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ABSTRACT. The dynamics of bacteriorhodopsin (bR) and the lipid headgroups in oriented purple membranes
(PMs) was determined at various temperatures and relative humidity (rh) using solid-state NMR
spectroscopy. Thé!lP NMR spectra of thex- and y-phosphate groups in methyl phosphatidylglycero-
phosphate (PGP-Me), which is the major phospholipid in the PM, changed sensitively with hydration
levels. Between 253 and 233 K, the signals from a fully hydrated sample became broadened similarly to
those of a dry sample at 293 K. TH# cross polarization (CP) NMR spectral intensities frafiN]Gly

bR incorporated into fully hydrated PMs were suppresse®NnCP NMR spectra at 293 K compared

with those of dry membranes but gradually recovered at low temperatures or at lower hydration (75%)
levels. The suppression of the NMR signals, which is due to interference with proton decoupling frequency
(~45 kHz), coupled with short spirspin relaxation times (3 indicates that the loops of bR, in particular,
have motional components around this frequency. The motion of the transmerbhatiees in bR was
largely affected by the freezing of excess water at low temperatures. While between 253 and 233 K,
where a dynamic phase transition-like change was observed i#RhEMR spectra for the phosphate

lipid headgroups, the molecular motion of the loops and@handN-termini slowed, suggesting lipid

loop interactions, although proteiprotein interactions between stacks cannot be excluded. The results
of T, measurements of dry samples, which do not have proton pumping activity, were similar to those for
fully hydrated samples below 213 K where the M-intermediates can be trapped. These results suggest
that motions in the 108s correlation regime may be functionally important for the photocycle of bR, and
protein—lipid interactions are motionally coupled in this dynamic regime.

Bacteriorhodopsin (bR)is one of the most extensively translocation of proton pumping activity4—23). Solid-state
studied light-driven proton pumps Haloarchaealt contains NMR spectroscopy has been used to provide detailed
seven transmembranea-helices surrounding the retinal information about the local structural changes of reti@d] (
chromophore and has been the structural paradigm of25) around the key residues involved in proton pumping
G-protein-coupled receptors and other membrane proteinsactivity (26, 27) and the local mobility of bRZ8—30) under
(1-5). It forms a proteir-lipid complex of defined composi-  physiological conditions. Also, the structure and orientation
tion in the purple membrane (PM), where bR is arranged in of somea-helices of membrane-embedded bR have been
trimeric units assembled in 2D crystalline patches in a determined by polarization inversion spin exchange at the
hexagonal lattice. High-resolution X-ra§-11) and electron magic angle (PISEMA)!H-5N heteronuclear correlation
(12, 13) crystallography have been used to determine the spectroscopy (HETCOR)3(), and magic angle oriented
3D structure of bR and the structural changes at K, L, M, sample spinning (MAOSSB@) NMR methods, and it was
N, and O photointermediates to understand the unidirectionaldemonstrated that the extracellular half of helix B is tilted
at less than 5from the membrane normal and that the tilt
T This work was supported by the Medical Research Council Program angle of the cytoplasmic side of helix A is 422° (31).
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1 Abbreviations: bR, bacteriorhodopsin; PM, purple membrane; rh, .
relative humidity; CP, cross polarization; DD, dipolar decoupling; MAS, other regions such as the loops and headgroups of phospho-

magic angle spinning; MAOSS, magic angle oriented sample spinning; lipids in the PM are less studied because of high mobility
PGP-Me, methyl phosphatidylglycerophosphate; PISEMA, polarization and concomitant poor ordering, making them less amenable
inversion spin exchange at the magic angle; HETCOR, heteronucleariy methods requiring rigid atom positions

correlation spectroscopy; IENS, incoherent elastic neutron scattering; . L L .
S-TGA-1, triglycosil lipid; T:, the phosphorus spifiattice relaxation Protein dynamics is intimately connected with activity and
times in the laboratory framé&y, spin—spin relaxation timeTy,", the function. In particular, mobile regions such as loops can play

proton spin-lattice relaxation times in the rotating frame; PG, N i ; ; indi ;
phosphatidylglycerol; PGS, phosphatidylglycerosulphate; BPG, ar(:haeala key role in signal transaction or ligand binding, such as in

cardiolipin; GlyC, archaeal glycocardiolipin; CSA, chemical shift G-coupled receptors. In addressing functionally relevant
anisotropy. dynamics, the headgroups of phospholipids and their interac-
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tion with a membrane receptor have not been well character-knowledge of molecular dynamics is vital for a mechanistic
ized, although proteinlipid interactions in the acyl chain  understanding of protein activity and is often not addressed
region are generally considered to be important for the in purely structural models based on measured conforma-
activity of membrane proteins and for maintaining the 3D tional changes and reorientations in helical membrane
structure 83—37). Detailed information on the dynamic proteins embedded in the natural lipid bilayeQ). The
properties of a membrane protein, accompanied or inducedresults, by correlating the dynamics and structural informa-
by conformational transitions during functional activity, and tion on hydration, have permitted the exploration of the effect
the involvement of membrane lipids is therefore required of water and temperature on protein dynamics in the
for a thorough understanding of the mechanisms and the ratefunctionally important range, and a connection with func-

limiting steps of any functional process, namely, proton
pumping for bR.
At ambient temperature, the correlation times of the local

be 10* s for the loops, 1% s for the transmembrane
o-helices, and 1@ s for theC-terminus region protruding

tionally significant dynamics has been made.

| MATERIALS AND METHODS
anisotropic motions of bR in the PM pellet are estimated to

Sample PreparatiorNatural abundance PM ant{l]Gly-
or [**N]Met-labeled PM were obtained by growing.
salinarium strain S9 on a standard medium using pepton

from the membrane surface, as determined by solid-state(L37, Oxoid, U.K.) 60) or a synthetic medium 5()

magic angle spinning (MAS) NMR 38). MAS NMR

containing L-[*N]Glycine or L-[**N]Methionine {°N, 98%,

methods are thus very informative (in favorable cases in Cambridge Isotope Laboratories, Andover, MA). After

which assignment is achieved) in providing detailed local

isolation and purification 5§0), the PM was suspended in

information about the dynamic range around selective regionseither deionized water (pH of the solution is around 3; sample
within a membrane receptor. However, a problem arises|), 5 mM sodium citrate buffer, KCI (pH 6.0; sample), 5
because the resolved signals of individual residues in themM HEPES-HCI buffer, NaCl (pH 7.0; sampl#l ), or 10
MAS NMR spectra are broadened to show featureless signalsnM HEPES-HCI buffer, NaCl (pH 7.0; sampl&/), with

at around 213 K30), and thus local and specific information
below this temperature is lost.

a bR concentration of-34 mg/mL (1115 uM). For the
measurement of full width of'P chemical shift anisotropy,

Incoherent elastic neutron scattering (IENS) methods suspension I[) was packed in a zirconia NMR rotor.
revealed a dynamical transition at around 150 K and a Oriented PM films were prepared on thin glass plates (8
hydration-dependent transition at 230 K, which correlates 8 x 0.06-0.08 mm, Paul Marienfeld GmbH & Co. KG,
with nano- to pico-second motion to a softer, anharmonic Lauda-Kaigshofen, Germany) by slow evaporation of the

atomic fluctuation regime in the global behavior of proteins
(39—42). A comparison of the dynamics determined for
different structural motifs or locations in bR may show some
differences in the dynamics of cytoplasmically and extra-
cellularly located segments of the transmembraselices
in a quantitative way, as indicated qualitatively by electron
(43) and X-ray @4) diffraction of bR in crystals and neutron
scattering from PMs39).

It has been shown from IENS studies that the local
dynamics of bR is directly related to the hydration level of
the membrane3Q). Also, both the bR photocycle and proton

suspensions in air. A total 610 mg of bR was distributed
over the surface of 10 to 12 plates. This film, made under
exposure to ambient air, is referred to here as a dry sample.
Otherwise, the PM films were placed in a desiccator at 310
K for 24 h to control the relative humidity (rh) of the PM
films with saturated NaCl solutions (75% rh) or water (100%
rh) (52). Saturated KCI solution was used to control the rh
to 85% at 293 K 52) for five days. PM films formed on the
thin glass plates or some other supports have been used for
the structural and functional determination of bR by several
spectroscopic and diffraction methods without recourse to

pumping activity are accompanied by conformational changes further crystallization47, 48, 53, 54). The lipid bilayers stack

in bR and are largely influenced by the extent of hydration uniaxially parallel to the plates together with intercallating
(45, 46). Hydration in the plane of the membrane is water layers to preserve the directional quality of the protein
considered to be predominantly around the lipid headgroupsand to maintain the structural and functional integrity under
and in the proton channedT, 48). In this study,*>N- and a wide range of conditions, such as pH, temperature,
31p-oriented NMR spectroscopy is used to determine the humidity, and chemical environmer&g). The hydrated PM
synergy between the dynamics of bR and the phopholipids films were stacked together and placed in the desiccator for
in the PM from ambient temperature to 130 K with a variety another 24 h to ensure equilibrium. The stacked plates were
of hydration levels. Because the spectrd®dFamide labeled  sealed with parafilm and placed in polyethylene tubes (RS
bR give separated signals from loops and transmembraneComponents Ltd., Northants, U. K.) to maintain hydration
o-helices in all temperature range81( 32), it has been during NMR measurements. The hydration level was main-
possible to compare the motional behavior of the transmem-tained during the accumulation of NMR measurements as

branea-helices and loops. By comparitgN NMR spin—
spin relaxation times () of labeled residues, such molecular
motions of around 108s in various regions of the protein
could be determined. The orientédP static NMR spectra

judged from the’’P NMR signals that are very sensitive to
hydration levels (see below). For fully hydrated samples, a
wet cotton wool ball was sealed together with the PM
samples for long-term accumulation.

of PMs have also been used as indicators to characterize the NMR Measuremenfhosphorus-31 antiN static NMR

mosaic spread of the oriented PM samp®)(to give

spectra were measured on a Varian CMX Infinity 400

information about the dynamic anisotropy of the headgroups spectrometer with the resonance frequencies of 397.9, 161.1,

of the major phospholipid (PGP-Me) in PMs. Importantly,

and 40.3 MHz forltH, 3P, and®N nuclei, respectively. For

the molecular motion around NMR-accessible time scales the solid-state NMR measurements on oriented membranes,

could be compared with known biological activity. Such

glass plates were inserted into a home-built coil that is settled
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perpendicular to the magnetic fiel84) and used to deter- 1}

1 I

mine the conformation and orientation relative to Beof A ”:NLN MD\]{W
specifically labeled molecular segments. Pulse lengths bf 90
and 180 for H, 3P, and'>N were typically 5.0 and 10.0 g MVJL/LW MJLW
us. For'™>™N and?3!P cross polarization (CP) measurements, I N
1.0 ms contact time was used during CP with 50 kHz of ¢ WM w0 e,
spin-locking power, and 4045 kHz continuous wave (CW) e e
decoupling was calibrated at each temperature applied oanM M/\\\W
the H channeP'P static NMR measurements were acquired
under Hahn-echo conditions, with a pulse sequence %f 90  '© 5 0 50 pem 100 50 0 -50 ppm
7-180-1-acquisition with proton decoupling. An echo inter-  FIGURE 1: 1P chemical-shift echo spectra with proton decoupling
val (r) of 20 us was used. Occasionally, for the dry sample for samplel (obtained from a water suspension), sampléirom

. a pH 6 suspension), and samfle (from a pH 7 suspension) with
and at low temperature¥P NMR spectra were also obtained 104 (A), 85% (B), 75% relative humidity (rh) (C), and dry (D),

using a pulse with a decoupling pulse sequence and CP. respectively. The spectra were measured at 293 K.
Thes3P and®N chemical shifts were referenced at 0 ppm

from external HPO, and at 17.3 ppm from external N@l RESULTS
and saturated NHNO;~ (56) solutions, respectively. Low- o )
temperature experiments were performed using cooled ~ P NMR StudiesPhosphorus-31 NMR spectroscopy has
nitrogen gas with ample time to achieve equilibrium of the Deen used to determine the morphology of the phospholipids
sample. The actual sample temperature in the coil was(37) @and to identify the lipid content in reconstituted bR
calibrated using stati®Ph spectra of solid lead nitrate at complexes §1). In PMs, the major phospholipid is methyl
various temperature$7, 58) and turned out to be 91.4% Phosphatidylglycerophosphate (PGP-M&g)( whose molar
compared to those indicated on the control device. All NMR Fatio to retinal was recently determined to be 2.48%)(
measurements used 4®s recycle delays, and the number ~ Figure 1 shows thé'P static NMR spectra of PM films
of acquisitions was between 3 and 9k scans¥@& and  from water, pH 6 and pH 7 suspensiohs (I ) with different
1-20k scans for'®™ NMR measurements unless noted rh measured at 293 K. In the spectra of samplei at
otherwise. Lorentzian line broadening of 200 Hz was applied 100% rh (Figure 1A), two signals around 40 and 13 ppm
before Fourier transformation and carried out on 2k points Were observed, which can be assigned to the two phosphate
after zero-filling. groups of PGP-Me in PMy-phosphate (phosphodiester) and
The relaxation times measured by solid-state NMR 7-phosphate (phosphomonoeter) groups, respectialy (
spectroscopyTy, T,, andTy,") are useful in estimating the ~ 61). In the case of samplg, the *P line shape changed
frequency of the molecular motion in the vicinity of the Predominantly, depending on the hydration level, and at 75%
observed atoms or in the whole molecule. The phosphorus'h the signals were too broad and hardly separated into the
spin—lattice relaxation times in the laboratory framBR) two signals (Figure 1C). In contrast, little change of the line
are sensitive to the motion with the frequency of the magnetic Shapes was observed for samplebetween 100 and 75%
field strength ¢ 400 MHz, y. ~2.5 x 10°° s) and give a rh (Figures 1 and 2A). For all cases, the line widths of the
measure of the dynamics of the phospholipids constituting ¥-Phosphate signals were less than those obtiptosphate
the PM. TheTs? value was measured by the inversion  Signals because of the expected higher mobility of the
recovery method using a 0.066.0 s pulse duration at 293  y-phosphates compared to that of thgroups (Figure 2A).
K. For the dry sampleT;” was measured by the method of The *P NMR spectra from sampléd andIV were very
CP enhancement with the inversion of spin tempera®g (  similar (data not shown), indicating the salt concentration
The T,” values were evaluated by a nonlinear least-squaresof >1 M may be high enough to neutralize the charges on
fitting of the five data points of thé!® NMR signal ~ the phosphate groups in the PM. However, #® static

intensities. NMR spectra of dry filmsl andIl showed broad signals
The proton spirrlattice relaxation times in the rotating ~ (Figure 1D), not only from 50 to 0 ppm but also from 0 to

frame (T,,") and the spir-spin relaxation timesTp) are —50 ppm. When these samples were simply rehydrated, the

directly related to proton local frequency%0 kHz, y. ~2 signals recovered to the same spectral shape and width as

x 1075 s), which may be close to the backbone motions of those shown in Figure 1AC.

bR at physiological temperature. The," values were Other phospholipids (phosphatidylglycerol (PG), phos-

evaluated by a nonlinear least-squares fitting of theNMR phatidylglycerosulfate (PGS), archaeal cardiolipin (BPG), and
signal intensitie$(t) with 5—7 contact times witt between archaeal glycocardiolipin (GlyC)) containing-phosphate
0.1 and 8 ms according to eq 1, whéf@) denotes the initial ~ groups are present in PMs and gave ratios of the deconvo-

peak intensitiesq0). luted signal areas of the- (phosphodiester) andphosphate
(phosphomonoester) groups of 1.0:1 and 1.5:1 in samples
_ _ _ % rh), respectively.
10) |[eXPUT,,") — exptTy )] andll (100
I(t) = [T( ) 1o m N-H (1) The resonant line in th&P NMR spectra from the- and
N-H LTy — 1M,7] y-phosphate signals in samplesand Il shifted gradually

with increasing hydration levels (Figure 2B). The chemical

5N spin—spin relaxation timesIp) were measured by the  shift anisotropy (CSA) tensor is axially symmetric for
Hahn-echo method together with CP and proton decoupling.phospholipids undergoing fast rotation around an axis
The echo delay time was varied between 100 and 5300  perpendicular to the bilayer plane. Here, using fully hydrated,
and T, was evaluated by a nonlinear least-squares fitting. random (unoriented) dispersions of PMs (pH 6), the full
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FIGURE 2: Line width of the3’P NMR signals (A) and the chemical

shifts (ppm) (B) observed in Figure 1 against relative humidity (rh).

The a-phosphate signal of sampl€4); the y-phosphate signal of
sample | (¢); the a-phosphate signal of samplg (@); the
y-phosphate signal of samplé (O); the a-phosphate signal of
samplelll (x); and they-phosphate signal of sampli (+).

spectral width Ad) for the phosphodiester signal was

Biochemistry, Vol. 45, No. 13, 20061307

Table 1. Spin-lattice Relaxation Times;f; s) of a- and
y-phosphate Signals of PGP-Me in the PM Film (293 K)

o y o y
100% ri$9 0.17 ¢-0.01) 0.09 £0.006) 1.43{40.09) 1.0140.05)
85% rh 1.8440.18) 1.13£0.06)
75% 119 4.29 @0.30) 4.65£0.24) 1.9640.12) 1.41{0.03)

dry 16.7 ¢0.14p

aObtained by the method of cross polarization enhancement with
the inversion of spin temperaturg9).

A B

WQ’
Ms
™
21 W
100 50 0 -50 ppm
AN

100 50 O -50 ppm

FicUre 3: One pulse, decoupletP NMR spectra (A) and CP
spectra (B) of sampl# at various temperatures between 293 and
213 K. The bottom spectrum (at 293 K) was measured after
warming up the sample from 213 K.

headgroups, and in addition, the mobility of thphosphate
groups should be higher than that of thayroups, with the

determined to be 56 ppm (data not shown) at 293 K, which fr_equency of th_e _anisotropic motion at the long correlation
is in good agreement with previously determined data on Side of theTy minimum @ore ~1; 7c ~2.5 x 107 s). The

PMs in a water suspensio4, 63). For a specific phos-
pholipid in an oriented bilayer, thé'lP NMR spectrum
consists of a single resonance line whose frequangy

increased with the anglé between the membrane normal

and the magnetic fieldBp) according to §4)
vesa8) = (213A0)(3 cos 6 — 1) 2)

Using the chemical shifts af-phosphate group&é and eq
2, the angles between the membrane normal Bndiere
estimated to be 19.4, 18.1, and 8at 75, 85, and 100% rh,
respectively. In the case of thesignal ofl and they-signal

of Il , the chemical shifts did not change significantly (Figure

2B).
Table 1 summarizes th&F values measured for the-
andy-phosphate signals of sampleandll with different

T." values for fully hydrated samplewere much smaller
(faster) than those di , although at 75% those measured
for samplel were much longer (slower) than thoselbf
Temperature Variation of*P NMR SpectraAs sample
[l (100% rh) was cooled, the line widths of the twP
signals increased gradually (Figure 3). When quantitated, the
increase and decrease of the line widths from the spectra
shown in Figure 3 and the signal intensities (Figure 4A and
B, respectively) follow a two-step change: the first step is
between 293 and 253 K and the second step is between 253
and 233 K, as shown by the dotted lines in Figure 4. Between
253 and 233 K, the signals became very broad, and the line
shape became similar to that observed for the dry sample at
293 K (Figure 1D). The spectrum at 213 K had a broader
resonance than that at 233 K, but the line shape did not
change further and showed line widths closer to that of dry

rh’s at 293 K. TheT," values increased gradually as the samplel at 293 K (Figure 1D). By warming up the samples
hydration level decreased from 100 to 75% rh. The values Slowly back to room temperature, the two signals from the
obtained from ther-phosphate signals were larger than those two phosphates were reversibly recovered, although the line

of the y-phosphate signals except for those of sanipde
75% rh (Table 1). For dry samplé, values that were 10

width of the y-phosphate signal was slightly broader than
that before cooling (Figure 3, bottom). Similar spectral

times larger were obtained for both signals compared with changes occurred with samglgdata not shown).

those from hydrated films (Table 1). It is expected that

15N CP SpectraFigure 5 shows®N CP spectra ofPN]-

decreasing hydration will cause the reduced motion of both Gly bR in the oriented PM from a PM suspension at pH 6
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FiGUrRe 6: 15N CP spectra of’fN]Gly bR from a pH 6 suspension
at 100% rh at various temperatures. The spectra were accumulated
with 4000 scans each.

Table 2: Proton Spin-Lattice Relaxation Times in the Rotating Frame
(Ty,M; ms) of [*N]Gly bR (from a pH 6 Suspension: Sample

transmembrane-helix® loop
rh100%

293K  4.484+0.10(182.4 ppm)  4.6% 0.49 (41.4 ppm)
av 4.99+ 1.28 (55.5 ppm)

253K  6.544+1.28 (185.2ppm)  7.6% 0.35 (30.4 ppm)
av 7.65+ 0.59 (49.9 ppm)

213K  6.524+1.21(184.8 ppm)  6.48 2.78 (25.7 ppm)
av.7.49+ 2.89 (45.0 ppm)

173K  11.3+1.44(187.8 ppm) 9.0% 1.16 (33.7 ppm)
av 8.12+ 1.10 (47.4 ppm)

133K  13.6+£1.49(185.8 ppm) 25.3 15.1 (30.4 ppm)

Ficure 4: Plots of relative intensity normalized to the one obtained
at 293 K as unity (A) and line width (B) ofi- and y-phosphate

av 21.2+ 17.0 (52.1 ppm)

groups at various temperatures. The plot style is the same as that rh75%

in Figure 2. Changes for the solid and open circles are indicated

by dotted lines.
WMM
M

C
i’M
ppm
300 200 100 0 -100

FIGURE 5: 15N CP spectra of'PN]Gly bR from a pH 6 suspension
(samplell ) at 100% (A), 85% (B), and 75% rh (C) and dry samples
(D). The spectra were measured at 293 K.

(') measured at 293 K with different rh’s. Although tHe
NMR spectra were sensitive to the hydration levels (Figure
1A—D) and were recorded using th®N labeled protein in
films at each hydration level, such large differences were
not observed in thé5N NMR spectra. The signals from
transmembrane-helices were observed around 15720
ppm, which are close to th&,, for an amide site g5, 66),

and those from loops and tid and C-termini regions are
around 26-60 ppm. According to the 1C3W crystal structure
of bR (8), there are 15 Gly residues in transmembrane
o-helices, 6 in the loops and a total of 5 in the and

293K 8.38+1.23(189.1ppm) 5.53 1.09 (45.5 ppm)
av 6.83+ 3.64 (56.7 ppm)
dry
293K 5.75+0.43 (187.8 ppm)  6.9% 0.19 (29.7 ppm)

av 6.68+ 0.97 (34.7 ppm)

aObtained at the maximum resonance height from helices (the
chemical shifts are in parenthesespbtained at the chemical shift
shown in parenthesis for the resonances from the loops and/-the
and C-termini together with the average of some other contributing
resonances.

C-termini. However, the signals at 100% rh, especially from
the loop signals, were small, and the signal areas did not
match with the ratios from the numbers of residues. This
signal reduction is probably due to the local mobility of the
labeled residues in the range of the proton decoupling
frequency (46-45 kHz) 67). The expected spectral ratio was
recovered as the hydration levels were decreased. Also, the
signals from the helices at 100% rh were rather spread out
when compared with those from dry sample (Figure 5A and
D). When the fully hydrated samplé § was cooled, together
with the increase of overall signal intensities, the signal areas
from the loops (and termini) increased gradually (Figure 6).
The line widths of the resonances from tiednelices at 143
K (Figure 6) also decreased and looked similar to those
observed for the dry sample at 293 K (Figure 5D).

T, and T, values are strongly associated with proton
decoupling frequencies (45 kHz.20 us). The'>N-resolved
T1,H values measured at several temperatures and at different
rh’s are summarized in Table 2. The," values obtained
were similar because of a rapid spin-diffusion process in the
system except when anything existed to perturb the diffusion
process. The values obtained for the helices are slightly
smaller than those of the loops (and termini). The variation
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Table 3: >N Spin—Spin Relaxation TimesTg; ms) of *N]Gly- or
[**N]Met bR in the pH 6 Suspension for Sample

transmembrane-helix loop
[**N]Gly bR
100% rh
293K 1.64+ 0.12 (181.9 ppm) 0.98- 0.26 (48.9 ppm)
av 0.81+ 0.24 (58.6 ppm)
273K 1.66+ 0.18 (174.7 ppm)  1.28 0.34 (48.2 ppm)
av 1.53+ 0.32 (44.4 ppm)
243 K 3.44+ 0.34 (175.8 ppm) 1.62 0.18 (48.8 ppm)
av 1.76+ 0.17 (47.1 ppm)
213K 3.09+ 0.44 (180.9 ppm) 2.8% 0.50 (45.9 ppm)
av 2.83+ 0.51 (47.6 ppm)
173K 4.09+ 0.24 (181.9 ppm) 3.74 0.55 (46.9 ppm)
av 3.69+ 0.81 (48.2 ppm)
133K 5.58+ 0.75 (185.9 ppm) 3.83 0.74 (46.9 ppm)
av 3.73+ 0.74 (48.2 ppm)
75% rh
293K 2.26+ 0.26 (181.9 ppm) 0.94 0.14 (49.9 ppm)
av 0.944+ 0.14 (53.7 ppm)
dry
293K 4.49+ 0.58 (175.4 ppm) 3.98 1.47 (37.4 ppm)
av 3.56+ 1.12 (51.8 ppm)
[**N]Met bR
100% rh
293K 1.87+0.20 (186.7 ppm) NB
dry
293 K 3.84+ 0.47 (190.5 ppm)  2.98 0.66 (44.4 ppm)

av 2.75+ 0.53 (47.0 ppm)

@ Averaged out for the three to five data sets obtained at the indicated
chemical shiftsP Signals were too small to analyze.

in theT1," values may be within the orientational dependence
of this relaxation time, reported to be 30% less at &@n
that at 0 (68). It is clear that theT," values became

gradually longer as the sample was cooled, and because i
can be expected that cooling reduces motional frequencies

some motion(s) in bR in the time scale range-df0° s for
T, became slower and was gradually removed out of this
time scale window. The values at 253 and 213 K Tgy!

and those measured for the dry sample at 293 K were similar

(Table 2). The'™N T, values under high-power proton
decoupling were extremely short at 293 K (Table 3). As the
sample was cooled, the values from thex—helical signals
increased stepwise, from 273 to 243 and below 213 K,
whereas those at 243 and 213 K were very similar (Table 3
and Figure 7). The significant changes in fhievalues of

the loops might have occurred between 243 and 213 K. This

data, especially at 243 and 213 K, was reproducible with
different samples within the error range. It appears that
decreasing the hydration levels, therefore, increase¥lithe
T, values (Table 3). However, the values for the signals
of the transmembrane regions ofN]Met-bR in fully
hydrated and dry conditions (Table 3) are very similar within

the errors of measurement when compared with those

obtained for {*N]Gly bR at 293 K.
DISCUSSION

Dynamics of Phospholipids in the PIlome of the native
PM lipids in H. salinariumare carried with bR through its

Biochemistry, Vol. 45, No. 13, 2006+309

crystalline array formation of the PM/Q, 71), and recon-
stituted bR in model membranes without these natural lipids
showed conformational changes induced by array formation
(72). It seems, therefore, that a specific interaction of the
protein with the charged phospholipids is important to
maintain the 3D structure of PMs. Also, lipids sometimes
play an important role in protein activity through lipid
protein interactions. Only fully lipidated membranes are
known to display the flexibility in the pico to nanosecond
time scale as shown in neuron studi&9)( It has been
suggested that PGP-Me is the major phospholipid in PMs
and together with triglycosil lipid (S-TGA-1) could be
involved in the transport of protons across the extracellular
surface of the PM to the red membrane for ensuing ATP
synthesis 14, 75).

The linewidths of thé’P NMR signals (; Figures 1 and
2A) clearly increased as hydration levels lowered. The PM
films from a water/RBO suspension have been extensively
studied by neutron scattering@). It has been shown that
the interbilayer spacing of the PM increases steeply from
49 A for the completely dried films over,Bs, which
corresponds to a membrane thickness of 52 A at 75% rh
(47, 48), to ~77 A at 100% rh {5, 48, 77). The hydration
water is mainly associated with lipid headgroups at a high
hydration level {8), and the removal of water around the
lipid headgroups will cause a condensation of the lipid chains
(47, 48). The 3P NMR results indicate that upon drying a
loss of the interbilayer spacing could cause structural
heterogeneity in the vicinity of the phosphate groups.
However, the use of salts for the PM filmi ) resulted in
better alignment even at lower hydration levels (75% rh;
Figure 1A-C). The pH of the samples was also different

t(I: pH ~3;1l: pH 6), causing a change in the surface charge

of the PM at the lipid headgroups and the charged side chains
of the protein 79). The effect of pH and salt on the PM
surface has been examined using AF80)( showing that
upon drying the existence of salt, rather than changing pH,
could stabilize the perturbations of surface morphology. It
is suggested that the lipid headgroups may be shielded by
the salt ions to permit better membane alignment. This is
also supported by the results of thg” values (Table 1),
where the mobility of botha- and y-phosphate groups
without salt () is higher than that with saltl(), when they

are fully hydrated.

Upon cooling, thé!P NMR signals of the fully hydrated
PM films became broader in two incremental steps between
293 and 253 K and between 253 and 233 K. It was reported
that for a PM film made from a water suspension at low
temperature+{250 K) the removal of excess water was seen
to decrease the interbilayer spacing 163 A, which
corresponds to bilayer thickness with one to two layers of
(so-called nonfreezing) watei7 7). Also, freezing excess
water has been observed at around 2604K).(The first
step of the change, between 293 and 253 K, observed in the
3P NMR spectra, may correspond to freezing of excess water
(40). A significant broadening of thé'P NMR spectra at
around 233 K (Figure 3) indicates a dynamic transition in

purification and even crystallization procedures by the use the lipid headgroup motion. By neutron scattering, a dynamic
of detergents; therefore, it is suggested that those naturaltransition at approximately 230 K between harmonic and
lipids are necessary to maintain the 2D PM lattié®)( nonharmonic motions was shown only for a hydrated PM
Indeed bR-DMPC reconstitution, which contains only PGP- sample 42). The spectral shape changes for the lipid
Me or PGS in the presence 6f2 M NaCl, showed the  headgroups observed (Figure 3) here may correspond to the
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7 . . . . it might be suggested that the mobility of loops with close
6l ] to 10sus is necessary to complete the photocycle of bR,

+ even if the motion of transmembranehelices is slightly
51 . restricted.

Al y For the 100% rh sample, an increase in Thevalues for
% + the >N-labeled transmembrane-helices was observed
% ][ . between 273 and 243 and below 213 K (Table 3, Figure 7).
5 This result suggests the freezing of excess water at around
. 260 K (40), which is associated with the reduction of
& interbilayer spacing 17), may cause a decrease in the

T2 (ms)

o . . . . mobility of the transmembrane helices. Dynamic changes
100 150 200 250 300 of the loops might occur between 243 and 213 K, which
temperature (K) could be the same temperature as that of the dynamic phase

FiGURE 7: Plots of T, values at a variety of temperatures (Table transition of the phosphatg_groups of PM lipids, as. descnl_)ed
3). Values obtained from the signals from transmemberahelices above. The coupled transitions may suggest that interactions
(100% rh) @); from the loops (100% rh)); from the signals occur between the loops of bR and phospholipids, although
from the helices (75% rh)x); from loops (75% rh) 4); from the protein—protein interactions between leaflets cannot be
signals from the helices (dry)«); and from loops (dry) ). excluded because the stack coulcds3 A at 250 K at full

. » hydration 7). Incoherent IENS for smaller scattering vectors
same dynamic transition. Because tHe NMR spectrum at  j; bR have revealed another dynamic transition around 150
233K (F|gur§ 3) is similar to that from th_e dry one (Figure K, which is present for both the dry and fully hydrated
1D), and the line shape of the spectrum did not change belownempranes3g—41). This transition was not observed in the
233 K (Figure 3), the spectrum from the dry sample would T, neasurements here fN-labeled protein, suggesting that
not change any further on reduction of temperature. It is g may be due to the difference in the frequency range
therefore suggested that the dynamic transition observed her‘%ensitivity of To.

would occur only for the hydrated sample. It should be e importance of temperature together with hydration on
emphasized that this transition between 253 and 233 K wasi,o proton pump activity of bR is well known. Recent results

seen for both samples with and without salt (Figures 3 and .o, fully 15N-labeled bR at 86% rh showed slightly longer
4)._ It ha; be_en reporte_zd_ that dynamic changes of the fatty-|-2 values at any temperature for the helix sign&® than
acid chains in the PM lipids also appeared at 233 and 163 K h s from fully hydrated samples. Zaccai has suggested that
for the side and the terminal methyl groups of the lipids ¢ jnhibition of bR activity at low temperatures or in the
(3R)-, (7R)-, and (1R)-15-tetramethylhexadecyl groups, gy state could be due to a reduction of motions from the
respectively) but only in the presence of 10 mM Nag&1)( close packing of lipids around the protein in PMgY, Not
Dynamics of bR in the Oriented PNlhe protein dynamics  only the interbilayer spacing but also the in-plain unit cell
of around 10s ofus was determined here at close to parameter (defined as the length of the trimer unit of bR in
physiological conditions for the PM by controlling both salt  the lattice) decreases aliduA for the completely dried film
and hydration. The relatively smalh," values at 293 Kin  compared with that of a fully hydrated filni$, 47, 48, 77,
the fully hydrated PM suggest that there exists some group-78). The decay of the M-intermediate in the photocycle and
(s) with motions close te-107° s, and from theT, results,  the regeneration of the ground state are strongly slowed
the fluctuation of the"*NH bonds could be the ones with  pelow 80% rh 46). The decay of the multiple M-states can
this motional frequency of-107°s. The result that not only  also be locked around 22@60 K (89). It is interesting to
the loops but also the helices have the motion closgcto  note that theT, values at 243 and 213 K of the transmem-
~107° s suggests that bR in the fully hydrated 2D crystals pranea-helices for the fully hydrated PM were longer than
stacked on the glass plates may have motions that arethose at 293 and 273 K, and tfigvalues of loops increased
different from those of PMs in suspension studied by MAS petween 243 and 213 K (Table 3, Figure 7). Furthermore,
NMR (29, 82 83). at 100% rh, theT, values of both transmembrane helices
Decreasing the hydration level gradually increasedlthe  and loops obtained at 213 K were close to those obtained
value obtained for thé&N-labeled transmembranehelices from the dry sample at 293 K (Figure 7) in which no proton
(Table 3 and Figure 7). However, it is interesting to note pumping activity or conformational changes of the protein
that theT, values for the loops at 100 and 75% rh were very were observeddd). It could therefore be suggested that the
similar, whereas those for the dry sample were larger thanloss of motional flexibility with 10s ofus for not only the
those at 100 and 75% rh (Table 3 and Figure 7). It has beentransmembrane-helices but also the loops could stop the
reported that the conformational changes and proton pumpingphotocycle at the M-state where the biggest conformational
of bR is observed at 75% rh, although only one water layer changes should occur. Therefore, it can be concluded that
is in direct contact with the membrane surface at this the molecular motion of loops close tal0° s is necessary
hydration level, and the photocycle is slowei6,(84, 85). to complete the bR photocycle, and if both loops and
Also, at>75% rh, two new populations of water have been transmembrane-helices loose this flexibility, the cycle is
observed byH NMR, possibly correlating with the structural  trapped.
and functional transitions around this hydration leve)( Methionine residues are located predominantly in the
In contrast, below 60% rh, the functional conformational extracellular half of the bR except for Met-163, which is in
changes in bR do not occur, and the photocycle cannot bea loop. It has been shown by an environmental force constant
completed 84). From the measurement hereTofat 293 K, measured by neutron scattering0( 41), Debye-Waller
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factors from electron diffraction4@), and from X-ray
diffraction of bR crystals44) that the motional fluctuations
within bR are smaller in the extracellular half of bR than in
the cytoplasmic half, especially at room temperature. Al-

though the Gly residues are located not only in the extra- 5.

cellular half but also in the cytoplasmic part of the
transmembrane helices, at 293 K, therelaxation times 6
obtained from the Met-labeled sample were very similar
(within the error range) to those obtained from the Gly-
labeled sample (Table 2). It is suggested that for motions in
the correlation time range 0f10°° s, the mobility of the
cytoplasmic half of bR is similar to that of the extracellular

half. 8.

The N T, values are also affected by the interference

between random motion and coherent decoupling or by 9.

spinning frequencies. Therefore, some spectral components
should be modulated by, for example, the transverse com-
ponent due to static HX dipolar interactions, and are due

to the fluctuation of dipolar and/or chemical shift interactions
(67, 89, 90). In the case of the oriented statiRiNH signals,
motional modulation of the chemical shift interaction could
be eliminated, (although it is dominant for the case of
carbonyl nuclei int3C CP-MAS NMR measurements) and

it should shorte, at low temperatures without MAS. For
15N T, values, the N-H dipolar interaction could dominate,

as seen wheil; is gradually increased at low temperature
(Figure 7). Therefore, at 293 K, proton decoupling was not
effective because of an interference of the frequency of
molecular motion with the frequency of the NH fluctuations
(91), resulting in the poor signal-to noise ratio BN CP
spectrum, which recovered gradually by cooling, as the
molecular motion became slower (Figure 5). However, here,
the dipole-dipole interactions are dependent on the dipolar
orientation. The difference idN T, values between the
signals from the transmembrane helices and loops may not
be directly assigned to the difference in the protein mobility.
Also, T, is closely related to the line width of the NMR
signals. Calculations using the values indicate that the
line width from the fully hydrated sample should b&00

Hz for the transmembrane-helices and~400 Hz for the
loops, and even at 133 K, the resonance should be broad
(~85 Hz). Such intrinsic mobility of membrane proteins in
membranes has been shown to cause spectral interpretational
difficulties in the 2D static NMR measuremeitl( 49), and

an intricate link between membrane dynamics and hydration
has been demonstrated here for both proteins and lipids, as
shown previously for lipids only in the bilayer93).
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