratio of long-chain DMPC and short chain DHPC. Small-angle X-
ray scattering (SAXS) was used to confirm that a disc-like bicelle that maintained bilayer character was
preserved in the presence of embedded protein.'” It has recently been shown that a feature of the scattering
profile can be used to diagnose a transition from a disk-like bilayer containing bicelle to a mixed bicelle-
micelle.'” For both pSRII and OmpW, addition of short-chain lipid results in a right-shift in a prominent
peak feature in the mid-Q range (~0.15 A) as the bicelles transition into mixed micelles (Fig. S2).'” The
onset of this transition begins below q ~ 0.8 for both proteins. While this trend is clear for pSRII, the result
for OmpW is rather muted, presumably due to the large extracellular domain that has serves to obscure the
contribution of the bicelle to the scattering profile. Nevertheless, there is still a clear trend towards larger
Qmax values for the main peak feature at lower bicelle q-ratio (Fig. S2B). In further support of the high-q
bicelles used here, the Fas receptor transmembrane domain experiences a comparable transition upon
modulation of bicelle g-value, as demonstrated by a series of detailed solution NMR characterizations of
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the protein itself (q ~ 0.6-0.7)."® In summary, under the conditions used to obtain NMR relaxation data
(q=1) both pSRII and OmpW are embedded in true bilayers.

Previous "N relaxation studies of pSRII in DHPC micelles have indicated that the backbone of pSRII
is essentially a rigid scaffold on the subnanosecond time scale.”” We repeated '°N longitudinal (R;) and
transverse (R») relaxation experiments to confirm a global reorientation time through a series of locally-
resolved tumbling values, which is necessary for the accurate calculation of side chain dynamical
parameters (21.9 + 0.9 [micelle] and 28.9 £ 3.0 ns [bicelle]) (Fig. S3A & S3B). The backbone of pSRII is
also largely silent in the slower ps-ms time regime as evidenced by Ri-R, products®® and generally flat ’N-
dispersion profiles (Fig. S4A-D). Finally, Carr-Purcell-Meiboom-Gill (CPMG) methyl-dispersion
experiments indicate that the methyl groups are devoid of us — ms motions (not shown). Similarly, °N
backbone relaxation experiments conducted on OmpW in SB3-12 detergent micelles allowed determination
of the global reorientation time (24.0 £+ 0.9 ns [micelle] and 29.9 + 2.2 ns [bicelle]) (Fig. S3C & S3D) and
confirmed the lack of significant fast and slower timescale backbone motions (Fig. S4E & S4F).

Membrane mimetic has little impact on fast internal motions of integral membrane proteins

Methyl cross-correlated relaxation experiments'> were then interpreted in the context of the Lipari-
Szabo formalism,”' yielding squared generalized order parameter of the methyl group symmetry axis (O?uxis)
for nearly every resolved methyl resonance in pSRII and OmpW. O%s values range from one,
corresponding to complete rigidity within the molecular frame, to zero, which effectively corresponds to
isotropic disorder. Choice of lipid environment can be pivotal for interrogation of membrane protein
structure, dynamics, & function.”>2* We have incorporated pSRII and OmpW into both detergent micelles
as well as lipid bilayers in order to assess the potential role of membrane environment in membrane protein
fast-timescale side chain dynamics. Due to their small size, micelles result in higher-quality, more
comprehensive NMR data. Bilayers represent a more native-like environment for membrane proteins, yet
form very large assemblies, limiting signal-to-noise. Comparisons of membrane protein dynamics between
lipid conditions have been restricted to limited raw backbone relaxation data;****** we aimed here to
quantitatively assess lipid environment effects by comparing dynamics direct/y through calculation of
methyl order parameters. The NMR chemical shifts of pSRII & OmpW incorporated into micelles and
bilayers are very comparable, though there are notable shifts in the OmpW *C-methyl spectrum likely due
to change in detergent/lipid head group (Fig. S1). Further, the NOESY patterns® of pSRII prepared in DHPC
micelles and DMPC bilayers in the form of bicelles are nearly identical, though maintenance of average
parameters such as these are not necessarily indicative of conserved dynamics. To directly test this, we
compared methyl O values for both proteins in the two environments. An excellent correlation of O%is
values between the two lipid environments was observed for those methyl probes having data of suitable
quality and that could be accurately mapped between membrane mimetics (R* = 0.81 and 0.96 for pSRII
and OmpW, respectively) (Fig. S5).

These comparisons suggest that fast-timescale motions are less sensitive to membrane mimetic than
previously anticipated.”>*® Due to the apparent lack of dependence of fast-timescale dynamics on lipid
environment for both membrane protein systems, we pursued more detailed investigations of micelle-
incorporated proteins due to the improved data quality. Approximately 90/146 methyl probes in pSRII and
55/65 in OmpW had O?i values sufficiently determined with acceptable precision (error < 0.10) with an
average error of = 0.038 for pSRII (see Fig. S6A as well as the BMRB under accession number 27465) and
+0.019 for OmpW (Fig. S6B)). Of note, the overwhelming majority of methyl groups not included for the
analysis of pSRII are due to spectral overlap rather than low signal to noise. An “unbiased” analysis of all
individual observed resonances in the pSRII methyl spectrum results in no notable deviations in either
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average O%.is value or the resulting histogram (not shown). The O%.s values reveal a surprising distribution
of subnanosecond side chain motions in both membrane proteins.

A

2
<Ogaxis>

Count

0.7 1

0.6

0.5

pSRII
OmpW

0.4

0.3

® MBP

025 l I

Membrane
Proteins

Soluble
Proteins

14
J’
12 -

10

O_

0.0 0.2

PSRl

(@)

0.4
2

06 08 1.0

Oaxis

B

14

12

10

Count

MBP

)

O I Y
0.2 0.4 .

2
Oaxis

1.0

Count

2_

0
0.0

0.2

0.4

0.6
2

Oa\xis

OmpW

(w)

0.8

1.0

Fig. 2. The distribution of fast side chain dynamics in membrane proteins is distinct from their soluble counterparts.
(A) Average methyl-symmetry axis order parameters seen in soluble proteins and integral membrane proteins. Purple bars
correspond to pSRII (50 °C) and OmpW (40 °C). The cyan bar corresponds to maltose binding protein (MPB), chosen to
illustrate a representative distribution of soluble protein methyl-dynamics in (B). Orange bars correspond to other
examples spanning the known range of soluble protein methyl-bearing side chain dynamics. The source data is described
in Table S3. (B) Distribution of O%xis values in MBP (Table S5). Shown to illustrate the distributions commonly seen in
soluble proteins, particularly the segregation into three classes of underlying motion (J, red; «, green; w, blue) as well
as the emergence of a new class of motion in the two integral membrane proteins (J°, purple) seen in pSRII (C) and OmpW
(D). Class boundaries were calculated using the k-means clustering algorithm. The rigid o -class is effectively absent in
both pSRII and OmpW. Class centers are indicated by the position of the class label. The newly observed J’-class is
centered on an O?%xis of ~0.21.
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The extraordinary range of internal motion and entropy in integral membrane proteins

Both pSRII and OmpW display internal protein motion that is distinct from that previously observed
for soluble proteins. The average O%xis of pSRII is 0.36, which is unusually low and has not been observed
previously in structured proteins (Fig. 2A). Ca**-saturated calmodulin (CaM) is the next most dynamic
protein characterized in this way (<O%xs> ~ 0.43), largely due to a depopulated  -band motional class.*
The cross-correlated relaxation experiments were best carried out at 50 °C for pSRII, which is somewhat
higher than corresponding studies with the other proteins shown in Fig. 2A. Experiments at a more
comparable but less optimal temperature of 35 °C gave an average change in O%s of +0.055, shifting the
<O?4s> at the lower temperature to 0.415. The apparent temperature dependence (dO?%xis/dT) of pSRII is -
0.0037 K™', which is slightly larger than that observed for a calmodulin complex*’ and ubiquitin,?® and
possibly hints at subtle differences in effective heat capacity between soluble and integral membrane
proteins. Surprisingly, a comparable analysis of the topologically distinct OmpW demonstrates that it is
also extraordinarily dynamic, with an average side chain methyl O%ys value of 0.36 (Fig. 2A). Both
membrane proteins measured in this manner are far more dynamic on average than any wild-type soluble
protein investigated to date (Fig. 2A).

OmpW and pSRII also have a striking distribution of subnanosecond methyl-bearing side chain
motion (Fig. 2C & 2D) that is distinct from that observed in soluble proteins (Fig. 2B). There is almost a
complete absence of rigid methyl-bearing side chains ( w -class), which is generally significantly populated
in soluble proteins (Fig. 2B). The populations of the J- and « -classes are roughly equivalent in the protein
systems measured here. In addition, a previously undocumented and a qualitatively distinct class of motion
is observed in these two membrane proteins. Approximately one third of the methyl bearing side chains
exhibit an unusually high degree of dynamic disorder on the subnanosecond time scale. Analysis of the
distribution of O%s values using a Bayesian statistical approach® suggests two and three classes of motion
with nearly the same likelihood. The three-class model seems more appropriate as two of the classes roughly
match the centers of the J- and a-classes seen in soluble proteins; the centers of the J- and a-classes were
further refined with a k-means clustering methodology and found to be 0.36 and 0.55, respectively, for
pSRIL The J- and a-class centers for OmpW are 0.42 and 0.66. This roughly matches results for soluble
proteins.? Regardless, a new motional class (which we term J’) is centered at an Q% value of ~0.21 for
both proteins. Such a low order parameter suggests that two or more rotamers of each torsion angle are
extensively sampled. Though molecular dynamics simulations do not reproduce the experimental O%is
values quantitatively (Fig. S7), the highly dynamic J’ band of motions appears well reproduced by
simulation in a bilayer. An analysis of those residues present in the J* class in pSRII that are reasonably
reproduced by simulation reinforces the notion that extensive rotameric interconversion of multiple torsion
angles is required to achieve such low order parameters. This is in accord with theoretical
considerations.”’* The J’ class is also enriched relative to the overall average in methionine, leucine and
isoleucine residues (73% versus 55%), which have two or more torsion angles to sample, and diminished
in valine (27% versus 39%; only one non-terminal valine residue [Vall01] is in the J* class).

Membrane proteins have a distinct statistical and structural distribution of side chain dynamics

We took advantage of previous methyl group assignments in pSRII to investigate the structural context
of'its side chain dynamics; this analysis reveals a number of interesting features. Methyl probes are depicted
as spheres on the crystal structure’ and colored in a O%yis gradient ranging from zero (red) to one (blue) in
Fig. 3A. As in soluble protein systems, there is a heterogeneous distribution of disorder in O%xis with no
statistically significant (p-value > 0.2) spatial clustering of motional classes as revealed by the k-means
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Fig. 3. Spatial distribution of fast side chain
motion in pSRII. (A) Shown is a ribbon
representation of the crystal structure of pSRII
(PDB code 1H68) on which spheres representing
methyl probes are colored according to Ouxis value
using a gradient of red for most dynamic (O?uxis = 0)
to blue for most rigid (O%xis= 1). The cytosolic and
extracellular faces of the protein are noted. The
retinal cofactor is shown as orange sticks and the
surface of pSRII that forms the interface with its
hTRII binding partner is shown as semi-transparent
cyan. (B) Absence of a correlation of methyl
dynamics with the distance to nearest lipid atom (R?
=0.002).

approach,®® nor any significant correlation to any other
obvious physical characteristics (Fig. S8). One might
predict that methyl-bearing side chains exposed to
lipid (or detergent) will tend to be more dynamic than
residues more deeply buried in the structural core of
the protein. However, pSRII does not display such
“surface molten” behavior but rather has both highly
dynamic and comparatively rigid probes exposed at the
membrane (Fig. 3B) and aqueous surfaces of the
protein (Fig. S§A). Methyl probes near what will serve
as the interface with the transducer binding partner*'*
do not generally occupy the highly dynamic J’
motional class (<O%s> = 0.45), though several
the
extracellular side of the interface. This sort of “ordered
interface” may serve to minimize entropy penalties

relatively dynamic methyl probes sit at

upon interaction with the transducer. The region
surrounding the retinal cofactor is not well sampled by
well-determined methyl probes; many are sufficiently
broadened by dipolar interactions with the 'H-rich
retinal cofactor to degrade the quality of the relaxation
measurements. However, Met109 Ce, which is ~3.5 A
away and lies roughly perpendicular to the plane of
conjugated double bonds, is one of the most rigid
methyl groups in the protein (O%xis = 0.68). The
dynamic behavior, and changes therein, of side chains
surrounding the retinal cofactor is likely to be
important for efficient signal transduction. The
unavailability of deuterated SB3-12 detergent thwarted
collection of methyl assignment of sufficient quality to
access resonance assignments and thus prevented a
similar structural analysis of OmpW.

The absence the w-class of motions and
emergence of the highly dynamic J’-class indicates
that the methyl side chains are essentially fluid and

raises a question of what interactions drive the formation of a stable tertiary structure. In this regard, it is

interesting to note that small internal clusters of water molecules are commonly observed in crystal
structures of GPCRs, which are structurally homologous to pSRII, and have been argued to play an
important structural role as well as being actively involved in transitions between active/inactive states.*

In pSRII, crystallographic waters that are clustered between the extracellular B-sheet and the retinal and
appear to support a buried arginine (Arg72) (Fig. 4A). This large water network lies near the extracellular
face and is divided by a pair of hydrophobic residues (Ile197 and Val194) and Arg72, which is involved in
hydrogen bonding interactions with both water clusters. Insight provided by methyl dynamics near this
structural water network is limited to Val194 (O?%xis = 0.88 £ 0.11, not included in detailed statistics or Fig.
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2 due to relatively high uncertainty) and 11e197 (O?%uxis =
0.14), confirming the trend of heterogeneous methyl
behavior throughout the protein tertiary structure. The
presence of the water network in solution was confirmed
using a methyl *C-NOESY experiment. Strong negative
NOE cross-peaks between the water resonance and
methyl groups surrounding both deeply buried water
clusters are seen (Fig. S9). The negative sign and strength
of the NOEs indicate a relatively rigid protein-water
interaction. Met15 which is proximal to the most buried
water in cluster 2, Ile197 which lies between the water
clusters, and Val68 which is near the extracellular-facing
cluster 1 all display negative NOEs to the water resonance
(Fig. S9). While many other methyl probes display NOEs
to the water resonance, most are solvent exposed or
potentially contaminated by nearby hydroxyl-containing
residues, which may relay magnetization to water via
hydrogen exchange.** Unfortunately, the pSRII-
containing micelle particle tumbles too slowly to permit
measurement of the counterpart ROE that could
potentially allow a more precise evaluation of the
residence time of these buried waters.’> Notwithstanding
the limitations of molecular dynamics to quantitatively
reproduce experimentally determined order parameters in
the current context, it is important to note that simulation
suggests that nearly all buried polar side chains
interacting with buried waters in both pSRII and OmpW
are quite rigid on the fast-timescale, especially when
compared to the dynamics of methyl bearing side chains
in each protein (Fig. 4).

Discussion

In summary, the first comprehensive studies of fast
side chain motion in integral membrane proteins
presented here have revealed the existence of extensive
sampling of microstates and point to a relatively high
residual conformational entropy in pSRII and OmpW.
pSRII and OmpW represent the topological extremes of

A

Fig. 4. Polar cores of pSRII and OmpW. (A)
Structural water oxygen atoms in the crystal
structure (1H68) of pSRII are shown as cyan
dotted spheres. Polar residues with side chains
within hydrogen bonding distance of structural
water molecules are depicted as sticks and are
colored according to O? values extracted from
MD simulations according to the same red (O?
=0.0) to blue (O*= 1.0) scaling as Fig. 3. Order
parameters were calculated via the Ne-He bond
vector for arginine, The CB-Cy2 vector for
threonine, and the C31-HJ31 vector for tyrosine
and tryptophan. The average polar side chain
0% in the core of pSRII is 0.70. (B) The crystal
structure of OmpW (2F1T) is of insufficient
resolution to resolve water molecules, so here
the interior cavities are simply colored in cyan
mesh. The average polar side chain O? in the
core of OmpW is 0.57.

integral membrane proteins and yet have the same dynamical signatures. As such they begin to suggest that
their unusual dynamical character is a common feature of integral membrane proteins. Future work will
address this question. Nevertheless, the high residual conformational entropy present in the native folded
structures of these two proteins potentially impacts their stability, folding and function. For example, the
stability of the folded state of an integral membrane protein,*® as for all proteins,’’ results from a balance
of forces. For soluble proteins, a dominant contribution to the stability of the folded state is the so-called
hydrophobic effect that arises from the release of associated water from surfaces that are buried upon
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folding.”” Clearly, the high residual conformational entropy of the native states of both pSRII and OmpW
contributes favorably to their stability. Furthermore, in a similar vein, most current models for folding of
all alpha integral membrane proteins point to a two-step process where initial transfer of the unfolded
polypeptide chain from water into the lipid bilayer is subsequently followed by folding to the final native
state.’>*® Thus, in contrast to soluble proteins, folding of the polypeptide chain within the membrane lacks
the general driving force of the hydrophobic effect i.e. the gain in solvent water entropy as the protein
adopts a compact structure. The results presented here suggest that the extraordinary residual
conformational entropy of the folded state helps avoid some of the penalty of organizing the tertiary fold
within the membrane (Fig. 5). The large folding free energy of OmpW in large unilamellar vesicles (~18
kcal mol™) is also consistent with a minimal side chain entropy penalty upon adoption of the folded state.

Soluble Proteins Membrane Proteins The unusual dynamical character of pSRH
also impacts our understanding of its mechanism
of action and may serve as an informative
counterpoint to G-protein coupled receptors
(GPCRs) that are at the center of multicellular
signaling. pSRII is a simple discrete binary

Energy —»

switch and is apparently made so, in part, by a
significant residual conformational entropy in the

inactivated state that deepens the free energy well

in which it resides. Conformational entropy
manifested in methyl group motions, in concert

<«— Conformational Coordinate ——

Fig. 5. Soluble and membrane proteins utilize solvent
and conformational entropies differently in the  with the water-mediated polar core interactions,
Stabililation Of their fOlded state ensembles. The fOlded Slmpllﬁes lts average structural Character and
state of soluble proteins is favored by a large increase in
the entropy of water (ASsov, change in solvent entropy) .
and disfavored by a loss of chain and main and side chain possible. In contrast, non-olfactory GPCRs do
entropy  (ASconf, change in  conformational not appear to occupy a localized structural
conformational).’” In contrast, integral membrane  ensemble and the lack of a single biophysical
proteins appear to mitigate the absence of a driving
solvent water entropy through a diminished unfavorable o )
contribution of reduced side chain conformational ~ difficult’>* C methionine methyl labeling

entropy. indicates that unliganded B, adrenergic receptor
(B2AR) displays extensive conformational

would make a discrete transition upon activation

species has made detailed dynamical studies

exchange on the NMR chemical shift timescale (i.e. millisecond) indicating that barriers between
microstates are large.*’ GPCRs that are required to respond to an array of signaling events (i.e. binding of
agonists, antagonists, G-proteins, -arrestins) cycle between their various functional states. Indeed, a recent
examination of AR reinforces this conclusion.*” Fast-timescale changes in structural water molecule
positions near the retinal binding site in bacteriorhodopsin have been shown to facilitate these discrete
transitions in functional state;* highly dynamic methyl groups may be playing a similar role in activation.
Finally, perturbations in these novel patterns of methyl dynamics in response to variations in membrane
environment, binding partners, ligands, etc. are potentially functionally and thermodynamically important,
and should yield further insights into the role of fast dynamics in membrane protein function and interaction.
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