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Transmembrane proteins are the gatekeepers of the cell—
channels that allow ions and molecules to enter or exit, or
receptors that respond to their surroundings to change
conditions inside the cell. The conformational dynamics of
membrane protein activation are key to understanding the
details of their function,'™ and yet such information has
proven to be difficult to obtain because of the experimental
challenges involved in obtaining dynamics information for
large hydrophobic protein complexes. Various magnetic
resonance techniques, including magic-angle-spinning solid-
state NMR (ssNMR) spectroscopy,”! NMR relaxation meas-
urements,® and electron paramagnetic resonance (EPR)
spectroscopy,l"¥l are at the frontier for capturing elusive
details of membrane protein structure and dynamics. Here,
we demonstrate the use of a novel combination of methods to
present a dynamics-based picture that relates the structure of
a membrane protein segment to the functional movement it
supports. This is achieved by observing the surrounding
hydration water, which rearranges simultaneously with pro-
tein conformational changes incurred upon activation.

We obtained site-specific hydration dynamics information
by using the NMR-signal-enhancement technique Over-
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hauser dynamic nuclear polarization (ODNP), which was
recently developed for probing local water diffusivity within
approximately 10 A (2-4 water layers) of a nitroxide radical
spin-labeled amino acid residue."'? This technique, com-
bined with EPR lineshape analysis, which captures protein
segment mobility around the spin label, offers a snapshot of
distinct dynamic changes experienced by the protein as well
as the solvating water. In addition, a newly developed analysis
allows the separation of two important modes of water
dynamics detected by ODNP. This new method isolates the
contribution of 1) freely translating “hydration water”, which
experiences fast, picosecond scale, motion, from 2) nano-
second timescale fluctuations in the spin interactions due to
“bound” water molecules with slower dynamics or labile
amide protons.

In this study, ODNP is used to observe the photoactiva-
tion of a seven-helical transmembrane (7TM) proton pump,
proteorhodopsin (PR). 7TMs form a broad class of proteins,
including many physiologically relevant receptors and
approximately 40 % of drug targets.”) We clarify changes in
protein site-specific water dynamics around a critical PR
segment upon activation, both on the picosecond and nano-
second timescales. The quantitative description of hydration
dynamics across a biological interface still remains a challeng-
ing objective. Current EPR-based techniques used to study
water in membrane protein systems either require cryogenic
temperatures'*™! or the introduction of a soluble chemical
agent,'® whereas ODNP can directly evaluate water motion
around the spin label under ambient conditions, as has
recently been demonstrated for protein folding!? and the
conformational change of a membrane transporter.!!”

Hydration water has been hypothesized to be an impor-
tant determinant for the function of globular proteins,!'s>"
but its role in the mechanics of transmembrane proteins is
particularly complicated by the additional effect of the
surrounding lipids, which have been thought to be the more
influential solvent.’"*) However, recent experimental and
theoretical work on bovine rhodopsin (Rh)**?*!l and bacter-
iorhodopsin (BR)™*! suggest that internal protein hydration
does influence function and is indeed altered upon protein
activation. Recent ssNMR work complements neutron-scat-
tering studies of global hydration properties,* by enabling
site-specific resolution to probe the heterogeneous landscape
of the protein-lipid—water assembly. These studies clearly
demonstrate the link between surface hydration and function
around the mobile loop residues? and the transmembrane
G helix of PR.”! However, ssNMR can only differentiate
whether or not a residue is hydrated, whereas ODNP is
uniquely capable of resolving finer variations in hydration
water dynamics.
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The 10-15 A range of sensitivity inherent to ODNP
enables the resolution of diffusion dynamics within the local
volume of water surrounding a small nitroxide spin probe
attached to a protein site, spanning 2—4 water layers above the
biological surface. The high polarization of the EPR tran-
sition is saturated by microwave irradiation, transferred to the
nuclear spins as they diffuse through these few water layers
near the spin label, and ultimately manifests as an enhance-
ment of the water’s proton NMR signal. The concentration-
independent ODNP coupling factor & is extracted by measur-
ing first the increase in signal enhancement with increasing
microwave power (example data shown in the Supporting
Information, Figure S1), and, second, the proton spin lattice
relaxation times in both the absence and presence of a spin
label. As the value of & depends on the fluctuating inter-
actions between the spin label and the spins in the nearby,
translationally mobile water molecules, it encodes informa-
tion about the dynamics of the water molecules as they pass
near the spin label. It is most convenient to convert & into
a timescale (i.e. correlation time, t) associated with the
motion of hydration water.”?! High values for & correspond
to low 7 and faster local water diffusion. For reference, the
parameters for bulk water obtained from free nitroxide in
solution are £=0.33 and 7=33ps** As the value of
£ contains contributions from both tens of MHz and tens of
GHz fluctuations, one must be cautious when performing this
conversion into 7.[*

The translational model®! for hydration dynamics has
extensively been shown to reveal trends for local water
diffusion in and around various biological surfaces and
interfaces measured by ODNP!!123:32 by providing a direct
conversion between & and 7." However, the heterogeneous
protein environment—particularly the contribution of more-
tightly bound slow water molecules—adds complexity to such
an analysis. To account for this, the coupling factor can be
broken down as a ratio of two relaxivities: §=k,/k,. The
ODNP parameters k, and k, are transition rates with units
s~'m~!; the cross-relaxivity k, depends on fluctuations of the
spin interactions at tens of GHz, and therefore exclusively
reports on the fast, ps scale, free-water dynamics, whereas the
self-relaxivity k, additionally contains a contribution from
fluctuations at the NMR frequency (15 MHz). The contribu-
tion from ps water dynamics can be subtracted from k, to
extract the relaxivity k,,, which depends exclusively on
fluctuations at the 15 MHz frequency, and we present it here
as an evaluator of ns scale bound hydration water. This strict
separation of timescales is only feasible by using both NMR
relaxation and ODNP measurements (see the Supporting
Information for more details of theory and analysis).

ODNP analysis of the intracellular E-F loop of PR
accurately maps the heterogeneity of the hydration water to
the degree that an a-helical structural element is visible from
the trend in water dynamics across the loop, as expressed by
the general parameter &, the exclusively fast-motion compo-
nent k, (Figure 1a and b), and the variation in bound water
molecules observed by k, (Figure S2 in the Supporting
Information). We chose to probe the dynamic properties of
this loop segment of PR because studies of BR[®* and Rh*!
have revealed that this function-relevant region moves upon
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photoactivation; this observation could explain the difficulty
of obtaining crystal-structure coordinates for this seg-
ment.F">% The residue-to-residue hydration dynamics reveal
a periodic pattern with significant contrast, with the approx-
imately 3.6 residue length of an a helix being clearly visible
for PR in f-dodecylmaltoside (DDM) micelles (Figure 1a and
b). The fast ps scale water dynamics therefore map a secon-
dary structure element and give direct information about its
placement with respect to the protein or detergent surface,
where water motion would be hindered. We found that sites
G171, K172, and C175 are buried (7 =600-850 ps, k,/kypux <
0.4), whereas sites S173, A174, N176, and T177 are exposed to
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Figure 1. Evidence for the o-helical structure of the E-F loop of PR,
with the proposed structure from recent NMR studies indicated."**4
a) Hydration dynamics measured by ODNP, given by coupling factor,
£, and the translational correlation time of water, 7, with measure-
ments upon photoactivation given by the green trace. b) Extraction of
fast (ps scale) translational water dynamics by k,, normalized by
kopuc=116's7'M", the corresponding reference value from free nitro-
xide (4-hydroxy-TEMPO). c) The E-F loop structure represented by

a helical wheel schematic summarizes the EPR and ODNP results
(color shading is based on &). Spin-labeled protein concentrations are
ca. 450 um, and buffer conditions are 0.05% DDM, 50 mm phosphate,
150 mm KCl, pH 9.5.
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the aqueous solvent (7=400-450ps, k,/k,pu>0.5). This
topology for the E-F loop is also confirmed by the trend in
kiow—a high degree of bound water molecules is evident for
buried sites K172 and C175, whereas the solvent-exposed sites
S173 and T177 experience the lowest contribution from
tightly-associated water molecules (Figure S2 in the Support-
ing Information).

Information inferred from ODNP data regarding the
contact of the E-F loop with the protein surface (Figure 1c) is
supplemented by a detailed site-specific EPR lineshape study
of the same sites (Figure S3 in the Supporting Information).
The measurements include: 1) central line broadening, which
determines general backbone/side-chain stiffness, and
2) characteristic EPR spectral features for immobile/mobile
components, which signify the presence of tertiary interac-
tions of amino acid side chains with protein or surfactant
surfaces (Figure S4 in the Supporting Information). This
analysis reveals a consistent periodic trend in both the amino
acid mobilities and steric contacts of the E-F loop, thus
confirming the cyclic structure. Our combined EPR and
ODNP results are in agreement with recent NMR studies,
which show an a-helical segment between residues 170 and
176, but neither resolve its location with respect to the protein
surface, nor reveal the interfacial water dynamics pres-
ent.* The timescale for the water dynamics experienced
by the E-F loop residues is found to be consistent with
a protein segment with one face exposed to the solvent and
the other packed against the protein surface, though still
accessible to freely diffusing water molecules, unlike a stable
hydrophobic core of a protein (see the Supporting Informa-
tion, Table S3 and discussion). This finding corroborates
recent ssSNMR results from hydrogen-deuterium exchange
experiments, which show that all E-F loop backbone atoms of
PR eventually exchange protons with bulk water.”® In
addition, the general timescale of the water dynamics that
we measured (hundreds of ps) is also consistent with
simulations of similar transmembrane channels; these simu-
lations find that a slowdown of water contacting protein
surfaces.!***

Some interesting subtleties in the dynamic environment
are revealed by ODNP analysis. For example, around the loop
residues outside the two-turn o helix, in the region recent
solution-state NMR studies have shown to be part of a short
Bturn (178-180),*Y the movement of the translationally
mobile water molecules is slower compared to the rest of
the loop (ky/k,pux < 0.4, Figure 1b,) than one might expect
from their rather mobile EPR linewidths (Figure S4a in the
Supporting Information). The more-rapid water dynamics at
the loop surface of the a-helical segment may present “softer”
water that facilitates protein movements upon activation. In
fact, the fastest water dynamics on the helix are found at the
residues that flank the interface between the E-F loop and
the protein trunk (A174 and N176; Figure 1c), which have k,/
kopux Of greater than 0.6 (Figure 1b), in which case freely
diffusing water molecules could be lubricating contact with
the protein surface, facilitating photoactivation.

Next, we map out changes in dynamics during conforma-
tional motion upon photoactivation by spectroscopically
“filming” a slowed photocycle mutant of PR (E108Q) upon
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photoactivation with a 532 nm green laser. The E108Q
mutation enables the build up of the M photointermediate
upon illumination at basic pH (pH9.5) by slowing the
timescale of its decay from milliseconds to seconds.*”! The
M state is thought to involve the largest scale protein
movements by analogy to BR.***“! Time-resolved EPR
was performed by fixing the magnetic field to an EPR
frequency of interest (e.g. the center line or an immobile
component) and then observing the spectral amplitude as
a function of time upon photoactivation (Figure 2). These
residue-specific EPR time courses indicate that the decay of
M is biexponential, resulting in two timescales, for example,
0.5-1's and 2-7 s, similar to those found by the detection of
global protein motion by time-resolved optical absorption
spectroscopy (Figure S5c in the Supporting Information).
Each of the spin-labeled E-F loop residues 171-178 that
we confirmed to be part of an a helix, experienced a change in
its local environment that translated into a spectroscopically
measurable difference, such as an altered rigidity of the spin
label or a change in local polarity (Figure2). The EPR

a) increased/decreased increased/decreased
side-chain mobility T/ hydration dynamics
from EPR from ODNP

fast water
dynamics

slow water
dynamics

Figure 2. a) Summary of qualitative changes upon photoactivation
found from EPR and ODNP results for spin-labeled PR. Arrows
indicate increased or decreased dynamics (from & or fast ps relaxivity
k,). The size of the arrow reflects the amplitude of the change and an
asterisk (*) indicates a decrease in slow (ns) water dynamics (lower
ki) and therefore a release of bound water (see the Supporting
Information; Figure S2). b) Schematic representation of the conforma-
tional switching of the E-F loop of PR upon photoactivation, with the
changes in hydration dynamics (&) indicated by color grading. See
Figure 1a for values for hydration dynamics parameter & upon photo-
activation.
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linewidths (i.e. spin-labeled protein-segment mobility) are
mostly preserved upon photoactivation, suggesting that the
E-F loop of PR moves upward and twists as a whole rigid
body, only giving rise to changes in the tertiary contact
between the spin label and the protein or detergent surface.
The buried spin-labeled residues (G171, K172, and C175)
show small but distinct increases in mobility, corresponding to
a slight lifting of those sites during the formation of the M
photointermediate. However, the most flexible sites, S173 and
T177, display decreases in their mobile spectral components
as well as the center-peak amplitude, thus implying a stiffening
of the exposed E-F loop face during the photocycle of PR.
The cause of this transient and local immobilization upon
photoactivation could be the result of either increased
backbone rigidity or an increased interaction with another
part of the protein or the surrounding surfactant. The
interfacial residues A174 and N176 display opposite changes
in mobility that correspond to a twisting motion of the entire
loop—A174 becomes immobile, whereas site N176 becomes
more mobile. These sites also display the most prominent
light-induced EPR spectral differences compared to the other
E-F loop residues, which could be due to their positions
flanking the protein surface and the surrounding environ-
ment.

Finally, we observe significant rearrangement of the E-F
loop’s hydration water upon photoactivation, manifested by
distinct changes in hydration dynamics (&, k,, green traces in
Figure 1a and b, and k,,, FigureS2 in the Supporting
Information). We see similar trends to those seen with EPR,
such that increased side-chain mobility corresponds to
increased water dynamics and vice versa, except for site
S173, where the change presents a more complex interaction
(Figure 2a). Fast water diffusion measured by k, and
& decreases in the vicinity of A174 and increases around
N176 (Figure 1a,b, Figure 2), verifying the twisting motion
suggested by the EPR-based map. Interestingly, the mobile
residue S173 displays increased water dynamics upon photo-
activation, as indicated by the & value, while simultaneously
experiencing decreased side-chain mobility. The new separa-
tion of timescales analysis reveals that this increase in & is
accompanied by a measurable decrease in k,,, (Figure S2 in
the Supporting Information) while k, remains unchanged
(Figure 1b), implying that the increase is due to the release of
tightly-bound water molecules upon photoactivation. A
similar effect is noted for the buried residues K172 and
C175 (Figure S2).

We must note that the population of photoactivated state
may not be large enough for the full degree of the altered
hydration dynamics of the light-activated state to be detected,
and the extent of the water rearrangement is likely even more
dramatic than that shown by these measurements. Never-
theless, it is significant that the residues that make up the a-
helical portion of the loop, which we can consider to be
a mechanical switch, experience a greater change in hydration
dynamics upon activation than selected residues in the loop
and transmembrane helices (see Figure 1a and b). This
finding supports the idea that the rearrangement of surface
hydration water may be intimately coupled to the conforma-
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tional change of the a-helical segment that accompanies the
activation of PR.

The distinct a-helical structure and significant conforma-
tional changes that we observe for the E-F loop could explain
previous observations in the literature, which indicate that
single mutations*-*! or anion binding® to the loop residues
can alter the photocycle kinetics and light-absorption proper-
ties of PR, even though the loop is remote from the
photoactive center. In fact, we have observed functional
changes in some of the E-F loop mutants, although the key
features of photoactivation are preserved and we expect
unaltered conformational changes (see the Supporting Infor-
mation, Figure S6, and discussion). This study suggests that
functional conformational changes could be accompanied by
distinct modulation of protein and surface water dynamics,
where the rearrangement of surface hydration water may
facilitate the propagation of water molecules and/or H*
across the channel to have a function-tuning effect.

In fact, we observe an altered hydration dynamics land-
scape for PR reconstituted in lipid bilayer vesicles versus
detergent micelles. The ps-scale translational diffusion of free
hydration water near the E-F loop of PR embedded in 4:1
DPPC/DOPA vesicles is smaller than in DDM micelles (see
the Supporting Information, Table S2; k,/k, . decreases by
a factor of 2-5) and is coupled to a similarly prominent
decrease in bound-water contributions (ki,/Kiowpux decreases
by a factor of 2-6)). These effects are likely due to the
properties of the lipid membrane itself, which, when spin
labeled in the absence of PR, demonstrates similar hydration
dynamics to the lipid-embedded PR surface (k,/k g,y = 0.12,
KiowKiowpux = 1.0 versus PR values of k,/k,py=0.1-0.2 and
Kow/Kiowpux =2-3; Table S2 in the Supporting Information).
Interestingly, the level of hydration of PR surface residues,
when embedded in DPPC/DOPA vesicles, approaches that
found at the surface of water-solvated globular proteins!'”
(see the Supporting Information, Table S3 and discussion).
This finding suggests that specific features of the hydration
dynamics landscape at the ps and ns timescale are critical to
facilitating protein function for both water-soluble and lipid-
embedded membrane proteins.

With such observations, this study has begun to probe the
link between hydration dynamics and transmembrane protein
function. In this context, we observe a marked speeding up of
the photocycle kinetics for PR embedded in DPPC/DOPA
lipid membranes compared to DDM micelles (Figure 3). It is
plausible that PR function would be optimal in the more
native-like lipid environment, and faster conformational
dynamics could enable the wild-type protein to generate
a more robust proton gradient by allowing for a faster proton
turnover rate, as has been proposed for microbial proton
pumps.”® We concurrently observe a dramatically altered
hydration dynamics landscape near the solvent-contacting
surface of the E-F loop, in both the resting and activated
states (e.g. for S173R1, ky/kspux=0.51£.03 in DDM and
0.234.01 in lipids, whereas K, /Kioypux =9.6 £0.5 in DDM
and 2.4+04 in lipids; see Table S3 in the Supporting
Information). This leaves us with the question—could the
particular hydration properties of the E-F loop surface, which
we observe to be modulated by the surfactant, increase the
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Figure 3. Time-resolved optical absorption spectroscopy to observe the
kinetics of M decay at pH 9.5 for PR E108Q embedded either in DDM
detergent (red 4) or DPPC/DOPA (4:1 w/w) liposomes (blue @).
Characteristic timescales ¢, and t, derived from a biexponential fit of
the M decay are given. See the Supporting Information for details of
data acquisition.

population of water molecules making contact with the
channel in such a way as to promote water-mediated proton
uptake from the PR surface to its interior? We have
introduced an approach that allows the characteristics of
transmembrane protein structure and conformational dynam-
ics to interactions to be related with the surrounding
hydration water environment at the ps and ns timescales,
and can clarify the fundamental and direct role that water
may play in tuning membrane protein function.
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