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The proton-conducting pathway of bacteriorhodopsin (BR) contains at
least nine internal water molecules that are thought to be key players in
the proton translocation mechanism. Here, we report the results of a mul-
tinuclear ("H, *H, 7O) magnetic relaxation dispersion (MRD) study with
the primary goal of determining the rate of exchange of these internal
water molecules with bulk water. This rate is of interest in current
attempts to elucidate the molecular details of the proton translocation
mechanism. The relevance of water exchange kinetics is underscored by
recent crystallographic findings of substantial variations in the number
and locations of internal water molecules during the photocycle. More-
over, internal water exchange is believed to be governed by confor-
mational fluctuations in the protein and can therefore provide
information about the thermal accessibility of functionally important con-
formational substates. The present H and 7O MRD data show that at
least seven water molecules, or more if they are orientationally disor-
dered, in BR have residence times (inverse exchange rate constant) in the
range 0.1-10 ps at 277 K. At least five of these water molecules have resi-
dence times in the more restrictive range 0.1-0.5 ps. These results show
that most or all of the deeply buried water molecules in BR exchange on
a time-scale that is short compared to the rate-limiting step in the photo-
cycle. The MRD measurements were performed on BR solubilized in
micelles of octyl glucoside. From the MRD data, the rotational correlation
time of detergent-solubilized BR was determined to 35 ns at 300 K, con-
sistent with a monomeric protein in complex with about 150 detergent
molecules. The solubilized protein was found to be stable in the dark for
at least eight months at 277 K.
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Introduction

nal molecule linked to Lys216 viz a protonated
Schiff base divides this conduction “channel” into

Bacteriorhodopsin (BR), the light-driven proton
pump of halophilic archaebacteria, has become the
paradigm of membrane proteins in general and ion
pumps in particular."~* Proton translocation from
the cytoplasm to the extracellular medium pro-
ceeds via a series of acidic and basic side-chains
located in the central region surrounded by the
seven membrane-spanning a-helices of BR. A reti-
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critical micelle concentration; CP, cytoplasmic; EC,
extracellular; FC, field cycling; OG, n-octyl-p-D-
glucoside; MRD, magnetic relaxation dispersion; SDF,
spectral density function.
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two half-channels. In the following, we refer to
these as the extracellular (EC) channel and the
cytoplasmic (CP) channel.

Internal water molecules have long been recog-
nized as key players in the proton conduction
mechanism of BR.>~7 By neutron diffraction, 7 + 1
water molecules were localized in the proton con-
duction pathway of BR in partly dehydrated pur-
ple membrane films (15 % relative humidity, room
temperature).®® Some of these internal water mol-
ecules are present even at 0% relative humidity,
indicating that they interact strongly with the
protein.® More recently, high-resolution X-ray dif-
fraction of fully hydrated BR, reconstituted in a
cubic liquid crystal at 100 K, has revealed seven
water molecules in the EC channel and two in the
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CP channel.'"~'2 Most or all of these water mol-
ecules are likely to be involved directly in the pro-
ton translocation mechanism. High-resolution
crystal structures are now also available for some
of the spectroscopically identified intermediates in
the photocycle.'*~ 1>

While the locations and inferred H-bond connec-
tivities of these internal water molecules are essen-
tial, one would also like to quantify their mobility.
Such knowledge is particularly relevant, as it is
now known that the number and locations of
internal water molecules undergo substantial vari-
ations during the photocycle.’*~*> For example,
knowledge of the time-scale on which the water
molecule H-bonded to the Schiff base exchanges
with bulk water might provide insights about the
mechanism of proton translocation. Furthermore,
the exchange rates of trapped water molecules
report on the kinetics of thermally activated con-
formational fluctuations in the protein.'® Although
the kinetics of the exchange of the Schiff base pro-
ton with bulk water have been studied,'”'® no
direct information about the exchange rates of
internal water molecules in BR is available. Here,
we describe a magnetic relaxation dispersion study
that provides such information.

Intact BR in purple membrane fragments has
been studied by a variety of techniques, including
solid-state NMR of "*C-labeled residues'®~?' and
pulsed-gradient spin-echo NMR of translational
diffusion of interlamellar water.”? For solution
NMR studies, it is necessary to solubilize BR in
detergent micelles.”® While some solution NMR
studies of isotope-labeled BR solubilized in deter-
gent micelles have been performed,*~*” we are not
aware of any previous NMR study of the internal
hydration of BR or any other membrane protein.

In the past decade, two complementary NMR
methods have been used extensively for studying
protein hydration in solution. One of these
measures spectral peak intensities related to the
rate of intermolecular magnetic cross-relaxation
between water and protein protons,® while the
other directly measures the magnetic auto-relax-
ation rates of one or more nuclear isotopes in the
water molecule over a wide field/frequency
range.””?® The cross-relaxation method relies on
high-resolution spectra and has therefore not yet
been applied to proteins as large as (solubilized)
BR. The magnetic relaxation dispersion (MRD)
method does not suffer from this limitation, but
has not been applied to a membrane protein. A ?H
MRD study of purple membrane sheets at low
water content has been reported briefly,> but, due
to the nature of the sample and the contribution
from labile deuterons, it could not provide unam-
biguous information about BR hydration.

In the present work, we use O, ?H, and 'H
MRD to study the internal hydration of BR solubil-
ized in micelles of the nonionic detergent n-octyl--
D-glucoside (OG). The monomeric BR micelles are
found to be surprisingly stable and their rotational
correlation time, obtained directly from the MRD

data, show that they are smaller than previously
thought. Our results show that at least seven, and
probably all ten, of the crystallographically ident-
ified internal water molecules in BR have residence
times in the range 0.1-10 ps at 4°C. This result
demonstrates that crystallographically well-defined
water molecules in a membrane protein, despite
being deeply buried and extensively H-bonded to
the protein, exchange rapidly with water molecules
in the external aqueous medium. Furthermore,
these residence times provide important con-
straints on mechanistic models of proton transloca-
tion in BR.

Results
Methodological background

The theoretical basis and methodology of the
MRD technique have been described in recent
reviews.??° For convenience, we provide a brief
summary here, which also serves to define the
notation used in the subsequent analysis of the
MRD data.

Magnetic relaxation dispersion refers to the
dependence of the longitudinal (R;) and transverse
(R,) relaxation rates on the resonance frequency
(g = 271 v,), which is proportional to the applied
static magnetic field. For the water ?H and 7O
resonances, this dependence is of the form:

Ry = 0.2](wo) + 0.8](2ep) 1)

Ry = 0.3](0) + 0.5](mp) + 0.2](2wp) 2

The spectral density function (SDF) J(®) is modeled
as a constant o (up to the highest frequency inves-
tigated) plus a sum of Lorentzian terms, each
characterized by an amplitude parameter B and a
correlation time 1¢:

J©) = o+ Y Brrerdl + (1)) 3)
k=1

Proton relaxation is induced by intramolecular and
intermolecular dipole-dipole couplings. The intra-
molecular contribution is described by equations
(1) and (2), but the intermolecular contribution
involves a different linear combination of spectral
density values.

Under the conditions of the present study, the
magnetic relaxation rates depend on the strength
of the nuclear electric quadrupole (*H and 7O) or
magnetic dipole-dipole ("H) coupling, given by the
coupling frequency wg or op (which are known),
and the correlation time 1., which essentially
measures the rate of water rotation (see below). In
the samples investigated here, the rate of water
rotation varies by four orders of magnitude,
depending on the location of the water molecule:
from a few picoseconds in bulk water to tens of
nanoseconds for internal water molecules that tum-
ble rigidly with the protein. For this reason, a
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single internal water molecule may contribute as
much to the observed relaxation rates as 10* bulk
water molecules.

In general, internal water molecules undergo fast
local reorientation with respect to the protein. This
“internal rotation”, however, is usually highly ani-
sotropic and therefore cannot average the quadru-
pole (or dipole) coupling to zero. Therefore, the
spin relaxation rates are dominated by the much
slower isotropic modulation of the coupling
brought about by protein tumbling (correlation
time 1z) and/or water exchange to the bulk (water
residence time ty). The fast “internal rotation”
gives rise to a (usually negligible) direct relaxation
contribution, subsumed in the o parameter in
equation (1). More importantly, this “internal
rotation” brings about a partial averaging of the
anisotropic nuclear coupling so that only a part of
it remains to be modulated by the slower protein
tumbling and water exchange processes. This effect
is described by the orientational order parameter
S?, which scales the spectral density contribution
associated with the slower motions (the B terms in
equation (3)). The order parameter S* can vary
from 0 for isotropic disorder to 1 for rigid binding
(on the time-scale of ().

In the following, we focus on the dependence of
the observed relaxation rate on the mean residence
time, 1y, of the internal water molecules. (This dis-
cussion applies also to the case where the exchan-
ging species is a proton or deuteron, rather than a
water molecule.) The residence time affects the
observed spin relaxation rate in two ways. First,
the rate of orientational decorrelation, given by the
inverse of the correlation time 1, is the sum of the
protein tumbling rate (1/tz) and the water
exchange rate (1/ty):

1/tc =1/ + 1/tw 4)

Unless 1ty > 1R, the correlation time 1~ derived
from the MRD data will therefore be shorter than
Tg. Second, the contribution of an internal water
molecule to the observed relaxation rate is attenu-
ated unless the exchange rate is much larger than
the local magnetic relaxation rate, R1*(o,) = 03 S*
1 {0.2/[1 + (0 T0)?] + 0.8/[1 + (2w, tc)?*]}. Because
R*® decreases with increasing frequency o, the
fast-exchange condition 1y, RI*(w,) <1 will, in gen-
eral, be more strongly violated at low frequencies.
To satisfy the fast-exchange condition at all fre-
quencies, we require that 1,y R°<1, where R = o%
S* 1¢ is the local zero-frequency relaxation rate.
Outside the fast-exchange regime, the observed
relaxation rate R; will be more suppressed at low
frequencies than at high frequencies. This also has
the effect of shifting the dispersion curve R;(v,) to
higher frequencies. To a very good approximation,
both the attenuation and the frequency shift can be
described by the fast-exchange equations (1) to (3),
provided that o, B, and tc are replaced by the
corresponding renormalized parameters o, B/, and
1 (see below).

The sum over k in equation (3) represents the
contributions to the relaxation dispersion from
water molecules with different correlation times
T Although the individual internal water mol-
ecules in a protein (such as BR) experience the
same global tumbling time ty, they will, in general,
have different residence times ty, and therefore
different correlation times t¢, (cf. equation (4)).
However, as long as ty;> 13, this dynamic hetero-
geneity is not manifest and the observed dispersion
yields the same correlation time, tc =1, for all
such water molecules.

In the fast-exchange regime (R%ty<1), the
interpretation of the SDF parameters in equation
(3) is straight-forward.?>° From the amplitude par-
ameter B, we obtain N, 57 = Ny B,/wg, where N; is
the number of water molecules with correlation
time 1, and Ny is the total number of water mol-
ecules (obtained from the protein concentration),
both counted per protein molecule. Since the orien-
tational order parameter is expected to vary
among different internal hydration sites, the s2
value deduced from the B, parameter is an average
over the N, water molecules.

Even outside the fast-exchange regime, the relax-
ation rates can be described by an SDF of the same
functional form as in equation (3), but with renor-
malized parameters o/, By, and 1. The relation
between these renormalized parameters and the
true parameters o, B, and 1 is different for R,
and R, (see Materials and Methods). Therefore, if
both R; and R, have been measured, a deviation
from the fast-exchange limit can be diagnosed
from the shape of the dispersion profiles and a
joint fit yields the additional parameter ty; S;2. As
seen from the relations between the renormalized
parameters B, and 1t¢,, and the true parameters f3,,
and 1¢, (see Materials and Methods), information
about the residence time Ty, can be obtained even
when 1y, >tz and, according to equation (4),
Tc =1 This is possible because when the fast-
exchange condition R° 1y <1 is violated, i.e. when
the water residence time is no longer short com-
pared to the local spin relaxation time (here, ca 20
us for 2H and 0.3 ps for 7O at 4°C), both the
amplitude and the frequency of the dispersion step
are reduced as compared to the fast-exchange situ-
ation (cf. equation (7)).

MRD measurements were carried out on aqu-
eous solutions of BR solubilized in micelles of the
nonionic detergent OG. Sample compositions are
given in Table 1.

Size of detergent micelles containing BR

MRD data provide information about hydration
and about the size and shape of the BR-loaded
detergent micelles via their rotational correlation
time tg. If the micelle is modeled as a smooth rigid
sphere of volume V immersed in a solvent of vis-
cosity m, then the rank-2 rotational correlation time
probed by MRD is given by:
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Table 1. Samples investigated by MRD

Sample [BR] (mM) [OG] (mM) pH* *P X, P t (°C) Isotope
Al 0.53 135 4.6 0.998 h 4 ’H
A2° 0.46 118 4.7 0.873 0.044 4 70
B 0.64 8 5.0 0.686 0.110 27 70
C1 0.96 8 49 0.998 h 27 ’H
C2f 0.79 8 49 0.998 h 27 H
D1 0 120 4.7,10.7 0.998 h 4,27 ’H
D2 0 120 4.7 0.746 0.089 4 70

2 pH* was measured with an electrode calibrated in H,O buffers and is related to the thermodynamic L;O* (L = H or ?H) ion

activity through pL = pH* + 0.41 x,.
b All samples contained 5 mM acetate buffer.
¢ Atom fraction 2H in water.
4 Atom fraction 7O in water.

¢ Sample A2 was obtained by diluting sample Al with "O-enriched H,O.
f Sample C2 is the supernatant obtained after centrifuging sample C1.

& Not determined, but probably similar to samples Al and A2.

h Natural abundance, x,, = 0.00037.

TR = nV/(kBT) (5)

Although BR forms a trimer in the purple mem-
brane, the correlation times derived from our MRD
data show that the micelle contains only one BR
molecule (see below). This is in accordance with
the results of previous circular dichroism and gel-
filtration studies.”** We can therefore write
V=Vir+ Nog Vog, where Vi and Vg are the
molecular volumes of BR and OG, and Ny is the
number of OG molecules in the micelle. Using the
molar mass of BR, 27 kg mol ™, and an estimated
partial specific volume of 0.75 cm® g™!, we obtain a
protein volume of 3.36 x 10* A2, Addmg 250 water
molecules estimated to be in direct contact with
the solvent-exposed surfaces of BR (see below), we
get Vo =4.1 x 10* A% For OG,*? the molar mass
of 292.4 g mol™ and the partial specific volume
0.867 cm® g~ yield a molecular volume of 420 A3,
to which we add six water molecules hydrating
the glucose head group, giving Ve = 600 A%, (The
rationale for adding a layer of hydration water is
essentially empirical and may actually compensate
more for surface roughness than for solvent pertur-
bation.)

Figure 1 shows the rotational correlation time
obtained with these volumes and with the bulk
water viscosity at 4 and 27°C (at the isotope com-
positions of samples A2 and B in Table 1). Since
the micelle cannot be perfectly spherical, the real 1y
should be slightly longer than predicted by
Figure 1. Any residual native lipids will also
increase Tg.

The overall OG/BR (mol/mol) ratio was deter-
mined to be 256 in samples Al and A2 (see
Materials and Methods), and is probably not very
different in the other BR samples. These 256 OG
molecules are divided among BR-loaded micelles
(Nog molecules), BR-free micelles, and monomers.
The critical micelle concentration (cmc) of OG var-
ies from 25 mM at 27°C to 35 mM at 4°C,*? corre-
sponding to about 75 monomeric OG molecules
per BR molecule in sample A2. Using the geometry

of the BR molecule together with the 243 A alkyl
chain volume® and 44 A? head group area of
OG,** we estimate that N is in the range 75-150.
In the absence of BR, OG forms micelles with an
aggregation number of ca 90 and a moderately
non-spherical shape.3>343°

In principle, Tz can be obtained directly from the
dispersion of the non-labile protons of BR, for
which 1 = 13 by definition. However, with a zero-
frequency relaxation time of the order of 1 ms,
these protons cannot be studied quantitatively by
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Figure 1. Theoretical estimate of the rotational corre-
lation time, TR, of a micelle containing one BR molecule
and Nog OG molecules along with a layer of hydration
water. The micelle is modeled as a smooth sphere
immersed in a fluid with the viscosity of bulk water at
4°C (2.00 cP) or 27°C (1.00 cP) and the isotope compo-
sition of samples A2 and B.
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field-cycling MRD (see Materials and Methods).
The situation is more favorable for the non-labile
protons of OG, which relax one to two orders of
magnitude slower than the BR protons because of
their smaller order parameter (due to fast
rotational isomerization in the alkyl chain and, to a
lesser extent, to lateral diffusion of OG molecules
over curved interfaces) and because of exchange-
averaging with monomeric OG molecules and
BR-free micelles (which have considerably shorter
1z than BR-loaded micelles). The residence time of
OG molecules in micelles is about 1 us.*® This
is much shorter than the local spin relaxation
time, but much longer than the tumbling time.
Consequently, we have t-=1; for non-labile
OG protons.

Although the total 'H signal should relax multi-
exponentially, the observed relaxation is exponen-
tial within experimental error. This is because the
non-labile BR protons (ca 40 % of the initial 'H sig-
nal) relax too rapidly to contribute to the acquired
signal, whereas the labile protons originating from
the hydroxyl groups in OG (<10 % of the initial 'H
signal) have a zero-frequency relaxation rate of ca
1 s7' (as verified by direct MRD measurements on
a sample prepared with a H,0/?H,0 mixture),
thereby making a negligible contribution to the
observed relaxation. Finally, the spread of R,
values among different OG protons due to the
order parameter gradient along the alkyl chain is
too small to be resolved.

Figure 2 shows the 'H R, dispersion from
sample C2, made with ?H,O. The bi-Lorentzian fit
shown yields for the longer correlation times
35(%£3) ns, which must be the tumbling time of BR-
loaded micelles. According to equation (5), 1x = 35
ns corresponds to an apparent Stokes radius of
32 A, comparable to previous gelfiltration
results.”?* According to Figure 1, 1z = 35 ns corre-
sponds (after a viscosity scaling from 1.04 to 1.00
cP) to an OG aggregation number Nog = 165, or
somewhat less if the non-spherical shape of the
micelle and/or some residual lipid is taken into
account. This result is not inconsistent with our
geometrically based Ny estimate (see above).

The shorter correlation time of 2.9(+0.4) ns
obtained from the bi-Lorentzian fit in Figure 2 can
be attributed to tumbling of BR-free micelles and
to lateral diffusion of OG molecules over the
curved interfaces of both types of micelle, pro-
cesses that are expected to have correlation times
of a few nanoseconds. The amplitude parameter
B=(wp S)* associated with the long correlation
time is 3.8(+0.3) x 10% s~2. With a dipole—d;pole
coupling frequency op of 1.64 x 10° rad s', as
expected for a CH, group with ry; =178 A, we
obtain the reasonable order parameter S = 0.12.3

Stability of detergent-solubilized BR

The samples that were kept at 27°C during
measurements (several days) showed evidence
(from light-scattering) of a slow aggregation pro-
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Figure 2. Frequency-dependence of the longitudinal
relaxation rate of the non-labile OG protons in an aqu-
eous solution of BR solubilized in OG micelles (sample
C2) at 27°C. The continuous curve resulted from a fit to
the R, data using a bi-Lorentzian SDF. The dash-dot
curves represent the individual Lorentzian R; com-
ponents.

cess, leading to visible precipitation after about a
week at this temperature. The presence of higher
aggregates during the MRD measurements at 27 °C
was also inferred from a large step at sub-MHz
frequencies in the 'H and ?H dispersions.

This is illustrated in Figure 3, showing the *H R,
dispersion from sample C1 at 27°C. The dominant
dispersion step at sub-MHz frequencies is attribu-
ted to labile OG deuterons in the large micelles
(see below). Fixing tc; and 1, at the values
obtained from the 7O MRD data at this tempera-
ture (see below), a tri-Lorentzian fit yields
T3 = 0.9(£0.1) ps for the third correlation time.
For such long correlation times, the conventional
perturbation theory of spin relaxation, on which
our analysis is based, breaks down and 15 is
therefore only an apparent correlation time (hence
the prime) related to the true correlation time
through 13 =103 (14 Qo tcs) /% where Qo=
(3/2)'? ©g S In the limit Qg Tc3>1, we have
Tc3 = 1/Qq, which equals 3 ps for the OD deuter-
ons in OG. The observed value of t-; indicates that
we are close to this limit. The correlation time 15
could be the tumbling time of the aggregates, or,
more likely, the residence time of an OG molecule
in the aggregate, which is about 1 ps.* In the latter
case, equation (3) implies that tx>»1 ps. The
exchange of OG molecules is thus three orders of
magnitude faster than the exchange of their OD
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Figure 3. Frequency-dependence of the water °H
longitudinal relaxation rate in an aqueous solution of
BR solubilized in OG micelles (sample C1) at 27°C.
Open circles represent R, values measured with the FC
technique. The broken line refers to the relaxation rate
of the bulk water used in this sample. The continuous
curve resulted from a tri-Lorentzian SDF with 1, and
Tc, frozen at values derived from the VO MRD data at
27°C (see Table 2). The dash-dot curves represent the
individual Lorentzian R, components.

deuterons (about 2 ms at 27°C, see below). Even
the lower bound of ca 1 ps for 1z is much larger
than the expected tumbling time of a detergent-
solubilized BR trimer, which should be roughly
three times that of a monomeric BR micelle, that is,
ca 100 ns at 27°C.

Because of partial overlap with the very large
sub-MHz dispersion step from the higher aggre-
gates and because of the uncertainty in the amount
of non-aggregated BR, a quantitative analysis of
the more extensive ?H MRD data recorded on
sample B in the 1-100 MHz range (data not shown)
could not yield unambiguous information about
BR hydration. It should also be noted that the 'H
dispersion in Figure 2, which does not exhibit the
low-frequency dispersion step seen in Figure 3,
was recorded within two days after the higher
aggregates had been removed from the solution by
centrifugation.

In contrast to the samples that were measured at
27°C (but stored at 4°C), the samples that were
measured (and stored) at 4°C remained stable for
at least eight months. Figure 4 shows the UV /VIS
absorption spectra of OG-solubilized BR from one
of the three BR preparations used for the MRD
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Figure 4. UV/VIS absorption spectra from aqueous
solutions (pH* 4.7) of BR solubilized in OG micelles,
recorded immediately after preparation of the stock sol-
ution (thick line) or after eight months storage at 4°C
(sample A2 diluted tenfold with H,O) (thin line). The
spectra have been normalized in amplitude at 280 nm.

work (see Table 1 and Materials and Methods).
The spectrum obtained from sample A2 after eight
months does not differ much from the spectrum
recorded immediately after preparation of the
stock solution, indicating that the protein remains
essentially in a native state. The observable differ-
ences, a 10 nm red shift and asymmetric broaden-
ing of the bound-retinal band around 560 nm and
a slightly increased intensity of the 390 nm band,
may be ascribed to minor structural or charge
alterations in the vicinity of the chromophore, as
observed in mutant forms of BR.*® The slight vari-
ation of the 280/560 nm absorbance ratio is partly
due to concentration-dependent light-scattering.
The spectrum (not shown) recorded in connection
with the MRD measurements, ca three months
after preparation of the stock solution, was vir-
tually identical with the eight month spectrum
shown in Figure 4. Consistent with these spectral
indications of little or no “bleaching” over several
months when the sample was kept in the dark at
4°C and pH* 4.7, no sub-MHz dispersion step was
seen at 4°C.

2H MRD studies of deuteron exchange in OG

The relaxation of the water *H resonance usually
includes contributions from rapidly exchanging
labile deuterons.?**® Any such contributions must
be assessed before information about protein
hydration can be extracted from *H MRD data. In
the samples studied here, the protein is not the
only source of labile deuterons; the glucose head
group of the detergent contains four labile
hydroxyl deuterons. To assess this potentially
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important contribution, a reliable value for the
hydroxyl deuteron residence time, top, is needed.
To this end, we measured the *H R, and R, disper-
sions from a 120 mM OG solution in *H,O (sample
D1) at pH* 4.7 (as in the BR solution) and at pH*
10.7 (where the hydroxyl deuterons are in the fast-
exchange regime). This was done at 4°C and at
27°C, but the 27°C dispersions were too small to
permit a quantitative analysis. Although consistent
with the R, data, the R, data showed more scatter
and were therefore not included in the analysis.
The *H R, dispersions from sample D1 at 4°C
and at two pH* values are shown in Figure 5.
Because the hydration water of OG has sub-nano-
second residence times (as evidenced by the lack of
70 dispersion; see below), these dispersions are
entirely due to labile OG deuterons. As expected,
each dispersion is well described by a Lorentzian
SDEF. Rather than fitting the two dispersions separ-
ately, which would require six parameters, they
were fitted jointly with two constraints imposed,
leaving four free parameters. Let o, B, and 1c be
the parameters of the pH* 10.7 dispersion, where
the hydroxyl deuterons are in the fast-exchange
regime. Then the parameters at pH* 4.7 are o = a,
=B+ R 1op) /% and 1 =1c(1+ R® 1op) 2,
where R? is the zero-frequency relaxation rate of
the hydroxyl deuterons (see Materials and
Methods). Because only the pH* value is different,
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Figure 5. Frequency-dependence of the water ?H
longitudinal relaxation rate in an aqueous solution of
OG (sample D1) at 4°C and at pH* 4.7 (open circles) or
pH* 10.7 (filled circles). The broken line refers to the
relaxation rate of the bulk water used in these samples.
The continuous curves resulted from a joint Lorentzian
fit to the two sets of R; data with the constraint that
only the residence time of the OG hydroxyl deuterons is
affected by the pH* difference.

all parameters should be the same for the two
dispersions except 1op. At pH* 10.7, R° 155 <1, but
this fast-exchange condition is not satisfied at pH*
4.7. To obtain 1op, we note that R°=b 1 and
B=x fop b. Here b= (37%/2) (xob Sop)? X is the
fraction of micellized OG molecules, and fqp, is the
fraction of all deuterons that reside in the hydroxyl
groups of OG. Since R°=p 1c/(x fop), we can
deduce t5p from the fit if we know x and fop.
With a cmc of 35mM at 4°C*? x=1-235/
120 = 0.71. Furthermore, for 120 mM OG in 2H,0O,
foo =4 [0OG]/(2 [*PH,O]) =447 x 107°. From the
values of R 1op, B and 1c derived from the fit, we
thus obtain top = 4.5(+0.4) ms. This is consistent
with the previously determined hydroxyl deuteron
residence time of 2 ms in glucose at 20°C and pH*
6-7.% The correlation time, 1c = 3.9(£0.1) ns, may
be attributed to the combined effect of micelle tum-
bling and lateral diffusion of OG molecules over
the curved micelle surface.*® The quadrupole coup-
ling constant yop for the hydroxyl deuterons in
OG should fall within the range 190-210 kHz deter-
mined for simple alcohols.*'** With this value and
the B value determined from the fit, we obtain an
order parameter, Sop = 0.35 £ 0.02, in the expected
range.

2H MRD studies of BR hydration

If care is taken to eliminate or correct for any
contribution from labile deuterons, 2H MRD offers
certain advantages over O MRD in hydration stu-
dies. Because of the one order of magnitude weak-
er quadrupole coupling, *H relaxation is two
orders of magnitude slower than O relaxation.
This makes it possible to use the field cycling (FC)
technique to access the kHz-MHz frequency range
(see Materials and Methods). Large aggregates can
thereby be identified directly via their associated
low-frequency dispersion (see Figure 3), rather
than merely via an R, offset (see below). Moreover,
because of the longer relaxation times, H MRD
can reveal the presence of internal water molecules
that exchange too slowly to contribute to O relax-
ation.

The ?H MRD data obtained at 4°C (from sample
Al) are shown in Figure 6. Despite the scatter in
the low-frequency FC data, it is clear that R, levels
out and converges with R, at about 0.2 MHz,
demonstrating the absence of larger aggregates (as
seen at 27°C). Because we could not rule out a
minor contribution to R, at the higher frequencies
from chemical shift modulation by exchange of
labile deuterons,® only the R, data were included
in the quantitative analysis. The parameter values
obtained from a bi-Lorentzian fit to the R, data are
given in Table 2. We focus on the low-frequency
step with correlation time ;. Before drawing any
conclusions from the parameter values characteriz-
ing this dispersion step, we must ascertain whether
they are affected by labile deuterons.

On the basis of the amino acid composition of
BR and typical labile deuteron exchange rate con-
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Figure 6. Frequency-dependence of the water ?H
longitudinal (circles) and transverse (filled squares)
relaxation rates in an aqueous solution of BR solubilized
in OG micelles (sample Al) at 4°C. Open circles rep-
resent R; values measured with the FC technique. The
broken line refers to the relaxation rate of the bulk
water used in this sample. The continuous curve
resulted from a fit to the R, data using a bi-Lorentzian
SDF with parameter values given in Table 2. The dash-
dot curves represent the individual Lorentzian R; com-
ponents. The inset shows R; data over a wider fre-
quency range and includes R, data along with the R,
dispersion predicted on the basis of the parameter
values obtained from the fit to the R; data.

stants,*> we estimate the contribution of labile BR
deuterons to the zero-frequency *H relaxation rate
at pH* 4.7 and 4°C to be less than 0.3 s'. This
contribution can therefore be neglected. The contri-
bution from labile OG deuterons can be estimated
with the aid of the values of top, Yop, and Spop
established above. Taking 1z =72 ns (see below),
we obtain for the zero-frequency relaxation contri-
bution from labile deuterons in Ny OG molecules

per aggregate, AR;(0) = (2 Nog /N1) b /(1 +b 11
Top) =4 x 107 N s™'. For a plausible aggrega-
tion number, Nog = 150, this amounts to 0.6 s~L
or 15% of the low-frequency dispersion step in
Figure 6. This is likely to be an overestimate, since
Sop should be further reduced by lateral diffusion
of OG molecules over the curved micelle surface.
We therefore neglect the OG contribution to the “H
dispersion at 4 °C.

Having demonstrated that the labile deuteron
contributions are negligible, we may now conclude
from the amplitude parameter N, S7=7.7 £ 1.0
that BR contains at least seven long-lived water
molecules (since S? < 1). The correlation time,
Tcy = 72(£8) ns, allows us to quantify the meaning
of long-lived. First, according to equation (4), the
residence time must be longer than the correlation
time, Ty; > Tc;- Second, for a water molecule to
contribute fully to the dispersion, its residence time
must be shorter than the local zero-frequency
relaxation time, Ty; <1/(04 ST 1¢;) (see Materials
and Methods). Using the known value® of oy and
setting S; =1 (only for the purpose of estimating
the upper bound on ty;), we can thus say that the
seven or more water molecules responsible for
low-frequency *H dispersion have residence times
in the range 70 ns < Ty <20 ps. Furthermore, the
correlation time t~; =72 ns can be identified with
the tumbling time, 1z, of a BR-loaded micelle at
4°C, since it agrees, after viscosity scaling (the
bulk water viscosity ratio is 1.98), with the value,
Tr =35 ns, obtained from the non-labile proton
dispersion at 27 °C (see Figure 2).

170 MRD studies of BR hydration

The main objective of this work is to determine
the number of internal water molecules in BR and
their residence times. This is accomplished most
directly by 7O MRD, which reports exclusively on
water molecules. Because of the fast spin relaxation
of the 7O nucleus, however, we cannot use the
field-cycling technique to access sub-MHz frequen-
cies, as required to sample the entire dispersion
curve for the relatively long correlation times
involved here. We compensate for this limitation
by also measuring the transverse relaxation rate
R,, which includes zero-frequency information at

Table 2. Results derived from bi-Lorentzian fits to 2H and O MRD data

Isotope/sample 2H/A1 70/A2 70/B
Temperature (°C) 4 4 27

o (s 63+0.1 400 + 4 17142
N, $2° 77410 49+ 04 42404
ey (ns) 7248 61+5 30+5
N, $22 61+6 20+4 1042
T, (NS) 50+0.6 3.6+0.7 24+0.5
AR, (s - - 29+3

For the YO MRD data, R, and R, were fitted jointly. Parameter errors are Monte Carlo estimates (+ one standard deviation)

based on experimental errors in R; and R, (1-2 %).

2 The B, parameters were converted to N, S? using 0o(*’O) = 7.6 x 10° rad s™! and wo(*H) =8.7 x 10° rad s™*.
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all resonance frequencies via the first term in
equation (2).

The YO MRD data obtained at 4°C (from
sample A2) and at 27°C (from sample B) are
shown in Figures 7 and 8. In both cases, the dis-
persion curves shown resulted from a joint fit to
the combined R, and R, data using a bi-Lorentzian
SDF. (A uni-Lorentzian SDF was ruled out.) The
parameter values derived from these fits are col-
lected in Table 2. At 27°C, a fraction of the BR
molecules are present in larger aggregates that
give rise to a sub-MHz dispersion step (see above).
This dispersion step, which is observed directly in
the ?H data (see Figure 3), is much smaller for 7O
(since only water molecules contribute) and, there-
fore, does not affect R, above 1 MHz, and only
adds a frequency-independent contribution to R,
via the term 0.3 J(0) in equation (2). We therefore
included an R, offset, AR,, in the fit to the 27°C
70 data. To allow a more direct comparison with
the 4°C data in Figure 7, the AR, value resulting
from the fit was subsequently subtracted from the
R, dispersion curve as well as from the R, data
shown in Figure 8.

The dominant dispersion step, with correlation
time ¢, is well characterized by the combined R,
and R, data. (Recall that R, contains information
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Figure 7. Frequency-dependence of the water 7O
longitudinal (circles) and transverse (squares) relaxation
rates in an aqueous solution of BR solubilized in OG
micelles (sample A2) at 4°C. The broken line refers to
the relaxation rate of the bulk water used in this sample.
The continuous curves resulted from a joint fit to the
combined R; and R, data using a bi-Lorentzian SDF
with parameter values given in Table 2. The dash-dot
curves represent the individual Lorentzian R; com-
ponents.
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Figure 8. Frequency-dependence of the water 7O
longitudinal (circles) and transverse (squares) relaxation
rates in an aqueous solution of BR solubilized in OG
micelles (sample B) at 27°C. The broken line refers to
the relaxation rate of the bulk water used in this sample.
The curves resulted from a joint fit to the combined R,
and R, data, using a bi-Lorentzian SDF with parameter
values given in Table 2. A frequency-independent R,
offset of 29.2 s7! has been subtracted from the R, data
and dispersion curve (see the text). The dash-dot curves
represent the individual Lorentzian R, components.

about the low-frequency plateau.) Because water
molecules associated with detergents or lipids (in
micelles or liquid crystals) or with protein surfaces
invariably have sub-nanosecond residence times,*
this dispersion step must be due to water mol-
ecules trapped in cavities within the BR molecule.
(The absence of long-lived OG hydration was con-
firmed by the finding that R, = R, within exper-
imental error for the 7O relaxation from sample
D2, containing 120 mM OG but no protein.) The
7O parameter values obtained at 4°C, N,
$3=49+04 and 1¢, = 61(£5) ns, imply that BR
contains at least five water molecules (since
52 < 1) with a residence time 1y, > 60 ns (since
Twi > Tc1)- The barely significant reduction of N; S3
at 27°C (see Table 2) may be explained by the pre-
sence of a fraction ¢ of the BR in the form of larger
aggregates (responsible for the R, offset); the num-
ber given in Table 2 is then (1 — ¢) N; S%.

The O MRD data yield for the correlation time
of the dominant dispersion step 1, = 61(£5) ns at
4°C and 30(£5) ns at 27°C. Because these corre-
lation times (ratio 2.03) scale as the bulk water vis-
cosity at the two temperatures (ratio 2.01),
equation (4) suggests that 1o, ~ 13, the tumbling
time of a BR-loaded micelle. (Had the residence
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Tw; been comparable to or shorter than 1, then its
supposedly  stronger  temperature-dependence
would have been partly carried over to tc;.) On
the other hand, the ”O correlation times are both
15 % shorter than the tumbling times, 1, derived
from the 'H and *H dispersions (see above). This
indicates that the water molecules that are respon-
sible for the O dispersions have residence times
that are not very much longer than 1. With
g = 72 ns from the 4 °C *H dispersion, the O cor-
relation time implies, via equation (4), residence
times in the range 300-400 ns at 4°C. With resi-
dence times in this range, the fast-exchange con-
dition is not likely to be satisfied; the local zero-
frequency O relaxation time of a fully ordered
water molecule with t- =60 ns is merely ca 300
ns. We therefore cannot assume that fast-exchange
conditions prevail for the 'O relaxation.

To allow for the possibility that the internal
water molecules are not fully in the fast-exchange
limit, an additional parameter, chosen as Ty, S,
must be introduced. Because the accuracy of the
data does not allow us to determine this parameter
directly, we fitted the other parameters for differ-
ent fixed values of 1y, Si. Fits of acceptable quality
were obtained with 1,y; S =200 ns (at either tem-
perature). For example, for ty; S5 =200 ns, we
obtained tc; =57 ns and N; S5 =7.0 at 4°C. With
1 =70 ns (as suggested by the 'H and *H MRD
data), we then get ty; =300 ns, S, =0.8, and
N; =10.7. (This analysis ignores the slight compli-
cation introduced by a distribution of residence
times for the internal water molecules that contrib-
ute to the dispersion step.) In conclusion, the 7O
MRD data identify internal water molecules in BR,
the number (N,), order parameter (S;), and
residence time (ty;) of which are such that N,
52 =5-7, Tyy; > 60 ns, and 1y, S? < 200 ns (at 4°C).
Although the data do not set a lower bound on the
order parameter, previous MRD studies of internal
water molecules in proteins suggest that S$* > 0.5
for water molecules that participate in at least two
H bonds,*>*® which is the case for all the seven
crystallographically identified water molecules in
the EC channel.

On the other hand, the 2H MRD data showed
that N; S3=7.7+1.0 and 70 ns < tyy; <20 us at
4°C. The question now arises of whether the *H
dispersion can be fully accounted for by the water
molecules that produce the O dispersion, or if we
need to invoke an additional H contribution from
water molecules that exchange too slowly to con-
tribute to 'O relaxation. To answer this question,
we must recognize that, because of geometrical
differences between the *H and O quadrupole
coupling tensors, the order parameters S(*H) and
S(*’0) may differ?* We tentatively divide the
water molecules responsible for the “H dispersion
in two groups: “fast” water molecules with
Twir < 0.5 ps that also contribute to the O dis-
persion, and “slow” water molecules, with
2 < Ty s < 20 ps, that contribute only to the H dis-
persion. Since the correlation times of the O and

’H dispersions differ by only ca 20 %, the contri-
butions to N; [S;(*H)]? from the ““fast” and “‘slow”’
water molecules are approximately additive. We
can therefore write:

Ni[$iCH)F = Nis[S1sCH)F + oNi[Si("O)F  (6)

where ¢ = [S;(*H)/S;(*”O)]*. For physically realis-
tic situations, ¢ ranges from 1 for a fully ordered
water molecule to 0.37 for a water molecule that
flips around the C, symmetry axis on a time-scale
less than 1, but is otherwise highly ordered.?” The
relationship (6) is illustrated graphically in Figure 9,
showing that the MRD data are consistent with
N, [S; (*H)]* values in the range 1-6, with larger
values corresponding to rapidly flipping “‘fast”
water molecules.

170 MRD evidence for faster motions

A high-frequency dispersion step, with a corre-
lation time of a few nanoseconds (see Table 2), is
evident in Figures 7 and 8 (as well as in the *H dis-
persion of Figure 6). If the water molecules respon-
sible for this dispersion step are associated with
the BR-loaded micelle, then they must have resi-
dence times of a few nanoseconds (Ty, = Ty < TR).
Although water molecules in deep surface pockets
on protein surfaces have been found to have resi-
dence times in this range, the large value of N, S3
(see Table 2) is difficult to rationalize in this way.

le [SIS(ZH)]2

O 1 1 1 | L 1 1 1
0 0.2 0.4 0.6 0.8 1

[S..CCH)/S, (FTO)?

lf( lf(

Figure 9. Graphical representation of equation (6). The
possible values for N, [S; (H)]* are confined to the
shaded region, bounded from above and below by the
experimental result 5 < N([S;(7O)]* < 7, and from left
and right by the condition 0.37 < [S;(*H)/S;{("O)I* < 1.
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Another possibility would be to assign this dis-
persion step to the primary hydration of two or
three BR-bound calcium or magnesium ions. In the
case of Ca®", T2 could be the residence of water
molecules in the ionic hydration shell, whereas, for
Mg?*, the hydration is much more long-lived, so
T, would have to be the residence time of the ion.
Although BR in le membrane is known to
bind Ca*" or Mg?>™, bt no such ions have been
localized in X-ray crystal structures of BR. Yet
another possibility is that a substantial number of
water molecules are trapped between the surface
of BR and associated OG molecules, presumably
with their head groups oriented towards BR.

Finally, we consider the o parameter (see
Table 2), which is the contribution to the relaxation
rates from sub-nanosecond water motions. The
high-frequency excess relaxation rate o — Ry is
given by a sum of terms of the form f; (R; — Ry,
where f; is the fraction of water molecules with
local relaxation rate R.?° For a BR-loaded micelle,
there are contributions from BR (surface) hydration
as well as OG hydration. An estimate of the latter
contribution may be obtained from the protein-free
sample D2, where R; — Ry, = 19 s This value is
in excellent agreement with the prediction based
on the relaxation enhancements of glucose* and of
solvent-exposed methylene groups®, taking into
account that, with a cmc of 35 mM (see above),
30% of the OG molecules are monomeric. Based
on the solvent-accessible surface area of the non-
buried part of BR, we estimate that about 250
water molecules are in contact with the exposed
protein surface. For the surface hydration of pre-
viously studied globular proteins, R;/R, ranges
from 4.9 to 6.4, with an average of 5.5.445 Usm
these values, we obtain fiz (Ryr — Rpun) = .
Adding the OG contribution, assumed to be the
same as in sample D2, we arrive at
o — Ry = 22 57!, barely half of the experimental
value o — Ry =400 — 352 =48(+5) s™'. At
present, we cannot offer a plausible explanation for
this discrepancy.

Discussion

While we have obtained quantitative infor-
mation about the number of long-lived water mol-
ecules and their residence times, the MRD data do
not tell us where in the BR molecule these water
molecules reside. Nevertheless, the accumulated
results of 5previous MRD studies on numerous
proteins®** clearly show that water molecules
with residence times in the range 0.1-10 pus, as
found here, must be buried within the protein
structure and, thus, may be referred to as internal
water molecules. Fortunately, crystal structures of
BR are now available at a resolution where most, if
not all, of the internal hydration sites occupied
by positionally ordered water molecules can be
identified.0~12

Some caution is warranted in comparing our
MRD data, which refer to monomeric BR solubil-
ized by synthetic detergent, with data on BR in the
two-dimensional lattice of the purple membrane or
the three-dimensional lattice of cubic liquid crys-
tals. In these ordered systems, BR forms trimers
with direct protein-protein contacts and each BR
molecule is surrounded by about ten ordered
native lipid molecules, which appear to interact
specifically with the hydrophobic external surface
of BR>' Nevertheless, despite a lower stability
towards thermal denaturation,®**® somewhat
altered photocycle kinetics,>* > and minor struc-
tural changes,” monomeric BR solubilized in
detergent micelles is functional®® and therefore is
likely to have essentially the same structure as
trimeric BR in the purple membrane.

For reference purposes, we shall use the 1.55 A
structure 1C3W.'° Among the 23 water molecules
reported in this structure, ten have zero solvent-
accessible surface area and can thus be considered
internal (see Figure 10). The remaining 13 water
molecules are highly exposed and therefore cannot
have residence times in the range indicated by the
MRD data. Of the ten internal water molecules,
seven are buried in the EC channel, where they
participate in a H-bond network believed to play a
central role in the translocation of the excess pro-
ton from the retinal Schiff base to the Glul94/
Glu204 pair near the extracellular surface of BR.?
These seven water molecules, each of which makes
two or three strong H-bonds, are also identified in
the 1.9 A structure 1QHJ,"! where an additional
water molecule is modeled near the extracellular
end of the channel, and in the 2.0 A structure
1CWQ.'?> Whereas the EC channel is lined with
charged and polar residues, the CP channel is lar-
gely hydrophobic (with the notable exception of
Asp96 in the middle of the CP channel). Only two
water molecules have been localized in the CP
channel.'® One of them resides 4.4 A from the reti-
nal and is present in all three structures. In two of
the three structures (1C3W and 1CWQ), a second
water molecule is located further towards the cyto-
plasmic end of the CP channel. Finally, all three
structures locate a water molecule in a deep exter-
nal pocket in the middle of the membrane-span-
ning part of BR, where it makes three H bonds to
the protein. Although not buried within the pro-
tein, this water molecule is likely to be long-lived,
since it is trapped by lipids (in the purple mem-
brane) or detergents (in the micelle).

Our MRD results require at least seven internal
water molecules with residence times in the range
0.1-10 ps (at 4°C), but would be consistent with a
substantially larger number. According to the
available crystal structures, BR contains only ten
ordered internal water molecules in the ground
state. We therefore conclude that at least seven of
them, and probably all ten, have residence times in
the range 0.1-10 ps. If only seven water molecules
have residence times in this range, they must be
fully ordered and cannot undergo any flip motions
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Figure 10. Crystal structure of bacteriorhodopsin
(PDB code 1C3W), showing the ten internal water mol-
ecules (large spheres) identified at 1.55 A resolution:'°
seven in the EC channel (red), two in the CP channel
(blue), and one water molecule in a surface pocket on
the lipid-binding surface (green). The retinal (magenta)
is rendered with smaller spheres. The ten -cavities
described in Table 3 are represented as yellow dot sur-
faces. The proton is transported from the cytoplasmic
side (top) to the extracellular side (bottom).

during their 70 ns correlation time (at 4 °C). Even if
all ten internal water molecules contribute to the
?H dispersion, their (rms) order parameter must be
high, S(*H) = 0.88 + 0.06, which leaves little room
for fast flip motions.

If, as seems to be the case, the water molecules
are highly ordered, with S(*’O) ~ 1, then the 7O
MRD results indicate that five to seven internal
water molecules have residence times in the
narrow range 0.1-0.5 ps. It is tempting to identify
these with the seven water molecules in the more
accessible EC channel, and to identify the one to
three additional water molecules required to
account for the *H dispersion with some or all of
the remaining three, more deeply trapped, internal
water molecules. This conjecture could be tested by

carrying out MRD experiments on BR mutants
lacking one or more of the ten internal water
molecules.

On the basis of FTIR-difference spectra for the
BR — K transition (at 80 K) in samples that had
been hydrated by either H,O, *H,O or H," 0, it
was concluded that the EC channel contains a
water molecule with a residence time of the order
of 24 hours.” Water molecules with residence
times much longer than 20 ps cannot be detected
by ?H or 7O MRD under the conditions of the pre-
sent study (see above). Although we cannot
exclude the possibility that one or more of the crys-
tallographically identified internal water molecules
in BR exchange too slowly to be visible by MRD,
we note that internal water residence times longer
than milliseconds have not been found in any
protein.**

To investigate the possibility that the ground-
state structure of BR contains additional internal
water molecules not detected by X-ray diffraction,
we performed a cavity search on the structure
1C3W. This resulted in ten internal cavities large
enough to accommodate one or more water mol-
ecules (see Figure 10 and Table 3). Although most
internal cavities in proteins do not contain crystal-
lographically visible water molecules, Table 3
shows that ground-state BR might contain an
additional ten or so hydration sites that escape
detection because of low occupancy and/or pos-
itional disorder. However, if any such water mol-
ecules are not involved in strong directional
interactions, they are probably orientationally dis-
ordered (small S) as well and might then not con-
tribute significantly to the MRD.

In the M, state of the photocycle, there are still
seven water molecules in the EC channel (although
two of them do not correspond to ground-state
hydration sites) but the CP channel, which is more
open than in the ground state, now contains six or
seven water molecules (as compared to two in the
ground state).'? As compared to the ground state,
the M, state has larger internal cavities as well as
larger invaginations, especially at the cytoplasmic
end of the proton channel.'? Hydration water in
these regions might be too disordered to show up
in X-ray structures. Furthermore, if the hydration
of these cavities and/or invaginations is entropi-
cally driven, as expected for non-polar cavities,*
then the equilibrium water occupancy might
be much lower at 100 K (at which temperature the
X-ray structures were determined) than at room
temperature. For the same reason, the internal
water molecules that were identified by cryo-
crystallography (in the ground state as well as in
excited states of BR) might differ in numbers or
positions from the internal water molecules present
at room temperature.®

The present MRD study was performed on
(dark-adapted) ground-state BR and the deduced
water exchange kinetics therefore reflect thermal
fluctuations from this state. Since the crystallogra-
phically identified internal water molecules in



Water Exchange in Bacteriorhodopsin

617

Table 3. Internal cavities in the ground-state BR structure 1C3W

Volume? (A%)
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Internal cavities were detected by the program VOIDOO® using 1.2 A probe radius™ and 0.3 A grid spacing. The atomic coordi-
nates of BR were taken from the structure 1C3W excluding all water molecules. The volume of each detected cavity was computed
by reducing the grid spacing to 0.06 A in 15 cycles. To ensure that all cavities were detected, the procedure was repeated 26 times
with the protein translated by 0, 0.1 or 0.2 A in either of three orthogonal directions.

* Volume accessible to the surface of the probe sphere.
> Assuming 14 A® per water molecule.
¢ For the structure 1C3W.

4 Two additional water molecules are located just outside cavity 3 (see Figure 10).

(light-adapted) ground-state BR are deeply buried,
their exchange with bulk water is expected to be
rate-limited by conformational fluctuations in the
protein. The water residence times reported here
therefore imply that substantial conformational
fluctuations in the region of the proton channel
take place on a time-scale of 0.1-10 ps. It is likely
that these fluctuations involve some of the confor-
mational substates that have been identified as
intermediates in the photocycle. Most steps in the
photocycle are thought to have activation enthal-
pies of the order of 50 k] mol~" in the purple mem-
brane and somewhat less for monomeric
detergent-solubilized BR.>* This may be compared
to the activation enthalpy of 90 k] mol™! for the
exchange of the most deeply buried water mol-
ecule in BPTI, with a mean residence time of 170
ps at 300 K.'® Assuming an Arrhenius rate law
with the same pre-exponential factor as for the
BPTI water, the present residence times in the
range 0.1-10 ps would correspond to activation
enthalpies of 70-80 k] mol™'. Since this is of the
same order of magnitude as typical activation
enthalpies for individual steps of the photocycle,
the conformational fluctuations that govern the
escape of internal water molecules may be as
extensive as the conformational changes involved
in the photocycle.

The exchange of the Schiff base proton with bulk
water protons has been studied by continuous-
flow resonance Raman spectroscopy'’ and by
'H — "N solid-state NMR cross-polarization.'® The
Raman study yielded a pH-independent residence
time of 2 ms for the Schiff base proton, whereas
the NMR study implied a residence time much
shorter than 0.5 ms (both values refer to room tem-
perature). These experiments monitor the physical
translocation of the proton from the Schiff base to
the extracellular bulk solution, a distance of some

20 A. The rate-limiting step for this process can be
either the deprotonation of the Schiff base, presum-
ably by a concerted proton transfer to Asp85 via an
intervening water molecule (denoted W402 in the
crystal structures 1C3W and 1QH]J), or the sub-
sequent movement of the original Schiff base pro-
ton, which now resides on W402, out of the EC
channel into bulk water. The present MRD results
show that most or all water molecules in the EC
channel exchange with bulk water on a time-scale
shorter than 10 ps, and possibly as fast as 0.1-0.5
us. Given that the residence time of the Schiff base
proton is 2 ms, as indicated by the Raman study,"”
our MRD results suggest that deprotonation of the
Schiff base rather than water diffusion through the
EC channel is the rate-limiting process. It should
be noted that the Raman measurements were car-
ried out on light-adapted BR (with 100 % all-trans
retinal), whereas our MRD measurements were
performed on dark-adapted BR (with at least 50 %
of the 13-cis, 15-syn retinal isomer). However, this
difference is likely to affect the deprotonation rate
more than the water dynamics.

In principle, a proton pump like BR could utilize
a concerted Grotthuss-type mechanism where the
excess proton charge is transported -efficiently
through a chain of hydrogen-bonded water
molecules.®! According to the high-resolution crys-
tal structure of ground-state BR,'° however, the
seven water molecules in the EC channel do not
form contiguous chains longer than two water
molecules. Moreover, the positively charged side-
chain of Arg82 divides these seven water mol-
ecules into two clusters, where every water oxygen
atom in one cluster is separated by at least 6 A
from every water oxygen atom in the other cluster.
Both the (inferred) topology of the hydrogen bond
network and the charge distribution within the EC
channel indicate that any concerted proton transfer
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should occur from Arg82 to Asp85 or Glu194/204,
rather than from Asp85 to Glu194/204 via Arg82.
Whether proton translocation along the EC channel
occurs via diffusion of intact hydronium ions or via
concerted Grotthuss-type proton hopping over a
few hydrogen bonds (or a combination of the two),
it seems clear that structural fluctuations with con-
comitant rearrangement of the hydrogen bond net-
work must be rate-limiting. It should also be noted
that, even if a hydrogen-bonded water chain did
exist in the EC channel, it would affect neither the
cited measurements of Schiff base proton exchange
nor the water residence times deduced here from
’H and O MRD data. The reason is that these
methods probe the actual physical translocation of
a given hydrogen (or oxygen) nucleus, whereas, in
the Grotthuss mechanism, each hydrogen nucleus
moves only a fraction of an Angstrom unit when
the charge moves over a larger distance. In other
words, the hydrogen atom that emerges in the
bulk solution is not the same hydrogen atom that
just left the Schiff base. (For the same reason, the
hydrogen and oxygen nuclei in bulk water have
virtually identical self-diffusion coefficients.) In
conclusion, the residence times reported here
reflect exchange of entire water molecules (or
hydronium ions) by processes that are presumably
rate-limited by structural fluctuations in the
protein.

Materials and Methods
Solubilization of BR

Halobacterium salinarum was grown and purple mem-
brane isolated as described.®> The purified bacteriorho-
dopsin exhibited a 280 nm to 568 nm absorbance ratio of
1.6 for the light-adapted state. Solubilization of BR by
n-octyl-B-D-glucopyranoside (OG) (Calbiochem) was
performed according to Dencher & Heyn,? but adapted
to the high protein concentration required for the NMR
measurements. Purple membranes were suspended at 5
or 13 mg BR ml~! in 5 mM phosphate buffer (pH 6.9), at
a detergent-to-BR ratio of 15 (w/w) and an OG concen-
tration of 664 (sample A) or 255 mM (samples B and C),
sonicated for ten seconds in a water-bath sonifier, and
thereafter incubated for 72 hours at 4°C in the dark.
Upon centrifugation at 200,000 g for 45 minutes to
remove non-solubilized material, 64-75 % solubilized BR
was found in the supernatant. By dialysis against an
appropriate volume of detergent-free 5 mM sodium acet-
ate buffer (pH 5.1), for 18 hours, the OG concentration
was reduced to 26 mM (sample B), 33 mM (A), or
55 mM (C). Subsequently, BR was concentrated to about
17 (A and C) or 34 mg ml~! (B) using Centriprep 30 or
Centricon YM-30 centrifugal filter devices (Amicon/
Millipore) at 1500 g. Samples A and C were dialysed
against a 40 mM OG, 5 mM sodium acetate solution
(pH 5.1), and thereafter concentrated to (A) 26 or (C)
36 mg BR ml'. H/*H-exchange by dialysis against
5 mM acetate buffer (pH 5.1), with detergent in the pre-
sence of >99.8% 2H,0O (Merck) yielded samples with
25 mg BR ml~! in (A) 40 mM or (C) 37 mM OG, and (B)
32mg BR ml™ in 25mM OG. (BR concentration is
based on an extinction coefficient of 4.1 x 10* M~! cm™!
at 550 nm, determined from the absorbance changes

during solubilization.) Finally, the solubilized BR
samples were adjusted as specified in Table 1.

Preparation of MRD samples

The stock solutions, prepared as described above,
were stored in the dark at 4°C. Before starting a series of
H MRD experiments, the solution was centrifuged at
14,000 g for 30 minutes to remove aggregated material,
whereupon pH* and BR concentration were determined
(see Table 1). Samples used for “O MRD were prepared
in the same way, except that ca 300 pl of H,O enriched
to 35 atom% 7O (Cambridge Isotope Laboratories) was
added to ca 2 ml of sample. Quoted pH* values are
uncorrected for solvent isotope effects. All MRD
measurements on BR were carried out with a dark
sample at pH* 4.7 and a temperature of either 277.0 or
300.0 K.

The protein concentration was determined spectropho-
tometrically from the retinal absorbance maximum near
550 nm, using an extinction coefficient of 4.1 x 10* M~}
cm~!. The OG concentration in the BR-OG solution
(sample A2) was determined by integrating the intensity
of the three aliphatic peaks (from the 15 protons attached
to carbon atoms 2, 3-7, and 8 in the alkyl chain of OG) in
the 0.7-1.8 ppm range of the 200 MHz 'H NMR spec-
trum. A reference solution of 40 mM OG (determined by
weight) in ?H,0O at pH* 4.7 (5 mM acetate buffer) was
compared with sample A2. The ratio of integrated inten-
sities from the two samples gave an apparent OG con-
centration of 142 mM in sample A2 and, after correction
for the contribution from aliphatic BR protons in this
shift range, a real OG concentration of 118(+6) mM.

MRD measurements

The longitudinal (R, =1/T;) and transverse (R, =1/
T,) relaxation rates of the water ?H and O resonances
were measured at nine magnetic field strengths in the
range 0.38-14.1 T, corresponding to resonance frequen-
cies in the ranges 2.5-92 MHz (°H) and 2.2-81 MHz (*O).
The measurements were performed on several NMR
spectrometers with fixed-field cryomagnets (Bruker
Avance DMX 100 and 200, Varian Unity 300 and 600)
and with a field-variable (0.38-1.83 T) iron-core magnet
(Drusch EAR-35N) equipped with field-variable lock and
flux stabilizer, and interfaced to a modified Bruker MSL
100 console. Standard inversion recovery (R;) and spin
echo (R,) pulse sequences were used with an estimated
experimental error of 1-2%. The sample temperature
was controlled to within £0.1 K by a thermostated air
flow and was checked before and after each relaxation
time measurement with a calibrated thermocouple. The
H and YO relaxation rates of bulk water reference
samples with the same water isotope composition as in
the protein solutions were measured.

The longitudinal relaxation rate of the water *H and
OG 'H magnetizations were measured with the field-
cycling (FC) technique in the frequency ranges 3 kHz-1.5
MHz (?H) and 20 kHz-10 MHz (*H). For these measure-
ments, we used a Spinmaster Fast Field Cycling Relax-
ometer (Stelar, Mede, Italy) equipped with a 0.5 T air
coil magnet. With the FC technique, R; can be measured
at very low frequencies (and correspondingly low mag-
netic fields), where the NMR signal would be undetecta-
bly weak in a conventional fixed-field experiment. This
is made possible by cyclic variation of the field during
the experiment.®® The nuclear spins are first polarized at
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a relatively high field; the field is then rapidly switched
to a low level where the longitudinal magnetization
relaxes towards the new equilibrium value during a vari-
able evolution time. The field is then switched to a high
value, where the longitudinal magnetization present at
the end of the evolution period is recorded by converting
it to observable transverse magnetization with a 90°
pulse. When the evolution field is close to the detection
field (above 94 mT), the sample is kept in zero field
during the polarization period. By repeating this cycle
with different evolution times, R; can be measured over
three decades in frequency. For the 'H measurements,
polarization and detection were done at 10 and 8 MHz,
respectively, with switching delays of 10 ms. For the ?H
measurements, polarization and detection were done at
1.2 and 2.8 MHz, respectively, with switching delays of
2 ms and 5 ms. Due to the inferior receptivity of the H
isotope, signal averaging was used, with each reported
R; value being the average of four measurements, each
based on 32 field cycles where only the real part of the
quadrature-detected signal was recorded. Control
measurements on a reference H,O sample indicated an
experimental accuracy of ca 5%. No deviation from
exponential relaxation was detected in either H or 'H
measurements.

MRD data reduction

Non-linear fits of the parameters in the spectral den-
sity function in equation (3) were performed with the
Levenberg-Marquardt algorithm.®* Parameter errors
were estimated by the Monte Carlo method,* based on
fits to 1000 simulated datasets. The quoted errors corre-
spond to one standard deviation (68 % confidence level).

In the case of 7O MRD, joint fits to the combined R,
and R, data were performed without assuming fast-
exchange conditions. To an excellent approximation, the
spectral density function in equation (3) remains valid,
provided that the parameters are reinterpreted. The
renormalized parameters are different for R; and R,. In
the case of R, only By and t¢; are renormalized:?

By = Br(1+ )/ (7a)

Ty = Tl +80) 72 (7b)

In the case of R,, also the o parameter is renormalized:

o =a+03) Brrcr(l +0.3e) " (8a)
k=1

V= Be(1+0.380) (1 + &)/ (8b)

Tl = ter(1 +0.38) 2 (1 + &)1/ (80)

In equations (7) and (8), we have introduced the dimen-
sionless quantity:

2 @2
& = R{twi = 0gSE T twi )

where 1y, is the water (or labile hydrogen) residence
time.

Since 7O has nuclear spin quantum number [ =5/2,
it really has tri-exponential longitudinal and transverse
relaxation.”” However, due to the large frequency-inde-
pendent part (o) of the spectral density, the relaxation

becomes effectively exponential with R; and R, given by
the same equations (1) and (2) as for ?H (with spin
I1=1)." For the parameter values of interest here, the
error introduced by this approximation is within the
measurement error.
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