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The hydrophobic nature of membrane proteins poses considerable challenges for the application of tradi-
tional analytical techniques. Hydrogen/deuterium exchange (HDX) with electrospray mass spectrometry
(ESI-MS) detection is a potentially very powerful approach for investigating the structure and dynamics
of membrane proteins, but thus far this technique has been applied mostly to soluble species. By using
ESI-MS in conjunction with low temperature size exclusion chromatography (SEC) the current study
explores the global HDX behavior of the integral membrane protein bacteriorhodopsin (BR) under var-
ious conditions. The experiments are complemented by UV-vis absorption measurements that report
on the environment of the protein’s retinal chromophore and fluorescence spectroscopy which probes
the extent of resonance energy transfer between Trp residues and retinal. In agreement with previ-
ous reports, our HDX data imply that amide hydrogens in the transmembrane helices of native BR are
highly protected, whereas most sites in solvent-exposed loops are readily exchangeable. Low temper-
ature SEC/ESI-MS allows the labile Schiff-base linkage between protein and retinal to be completely
preserved, such that the HDX properties of co-existing protein populations can be monitored individu-
ally. Solubilization of BR in sodium dodecyl sulfate (SDS) induces major structural changes and hydrolytic
loss of retinal. The SDS-denatured protein appears to retain a significant degree of stable helical structure
(around 25%, compared to the native state value of 74%). Bicelle-mediated refolding of SDS-denatured
bacterioopsin in the presence of free retinal regenerates a native-like BR conformation with a yield close
to 0.9. The HDX/SEC/ESI-MS approach developed in this work should be applicable to other membrane
protein systems as well.
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1. Introduction available for their water-soluble counterparts. More than 99.6%
of all known protein structures are for water-soluble species [2],
although roughly one third of the sequences encoded by the human
genome are believed to be membrane proteins [3]. This imbalance
is due to the fact that most membrane proteins are exceedingly
difficult to work with. Once removed from their natural bilayer
environment, they tend to undergo rapid denaturation and aggre-
gation because of their extreme hydrophobicity. Some degree of
stabilization can be achieved by embedding isolated membrane
proteins in detergent micelles, bicelles (bilayered micelles) or

Membrane proteins are involved in many essential processes,
including oxidative phosphorylation, photosynthesis, signaling and
transport. Moreover, membrane proteins represent important drug
targets [1]. Despite their tremendous importance, the general
understanding of membrane protein structure and function is
miniscule when compared to the amount of information that is
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lipid vesicles [4]. However, precipitation often still takes place in
these surrogate environments. The application of traditional high
resolution structure determination methods such as X-ray crystal-
lography [5] and NMR spectroscopy [6] to membrane proteins has
been demonstrated, but the success rate of these strategies is low.
Alternative techniques that are capable of providing low to medium
level structural information are therefore of considerable interest
[7,8].
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Following its inception in the 1990s [9,10], hydrogen/deuterium
exchange (HDX) in conjunction with electrospray ionization mass
spectrometry (ESI-MS) has evolved into one of the most com-
monly used tools for probing the structure, dynamics and folding
of water-soluble proteins [11-14]. Prior to that, NMR-based HDX
studies had already become a well established technique [15-17].
HDX experiments rely on the fact that exposure of a protein to
D,0 induces N-H — N-D conversion at backbone amide linkages.
Solvent-exposed protein regions that are not involved in hydrogen
bonding undergo rapid exchange, with rate constants approaching
the “chemical” HDX rate constant k., of completely unprotected
sites [18]. In contrast, HDX at hydrogen-bonded N-H groups is
slowed down by as much as eight orders of magnitude. Exchange
at these protected sites is mediated by protein structural fluctua-
tions that involve the transient disruption of H-bonds and provide
temporary solvent access [14,17]. These fluctuations may be inter-
preted as opening/closing events that are associated with rate
constants kop and k¢, respectively. In the commonly encountered
EX2 limit, characterized by k¢ > k¢, the overall exchange-rate con-
stant kex is given by kex=(kop/k¢) x ke Under these conditions
the probability of HDX occurring during a single opening event is
very small, such that numerous opening/closing cycles are required
before isotope exchange takes place. Conversely, in the EX1 limit
(ken > ko) exchange occurs during the very first opening event such
that kex =kop [14,17,19]. HDX/ESI-MS is typically conducted under
exchange-in conditions, where an unlabeled protein is exposed to
D,0[10,19]. Aliquots are taken at selected labeling times, followed
by acid quenching at pH 2.5. The protein is then digested by pepsin
or other acidic proteases [20] at 0 °C and the mass shifts of individ-
ual fragments are determined by LC/ESI-MS. In this way the HDX
pattern can be uncovered in a spatially-resolved manner as a func-
tionoftime [11-14]. The EX2 regime is characterized by progressive
peak shifts to higher mass, whereas EX1 generally induces peak
splitting [19].

Various HDX strategies have also been applied to membrane
proteins. Instead of using MS detection, however, past studies in
this area have largely relied on vibrational (FTIR) spectroscopy
[21-23]. Upon N-H — N-D conversion the amide II band shifts
from 1550 to 1450cm™!, such that global HDX information can
be obtained by deconvolution of infrared spectra [24,25]. The use
of ESI-MS for membrane protein HDX studies remains rare, and
only a handful of studies have reported the successful application of
the standard proteolytic digestion approach [26-29]. Experiments
of this kind are hampered not only by solubility issues, but also
by the difficulty of generating proteolytic fragments from mem-
brane proteins in sufficiently high yield within a short time at low
temperature and pH [30].

In an attempt to enhance the general applicability of HDX/ESI-
MS to membrane proteins, this work explores the isotope exchange
behavior of bacteriorhodopsin (BR) from Halobacterium salinarum.
Electron microscopy [31] and X-ray crystallography [5] have
revealed that the 248 residue polypeptide chain of this protein
folds into seven transmembrane helices that are connected by six
solvent-exposed loops, similar to the G protein-coupled receptors
of higher organisms [32-34]. The seven BR helices surround a cen-
tral retinal chromophore that is bound to Lys216 via a protonated
Schiff-base, giving the protein its characteristic purple color. In its
native environment BR is packed in clusters of three that form a
two-dimensional hexagonal lattice referred to as purple membrane
[31]. Trans/cis isomerization of the retinal allows the protein to act
as a light-driven proton pump. The photocycle associated with this
pumping process, as well as the in vitro folding behavior of BR has
been studied extensively [5,35-38].

While the structure of native BR is well known, there con-
tinue to be uncertainties regarding the properties of this protein
in environments other than the purple membrane. In particular,

the structure of the SDS-denatured state continues to be a matter
of debate [39,40], although this form frequently serves as start-
ing point for BR folding experiments [41]. Using a combination
of optical spectroscopy and HDX/ESI-MS, this work explores the
properties of five different types of samples: BR in its native pur-
ple membrane, as well as solubilized in two different detergents
(SDS and DM), refolded BR in bicelles and after cleavage of the
Schiff-base linkage. Owing to the experimental difficulties outlined
above, we focus on the HDX behavior of the intact protein, but it is
hoped that the experiments described here set the stage for future
spatially-resolved studies [26-29].

2. Materials and methods
2.1. Proteins and reagents

Purple membranes from H. salinarum were harvested and puri-
fied by sucrose gradient centrifugation as described previously
[42-44], resulting in aqueous stock suspensions with a BR concen-
tration of 170 .M. Samples were stored at —80 °C prior to analysis.
Protein concentrations were determined for purple membrane/SDS
solutions by UV-vis spectroscopy based on a molar absorption
coefficient of £,g0=65,000M~1cm~! [45]. Deuterium oxide was
obtained from Cambridge Isotope Laboratories (Andover, MA). SDS,
DM, sodium phosphate, formic acid, hydroxylamine and all-trans-
retinal were from Sigma (St. Louis, MO). DMPC was procured from
Avanti (Alabaster, AL) and CHAPS from Calbiochem (San Diego, CA).

2.2. Sample preparation

To ensure consistency with previous work [46] all protein solu-
tions were adjusted to pH 6 using 50 mM sodium phosphate buffer
(referred to simply as “buffer”, unless noted otherwise). Five types
of different protein samples were examined. (i) For studies on
native BR, purple membrane stock suspensions were prepared in
buffer at a protein concentration of 100 wM. (ii) DM-solubilized
protein was obtained by exposing native BR stock suspensions to
0.1% DM in buffer. These solutions were vortex-mixed for 30s, fol-
lowed by sonication in a water bath (Fisher Scientific, FS60, Ottawa,
Ontario, Canada) for 15min and equilibration at room tempera-
ture for 6 h. (iii) Bleached membranes [22,47,48] were prepared by
exposing 10 .M native BR suspensions in buffer to 0.5 M hydroxy-
lamine at pH 7.7. Subsequently the samples were irradiated for 30 h
by 546 nm light from a Xe/Hg lamp, using the fiber optics-coupled
output of a Biologic SFM 4S/Q (Molecular Kinetics, Indianapolis,
IN) spectrometer. The resulting suspension was dialyzed twice
against 3 L buffer (5 mM, pH 6) to remove hydroxylamine. The final
bleached sample was lyophilized and resuspended in water to a
protein concentration of 100 wM in buffer. (iv) SDS-denatured pro-
tein [40] was produced by exposing native BR stock suspension to
1.25% (w/v) SDS, followed by vortex mixing, sonication and equili-
bration as for the DM samples. The CMC of SDS under the conditions
of this work is around 0.1% (~3 mM) [49]. A higher concentra-
tion was used here to ensure that the detergent concentration
remained well above the CMC even after dilution during HDX. (v)
Refolded BR was prepared from SDS-denatured bacterioopsin (BO)
following established procedures [50]. Briefly, native BR purple
membranes were exposed to chloroform/methanol/triethylamine
(100:100:1, v/v/v). Hydroxylamine was added to facilitate retinal
removal. Addition of 0.1 M buffer in a 1:1 volume ratio followed by
10s of vortex mixing resulted in phase separation. Delipidated BO
wasrecovered as a precipitate at the interface. Phase separation and
recovery of the protein interphase were repeated twice. The final
pellet of delipidated BO was dissolved in an aqueous solution of
5% (w/v) SDS. The SDS-solubilized BO was diluted to 0.2% SDS and
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dialyzed against 10 mM buffer containing 0.2% SDS for 2 days to
remove residual organic solvent. To initiate refolding, the resulting
delipidated BO solution in 0.2% SDS/10 mM buffer was vortex-
mixed with an equal volume of buffer containing 2% DMPC/2%
CHAPS bicelles at pH 6. All-trans-retinal (1:1 chromophore:protein
molar ratio) was added simultaneously from ethanol stock. The
final refolding buffer contained 1% DMPC/1% CHAPS/0.1% SDS and
0.1% ethanol. This solution was equilibrated for 1 day at room tem-
perature in the dark.

2.3. Optical spectroscopy

UV-vis absorption measurements were carried out on a Cary
100 spectrophotometer (Varian, Mississauga, Ontario, Canada). Trp
fluorescence emission spectra were acquired on a Fluorolog-3
instrument (Horiba Jobin Yvon, Edison, NJ) with an excitation wave-
length of 280 nm. All optical measurements were performed at a
protein concentration of 7 WM at room temperature, using protein-
free solutions as blanks.

2.4. Hydrogen/deuterium exchange

Isotope exchange was initiated by mixing 100 WM protein solu-
tions, prepared as described above, and D,0-based buffer (with a
pH meter reading of 6) at room temperature in a 1:4 volume ratio.
After initiation of labeling, 35 pL aliquots were removed at vari-
ous time points ranging from 1 to 120 min. These aliquots were
quenched by mixing with 6 L of 500 mM buffer (pH 2) for a final
pH of 2.5, followed by flash freezing in liquid nitrogen. Zero time
point controls (mg) for the correction of artifactual in-exchange
were performed by exposing protein solutions to a mixture of label-
ing and quenching buffer. Maximally deuterated samples (migg)
for the correction of back-exchange were prepared by incubating
20 M BRin 0.4% SDS containing 80% D,0 at pH,e.q 11.8 and 40°C
for 30 h. Relative HDX levels were determined as [10]:

m-—mgp

Deuterationlevel = —————
M1go — Mo

(1)

In this expression m is the mass of the protein, and mg and mygg
are the values of the corresponding control measurements. The pro-
cedure used for determining mygg induces retinal loss, and hence
the measured mass had to be corrected by adding 284.4 Da (mass
of free retinal) and subtracting 18 Da (loss of water after Schiff-base
formation) for those sample that contained the chromophore. The
kinetic data were fitted to the biexponential expression:

Deuteration level = A{(1 — exp[—kqt]) + A2(1 — exp [—kat]) (2)

where A1 and A, are the hydrogen fractions that undergo labeling
with apparent key rate constants of k; and k;, respectively.

2.5. Liquid chromatography/mass spectrometry

LC/MS measurements were conducted by using a Waters
Acquity UPLC (Milford, MA) with a Waters SEC column (BioSuite,
4 pm UHR SEC, 4.6 mm x 300 mm), employing isocratic chloro-
form/methanol/water/formic acid (400/400/90/25, v/v/v/v) flow at
0.25 mLmin~! under quenching conditions (pH 2.5, 0°C). The col-
umn and extensively coiled solvent delivery lines were embedded
in an ice bath. For each injection 20 L of sample were loaded onto
the column. The protein eluted after about 10 min. The SEC column
was coupled to the Z-spray ESI source of a Q-TOF Ultima API mass
spectrometer (waters). Spectra were acquired in positive ion mode
at a sprayer voltage of 3 kV and desolvation temperature of 250 °C.
Experimental data were converted to mass distributions using the
MaxEnt 1 routine provided by the instrument manufacturer for
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Fig. 1. (A) UV-vis absorption spectra and (B) fluorescence emission spectra of BR.
The five line styles represent different experimental conditions as noted in panel A.

determination of m, mg and mygg in Eq. (1). Using maximally deuter-
ated control samples, amide back-exchange was determined to be
around 10%.

3. Results and discussion
3.1. Optical spectroscopy

Prior to exploring structural aspects of BR by HDX/MS, it is
instructive to study the five different types of samples high-
lighted in this work by traditional spectroscopic tools. The retinal
absorption spectrum is sensitive to the protein conformation.
Native light-adapted BR in its purple membrane environment has
its absorption maximum at 568 nm, indicative of the covalently
linked chromophore in a structurally intact environment [51]. For
the SDS-solubilized protein a maximum at 392 nm is observed
(Fig. 1A). This dramatic blue shift is caused by hydrolytic cleav-
age of the Schiff-base linkage [40]. SDS-denaturation also affects
the emission properties of the eight Trp residues [52]. Native BR
exhibits a relatively low fluorescence intensity, mainly because
of FRET-based retinal quenching [53] (Fig. 1B). SDS induces a
5-fold increase in Trp fluorescence intensity (Fig. 1B). These spec-
troscopic changes reflect the transition to a partially unfolded
structure, concomitant with Schiff-base hydrolysis and release
of the detergent-solubilized retinal into the solvent [54]. The
lack of a major red shift in the emission reveals that SDS-
denaturation does not cause significant water-exposure of Trp
residues. The optical spectra obtained here for native BR and the
SDS-denatured form are consistent with earlier observations [40].
The reason for including these data in Fig. 1 is to facilitate a
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comparison with results obtained under the other experimental
conditions.

The structural changes that occur upon solubilization of the pro-
tein are highly dependent on the detergent used. DM-solubilized
BR exhibits an absorption maximum at the same wavelength as the
native protein (Fig. 1A), and the fluorescence intensity increases
only moderately, by a factor of less than two (Fig. 1B). This behav-
ior is consistent with previous NMR work [55] and indicates that
the DM-solubilized protein retains a structure similar to the native
state, despite the breakdown of membrane-bound BR trimers into
monomeric units [56]. Our data reiterate the generally accepted
view of DM as a “mild” detergent that tends to preserve membrane
protein structure and (to some extent) function [57-59], whereas
SDS typically induces extensive structural perturbations [54].

Purple membrane bleaching by hydroxylamine entails cleavage
of the retinal-protein linkage and retinaloxime formation [47], a
step that is accompanied by a major change in Amax to 358 nm
(Fig. 1A). AFM studies have shown that this process leaves the
trimeric BR structure inside the membrane largely intact, but
induces loss of crystallinity [48]. Interestingly, the fluorescence
emission properties of the bleached protein in Fig. 1B are almost
indistinguishable from those of native BR, implying that FRET-
based Trp quenching by the chromophore still takes place. It can
be concluded that the detached retinaloxime remains trapped
inside the chromophore binding pocket, thereby putting a quali-
fier on earlier suggestions of chromophore “removal” [22] under
the conditions used here. Extraction of the retinaloxime from the
membrane can be achieved by bovine serum albumin [60].

Exposure of SDS-denatured BO to bicelles and free retinal trig-
gers refolding to a monomeric state [61,62]. The 557 nm absorption
maximum of the refolded samples is close to that of native BR,
indicating that the Schiff-base linkage between retinal and K¢
has been regenerated for the majority of the protein molecules
(Fig. 1A). Compared to the SDS-denatured state, the Trp fluores-
cence intensity of refolded BR is greatly reduced. However, the
emission remains ca. 2-fold higher than for the native protein
(Fig. 1B). The origin of this behavior is further investigated below.

3.2. Size exclusion chromatography/ESI-MS

With few exceptions [63,64], MS analyses of membrane proteins
require the analyte to be separated from surfactants and salts. One
approach is to precipitate the protein, followed by dissolution in
organic solvent/acid mixtures. Alternatively, SEC or reverse-phase
chromatography can be used [65]. MS studies on intact proteins are
an important tool for the detection of covalently linked co-factors
and post-translational modifications [66-68]. Unfortunately, the
harsh solvent environment typically employed for membrane pro-
tein analyses can induce the loss of some covalently coupled
moieties. For example, the MS detection of intact BR with its chro-
mophore attached is problematic owing to the labile nature of the
Schiff-base linkage. Hence, although retention of the chromophore
has been demonstrated in a few instances [69,70], most previous
MS studies on BR involved complete [66,71-74] or partial [75] BO
formation in the course of the analysis.

During the work leading up to the HDX measurements discussed
below, we initially carried out SEC/ESI-MS analyses on BR at room
temperature. Those conditions resulted in partial degradation of
the protein-retinal complex consistent with Ref. [75] (data not
shown). It was then noticed that the stability of the complex is dra-
matically enhanced by lowering the elution temperature to 0°C.
Analysis of native BR under these conditions results in a major
signal for the intact complex, whereas retinal-free BO is almost
undetectable (Fig. 2A). Virtually the same spectrum was obtained
for BR after solubilization in DM (data not shown). In contrast, SDS-
denatured protein, as well as bleached membrane samples were
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Fig. 2. Deconvoluted mass distributions obtained by SEC/ESI-MS of unlabeled pro-
tein samples at 0°C, (A) native BR, (B) SDS-denatured state and (C) refolded BR.
Satellite peaks are due to sodium adducts. Dashed vertical lines indicate the masses
expected for BO (mgpo =26,784 Da) [66] and BR (mgg =27,050 Da) [75].

found to be largely devoid of the covalently linked chromophore
(illustrated for an SDS sample in Fig. 2B). These SEC/ESI-MS findings
are in agreement with the optical results of Fig. 1, which indi-
cated that the retinal-Lys216 bond remains intact in native and
DM-solubilized BR, whereas both membrane bleaching and SDS-
denaturation induce cleavage of the Schiff-base linkage.

From the data of Fig. 2A and B it can be concluded that the low
temperature SEC/ESI-MS procedure used here provides an accurate
reflection of the retinal binding state in bulk solution. This tech-
nique can therefore be used to determine the regeneration yield
of samples that had undergone SDS-denaturation and subsequent
refolding. Typical SEC/ESI-MS data for refolded BR are depicted in
Fig. 2C, revealing the presence of a dominant peak for the retinal-
bound protein and a less intense signal for BO. On the basis of the
8:1 peakintensity ratio the regeneration yield is 8/9 = 89%, which is
in close agreement with the Asgg ratio of the two samples in Fig. 1A,
as well as with previously reported values [50]. The presence of 11%
BO after refolding contributes to the elevated fluorescence intensity
in Fig. 1B (dash-dotted line).

3.3. Hydrogen/deuterium exchange SEC/ESI-MS

HDX/ESI-MS protocols typically employ reverse-phase chro-
matography [76]. For the membrane protein experiments of this
work we pursued the SEC-based strategy outlined above, as it
allows the covalently linked chromophore to be preserved during
analysis, such that co-existing BO and BR species in solution can be
monitored separately.

High quality intact protein HDX data were obtained for all five
experimental conditions. Native BR undergoes only a relatively
small mass change during the 120 min time window examined here
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Fig. 3. Deconvoluted ESI mass distributions of native BR (A-D) and SDS-denatured protein (E-H), obtained after HDX for exchange times of t=0, 2, 10 and 120 min. Dotted
lines represent mass values for the my and mygo controls. The mass range for the SDS samples (panels on the right hand side) is shifted to account for the loss of retinal.

(Fig. 3A-D). In contrast, much more extensive HDX is observed for
the SDS-denatured state (Fig. 3E-H). All the samples studied in this
work underwent gradual mass shifts without peak splitting, indica-
tive of HDX in the EX2 regime [19]. Satellite peaks in Fig. 3 are due
to sodium adducts, not to EX1 dynamics.

Amide deuteration levels were determined according to Eq. (1)
(Fig. 4). The HDX kinetics were analysed on the basis of a bipha-
sic expression (Eq. (2)), resulting in fits that are shown as solid
lines in Fig. 4 (parameters are summarized in Table 1). The appar-
ent rate constants determined by this approach are on the order
of k;~1min~! and k;~0.1 min~!. The kinetic amplitudes asso-
ciated with these two phases represent the percentage of amide
hydrogens that are weakly (A;) and moderately protected (A3).
Anon-ex =100 — A7 — A, represents the percentage of amide hydro-
gens thatis non-exchangeable on the time scale of our experiments.

Table 1

Parameters obtained from fitting the HDX kinetics of Fig. 4A according to the biex-
ponential expression of Eq. (2). The percentage of “non-exchangeable” hydrogens
(last column) has been calculated as Anon-ex =100 — A1 — A,.

Al (%) k1 (minil) AZ (%) kZ (minil) Anon-ex (%)
Native BR 12.0 1.5 11.7 0.074 76.3
BR in DM 16.6 1.5 9.7 0.074 73.7
Refolded BR 26.9 0.97 10.7 0.027 62.4
Bleached membrane 21.5 2.1 119 0.050 66.6
SDS-denatured 46.7 0.69 28.5 0.028 24.8

In the case of native BR, A;=12% of the amide hydrogens
are weakly protected, A, =11.7% are moderately protected and
Anon-ex =76.3% do not undergo exchange (Table 1). It is interest-
ing to compare these data with the H-bonding pattern in the 1.55 A
X-ray structure of the protein. Stable H-bonds were identified by
analyzing pdb file 1C3W [5] using Swiss PDB Viewer default val-
ues [77] i.e., a donor-acceptor distance between 2.195 and 3.3 A,
respectively and a minimum angle of 90°. According to this analysis,
almost all of the amide N-H groups in the transmembrane helices
are H-bonded, with the exception of a small number of residues
close to the helix termini. Most of the non-bonded N-H groups are
located in the extramembrane loops (Table 2). BR has a total of
248 residues, corresponding to 247 backbone amide bonds. Taking
into account the presence of 11 prolines, the number of backbone
N-H groupsis 236. Table 2 shows 181 stable H-bonds, which means
that an amide fraction of 181/236 = 76.7% is expected to be strongly
protected. This value is in very close agreement with the mea-
sured value of Apon-ex = 76.3%. A high resilience against HDX in the
seven transmembrane helices has previously been inferred from
tritium exchange [78,79] and infrared spectroscopic HDX studies
[21,23], which found the total amide protection to be in the range
of 71-80%. Our HDX kinetics show that the remaining N-H groups
in native BR can be grouped in two categories. A, =11.7% are likely
involved in weak hydrogen bonds that do not appear in the X-ray
structure when applying the criteria listed above. The remaining
A1 =12% experience an even lower degree of protection, although
their apparent rate constant (k; =1.5min"!) is below the value
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Fig. 4. (A) HDX kinetics of BR under five different solvent conditions, normalized
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dent measurements. The experimental error was found to be less than 2%. Solid lines
are biexponential fits, using the expression of Eq. (2). Fitting parameters are summa-
rized in Table 1. (B) Refolded BR data (open squares) are identical to those in panel
A. Star-shaped symbols represent the HDX behavior of the 11% BO sub-population
in the refolded BR sample (see Fig. 2C).

of ks, ~#60min~! that would be expected for completely exposed
amides in a random coil environment [18].

Solubilization of BR in SDS results in dramatically more exten-
sive HDX. Almost half of all amide hydrogens become rapidly
exchangeable (A;=46.7%), whereas A, =28.5% undergo isotope
exchange with an apparent rate constant of k; =0.028 min~!. Only

Table 2

one quarter (Apon-ex =24.8%) of all amide hydrogens are non-
exchangeable in SDS. These HDX kinetics suggest partial helix
unravelling in the SDS state as proposed earlier [39,46], but with
retention of a protein core that remains inaccessible to solvent
water [40]. Our findings reveal that this residual core encompasses
a total of 0.248 x 236 ~ 59 protected backbone amides.

In contrast to the behavior observed after SDS exposure, sol-
ubilization of BR in DM results in HDX kinetics that are almost
indistinguishable from those of the native state (Fig. 4, Table 1).
Hence, the transition from the native trimeric structure in the pur-
ple membrane to a monomeric DM-solubilized state [56] induces
virtually no changes to the BR structure and dynamics, as previously
suggested on the basis of NMR data [55].

Bleached membranes exhibit a roughly 2-fold increase in the
amplitude of rapidly exchanging hydrogens (A1) relative to native
BR, whereas the value of A, remains more or less unchanged. Com-
parison with the HDX behavior of the SDS-denatured state shows
that the structural perturbations induced by cleavage of the Schiff-
base are relatively moderate. The percentage of non-exchangeable
amide hydrogens in the bleached membranes is 66.6%. Our find-
ings are consistent with previous 13C-NMR [47,80], AFM [48],
FRET [81] and infrared studies [22], all of which indicate that the
protein structure in the bleached membrane remains similar to
that of native BR, despite the loss of membrane crystallinity and
the occurrence of greater disorder in some local regions. Thus,
major aspects of the native BR structure are not dependent on the
presence of an intact covalent linkage between protein and chro-
mophore.

As noted in Section 1, one intriguing feature of BR is the
possibility to refold the protein in a bicelle environment after
SDS-denaturation [41,45]. In contrast to the crystalline trimeric
assembly within the purple membrane, refolded BR is monomeric
[61,62]. It remains somewhat unclear in how far individual refolded
protein chains differ from the native structure in terms of their
structure and dynamics. Optical assays of the type discussed above
(Fig. 1) are not necessarily suitable for exploring this interest-
ing question, because the spectra represent ensemble averages.
In particular, it is difficult to decide whether the presence of 11%
BO in the refolded samples (Fig. 2C) can account for the elevated
fluorescence intensity seen in Fig. 1B, and whether the 89% BR
population is affected by structural perturbations. The SEC/ESI-MS
protocol employed here allows the HDX behavior of BO and BR
in the refolded samples to be monitored separately. We find that
the HDX kinetics of these two co-existing sub-population are very
similar to each other (Fig. 4B), resembling the behavior seen for
bleached membranes (Fig. 4A). Thus, it can be concluded that in
vitro refolding of the protein leads to a native-like conformation,

Amino acid sequence of BR [90]. Residues that act as amide N-H hydrogen bond donor (to an amide carbonyl, or to a side chain acceptor) are underlined and bold. Hydrogen
bonds were determined from the X-ray structure of native BR [5] using the procedure outlined in the text. Non-hydrogen-bonded residues include 11 prolines, as well as
three short disordered segments (italicized, not seen in the X-ray structure [5]). X represents pyroglutamate [66].

Segment Sequence H-bonds
N-term. IXAQITGRP? 1
Helix A ‘EWIWLALGTALMGLGTLYFLVKG?®! 21
A-B loop 32M GV S 3
Helix B DPDAKKFYAITTLVPAIAFTMYLSMLLGS 24
B-C loop 64YGLTMVPFGGEQNPIY WS 9
Helix C SIARYADWLFTTPLLLLDLALLV!Y! 19
Cc-D loop IOZMIM 2
Helix D 14D QGTILALVGADGIMIGTGLVGAL'? 21
D-E loop 128TK VY S!32 1
Helix E 133YRFVWWAISTAAMLYILYVLFFG'® 23
E-F loop IS6FTSKAESM!'63 0
Helix F 164 RPEVASTFKVLRNVTVVLWSAYPVVWLIG® 25
F-G loop 1BSEGAGIV!Y 6
Helix G 20pL.NIETLLFMVLDVSAKVGFGLILLR?» 23
C-term. 26SRAIFGEAEAPEPSAGDGAAATS* 3
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but that structural perturbations persist for both the retinal-bound
(89%) and the retinal-free (11%) forms. NMR data suggest that some
of this disorder is attributable to loop elements that do not fully
recover during BR folding in vitro [80,82]. Our findings suggest that
the chromophore plays a relatively minor role in guiding the pro-
tein along its folding pathway, at least as far as the formation of
secondary structure is concerned [83]. This assertion is in agree-
ment with recent oxidative labeling experiments, which revealed
that the retinal-free protein can fold into a conformation resem-
bling the native state, where only one of the seven helices (D)
remains partially disordered [40].

4. Conclusions

This work employed a combination of optical spectroscopy and
ESI-MS-based methods for exploring the structure and dynamics
of BR under various experimental conditions. UV-vis absorp-
tion measurements report on the intactness of the Schiff-base
linkage between protein and retinal, whereas the fluorescence
intensity is sensitive to changes in retinal-tryptophan distance.
Low temperature SEC/ESI-MS was found to be an even more
direct tool for probing the intactness of the sensitive Schiff-
base linkage. This procedure will likely be applicable to other
retinal-containing membrane proteins as well. SDS-denaturation
and purple membrane bleaching induce loss of the chromophore,
whereas solubilization in DM leaves the linkage intact. Bicelle-
mediated refolding predominantly results in the formation of
BR, whereas a smaller fraction of the protein remains in the
BO state. HDX measurements by SEC/ESI-MS were shown to
represent a straightforward alternative to traditional infrared spec-
troscopy experiments [21-23] for monitoring global changes in
BR structure and dynamics. To the best of our knowledge, this
study conducts the first side-by-side comparison of the HDX
characteristics for this important model system under different
biochemical conditions. Backbone amide hydrogens within the
seven transmembrane helices of native BR are highly protected.
The number of non-exchangeable hydrogens decreases in the order
native BR~DM-solubilized BR>bleached membranes ~ refolded
BO ~ refolded BR»> SDS-denatured state. However, even the SDS-
denatured protein retains a sizeable number of protected backbone
amides. This finding is consistent with recent covalent labeling data
that found the SDS-solubilized state to be only partially unfolded,
with a core that remains inaccessible to the solvent [40].

On the basis of CD measurements it has previously been sug-
gested that SDS-denaturation reduces the helical content of the
protein from the native state value of 74% down to 42% [46]. That
interpretation has subsequently been challenged by noting that CD
studies on BR are associated with unique experimental difficulties
[39].Itis interesting to compare those previous CD data to the find-
ings of the current work. When judging the secondary structure
content of the SDS state on the basis of amide protection, our data
suggest that Apon-ex =24.8% of all amide hydrogens are involved in
stable helical elements (Table 2). In addition, the A, =28.5% moder-
ately protected hydrogens in SDS are likely located in regions that
retain some helix propensity as well. A residual helicity of 42% in
SDS as suggested in Ref. [46] is therefore not in disagreement with
our findings. It is noted, however, that caution should be exercised
when estimating the secondary structure content of a membrane
protein solely on the basis of HDX data, because amide protection
might involve significant contributions from solvent shielding by
the surrounding surfactant molecules [8].

Although this work provides interesting information on the
global structure and dynamics of BR, the lack of a robust proto-
col for spatially-resolved membrane protein studies represents a
severe impediment for studies in this area. In a recent study, Joh
et al. applied the traditional proteolytic digestion/LC/MS approach

to BR [28]. Focusing exclusively on the SDS-denatured state, those
authors obtained limited coverage (five regions covering less than
half of the protein sequence). Spatially-resolved data for native
BR could not be obtained [28]. Unfortunately, we were not suc-
cessful in extending the approach of that work further, neither
by using pepsinolysis in bulk solution, nor by employing a pepsin
column. We attribute these difficulties to the well known ten-
dency of BR to precipitate under the acidic conditions required
for HDX quenching [84]. Rietschel et al. [30] recently reported the
successful pepsinolysis of BR, but only under conditions that are
incompatible with the HDX workflow, i.e., up to 16 h of digestion at
room temperature. Nonetheless, results obtained for a number of
other systems [26,27,29] suggest that spatially-resolved HDX/ESI-
MS studies on membrane proteins will soon cease to be considered
a fringe area. We are confident that that this development will
be spurred by ongoing improvements of the HDX and digestion
workflow [85-87], possibly in combination with the application of
electron-based dissociation techniques [88,89].
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