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In vivo measurements of dynamical conformational changes in single biomolecules under functional condi-
tions have had a tremendous impact on molecular and cell biology. However, even single-molecule fluorescent
resonance energy transfer cannot easily monitor the intramolecular dynamics in cell systems due to shortcom-
ings in monitoring precision. Here, we report dynamical observations of irreversible intramolecular conforma-
tional changes in a single-membrane protein[bacteriorhodopsin(BR)] using diffracted x-ray tracking. The
light-driven proton pump BR is the best-characterized membrane protein. The position of BR’s 35th amino
acid, which is located farthest from retinal, exhibits a momentary positional jump of 0.73±0.48 Å due to the
expression of its function. Following that, we observed Brownian motion without the diffracted spots returning
to their initial positions. The average width of this jump is about 14 times larger than that of thermal Brownian
motion and agrees with estimated movements from known x-ray crystallography data. This result is an impor-
tant step toward realizingin vivo observations of single-molecular conformational changes in membrane
proteins.
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I. INTRODUCTION

It is important to measure the dynamic structural details
of individual membrane proteins that express the function of
signal transduction in cell systems. This is because it is not
speculation from fragmentary or static structural information,
but rather dynamical information from individual membrane
proteins, that can more accurately and directly determine the
detailed mechanisms that express the functions of individual
membrane proteins in cell systems[1,2]. Single molecular
imaging techniques using fluorescent probessld, which have
enabled dynamical observations of single biomolecules, have
proved to be valuable tools in solving many basic problems
in biophysics, because these methods have been providing
positional information on single molecules at an accuracy of
aboutl /100, far below the optical diffraction limits,l /2d
[3]. Moreover, single-molecule fluorescence resonance en-
ergy transfer(single-molecule FRET), which relies on the
distance-dependent transfer of energy from a donor fluoro-
phore to an acceptor fluorophore, is one of the few tools
available for measuring nanometer-scale distances and
changes in distances, or both the intramolecular and intermo-
lecular orientation between the two fluorophores, bothin
vitro and in vivo [4]. However, it is difficult to measure in-
tramolecular structural changes of single proteins in mem-
branes with single-molecule FRET due to the lack of moni-
toring precision and stability of the signal intensity in
physiological conditions.

Diffracted x-ray tracking(DXT), a new single-molecule
technique using x raysslx ray,0.1 nmd, has been proven to

be able to observe single molecular motions to a picometer-
level accuracyslxray/100d using DNA molecules[5–7]. DXT
monitors the spots of diffracted x rays from individual
nanocrystals that are tightly labeled with single molecules
[Fig. 1(a)]. The extremely short-wavelength x rays that form
the probe of this method lead to its excellent characteristics,
because they enable us to observe single-molecular dynamics
with extremely high accuracy. The x rays as transmitted by
the probe result in actualization of the stable observations
underin vivo conditions because x-ray diffraction is indepen-
dent of physiological conditions.

In this study, we observed Brownian motions and light-
driven structural changes in theA-B interhelical loop of in-
dividual bacteriorhodopsin(BR) molecules in a purple mem-
brane (PM) using DXT with gold nanocrystals.
Bacteriorhodopsin is the most extensively studied membrane
protein precisely because the purple membrane is so robust
to chemical treatments used in this study(Hg labeling and
immobilization on the substrate using chemical coupling),
which would destroy most membrane-coating proteins.
Therefore, for this reason we have chosen BR.

Bacteriorhodopsin plays the role of a light-driven proton
pump in a PM, which is a patch of cell membrane ofHalo-
bacterium salinarium. The BR passes through a series of
well-characterized spectral intermediate states designatedJ,
K, L, M, N, andO, in the order of their appearance in the
cycle (photocycle), after light of wavelength around 570 nm
induces isomerization of the retinal located inside the BR. A
photocycle is coupled to vectorial proton transport from the
cytoplasmic to the extracellular side of the PM[8–13].

In this study, we used single cystein-containing BR mu-
tants BR S35C for the following three reasons:(i) it is
known that BR S35C has nearly unperturbed photocycles
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compared with wild-type BR[13]; (ii ) cystein residues that
link ,15-nm-diam gold nanocrystals are located in theA-B
interhelical loop on the outside of the purple membrane(the
cytoplasmic side) [Fig. 1(a)]; and (iii ) we expect that label-
ing the 35th amino acid residue with gold nanocrystals using
chemical coupling would have barely any influence on ex-
pressions of the BR molecule’s function. This is because that
position is located in the position most remote from the reti-
nal inside BR. In addition, DXT is appropriate to observe the
small motions in a single biomolecule because of its high
accuracy. In other words, DXT could not observe the entire
process of large motions such as are indicated by motor pro-
tein (e.g., F1-ATPase). For the above reasons, we first fo-
cused attention on the 35th amino acid.

II. INSTRUMENTATION FOR DXT

The DXT experiments were conducted in the white x-ray
mode of beamline BL44B2(RIKEN Structural Biology II,

SPring-8, Japan) [14]. The x-ray energy range was
7–30 keV, and the focused x-ray beam was 0.2 mm(hori-
zontal) 30.2 mm(vertical). We estimated the photon flux at
the sample position s0.2 mm30.2 mmd to be 4
31013 photons/s. The diffraction spots from nanocrystals
were recorded by a CCD camera(Hamamatsu Photonics,
C4880-82) in combination with a 6-in. x-ray image intensi-
fier (Hamamatsu Photonics, V5445P). With this system, not
all diffracted spots from all gold nanocrystals presented
within the detection areas0.2 mm30.2 mmd can be moni-
tored because there are some restrictions on diffraction con-
ditions (such as the orientation of individual labeled gold
nanocrystals and the size of the detector), and diffraction
spots from many imperfect gold nanocrystals are not moni-
tored. The specimen-to-detector distance was 100 mm. In
this system, the rotating motions of nanocrystals linked to
individual molecules could be detected in angle ranges of
2u=0–640 mrad. We used a xenon flash lamp(SA200E,

FIG. 1. Experimental designs of DXT.(a) Schematic drawing of the cross-sectional view of DXT in the case of BR S35C. DXT monitors
the spots of diffracted x rays from individual nanocrystals that are tightly labeled with individual BR S35C. Samples containing the
immobilized BR S35C were filled with the oxygen scavenger system(25 mM glucose, 14 mM 2-mercaptoethanol, 10 nM catalase, and
2.5 mM glucose oxidase) in 50 mM MOPSspH 7.0d. (b) Schematic illustration showing the top view of DXT using BR S35C. The 1:1 ratio
of BR molecules to nanocrystals is possible because of the Hg compound(PCMB) first labeled with excess sulfhydryl groups in BR S35C.
BR S35C-labeled PCMB is shown in silver, and nonlabeled BR S35C is shown in black; that is, black BR S35C can be linked to gold
nanocrystals.(c) Optical-absorption spectrum of wild-type BRsAd, BR S35CsBd, colloidal goldsCd, colloidal gold-labeled BR S35CsDd,
and calculated spectrasB+Cd sEd. Absorption maximum ofsAd or sBd is 568 nm.
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Eagle-shoji) with a band-pass filters520,l,580 nmd to
excite the sample enough to initiate the BR photocycle.

III. FABRICATION OF GOLD NANOCRYSTALS

To operate single-molecule detection systems using x
rays, it is necessary to fabricate dispersed nanocrystals and
observe their diffraction spots[15]. We used gold nanocrys-
tals fabricated by vacuum epitaxial evaporation on a NaCl
s100d surface[16]. Nanocrystals are detached from the NaCl
s100d substrate by dissolving the substrate in an aqueous
solution. We confirmed the diameters of these crystals in
aqueous solution to be 10–15 nm by dynamic light scatter-
ing and atomic force microscopy. Moreover, fabricated gold
nanocrystals generated the diffraction spots from only the
s100d direction because these crystals were grown epitaxially
on the NaCls100d substrate[16–18]. Therefore, one nano-
crystal can generate at most two(one pair) diffraction spots.
We can easily find these spots from these nanocrystals pre-
sented in aqueous solutions, because motions of these spots
are perfectly synchronized all the time on the screen. In ad-
dition, there is no possibility that one diffraction spot is gen-
erated from multiple nanocrystals because these spots move
randomly all the time. Even if this were possible, we could
easily distinguish the overlapped diffraction spots because
DXT can quantitatively measure x-ray intensity of diffracted
spots from nanocrystals[5]. Therefore, observed single dif-
fraction spots come from single nanocrystals.

IV. LABELING OF BR S35C PROTEIN ONTO THE
SUBSTRATE

To observe the motions of single BR S35C in a mem-
brane, we immobilized PMs on the amorphous gold substrate
with a cross-linking reagent (succinimidayl 6-[3-(2-
pryidyldithio)-propionamido]hexanoate: LC-SPDP, Pierce
Co., Ltd.) in 50 mM HEPESspH 8.0d for 6 h at 25°C. This
cross-linking reagent containing pyridyl disulfide residue and
N-hydroxysuccinimide residue ensured that we could label
the gold substrate surface with specific amino acids(Lys,
Ser, or Tyr) of BR S35C in PMs[19,20]. When the extracel-
lular side of the PM reacts with the substrate surface, the
cytoplasmic side, which contains the only one sulfhydryl
group(35th amino acid), can be labeled with gold nanocrys-
tals.

V. LABELING OF GOLD NANOCRYSTALS TO BR S35C

One of the most important points required for the DXT
technology to work is the necessity for single BR S35C mol-
ecules to react with single nanocrystals[Fig. 1(b)]. In order
to achieve this, immobilized BR S35C on the substrate
was first labeled with a mercury compound[p-chloro-
mercuribenzoic acid(PCMB)] in 50 mM phosphate buffer
pH 7.0 for 2 h at room temperature, which specifically reacts
with sulfhydryl groups and allows high occupancy[8]. Next,
gold nanocrystals were labeled with sulfhydryl groups in BR
S35C.

Assuming the purple membranes(PM) are fully immobi-
lized on the surface of the substrate, the number of gold
nanocrystals, which are mounted on the substrate, is less than
0.1% of that of BR S35C(the number of BR S35C is 1.5
31012; the number of gold nanocrystals is 4.03109). When
the solution including gold nanocrystals was directly
mounted on adsorbed PM, we monitored many diffraction
spots from gold nanocrystals on the one screen. Moreover, it
is expected that a single nanocrystal will be labeled with
seven or eight proteins with cysteine sites because the size of
the nanocrystal is about three times larger than each BR mol-
ecule. PCMB reaction with sulfhydryl groups in BR S35C
led to a significant decrease in the number of observed dif-
fraction spots. When the incubation time of PCMB was 2 h,
we monitored only a few spots on one screen, and when the
incubation time was 3 h we could not detect the diffraction
spot as well as in the case of using wild-type BR, which does
not have sulfhydryl groups on the protein surface. This result
shows that the nanocrystals react with BR S35C using cova-
lent binding through sulfhydryl groups in BR 35C.

Furthermore, in PCMB treatment samples(PCMB reac-
tion time 2 h), we monitored that the diffracted spots from
nanocrystals displayed the positional jump by light irradia-
tion s,570 nmd due to the conformational changes of BR
S35C [Fig. 2(a)]. However, in the case of nontreatment of
PCMB, the movements of diffraction spots were momen-
tarily stopped by light irradiation(data not shown). This re-
sult indicates that single nanocrystals, which are bound to
multiple BR S35Cs, are not able to move because these BRs
exhibit structural change toward several different directions
at a time. An increase in PCMB reaction time led to a de-
crease in the number of stopped diffraction spots and an
increase in that of jumped diffraction spots. In other words,
only when a single nanocrystal was bound to a single BR
molecule could we observe the reproducible positional jumps
of diffraction spots.

These results thus indicate that when PCMB incubation
time was 2 h, the single nanocrystal was expected to react
with a BR S35C molecule using covalent bonding.

VI. EXPERIMENTAL RESULTS

Through optical-absorption methods, we ascertained that
the environment around the retinal of gold-labeled BR S35C
had a structure unperturbed from wild-type BR. Figure 1(c)
shows the absorption spectra ofsAd wild-type, sBd BR S35C,
sCd colloidal gold (5 nm in diameter, nanoprobes), which
specifically reacts with sulfhydryl groups at the highest effi-
ciency, and is dispersive at high concentrations in the aque-
ous solution s5.031013 units/mLd, sDd colloidal gold-
labeled BR S35C at the equimolar concentration of 50 mM
MOPS, pH 7.0, 25°C for 10 h, andsEd calculated spectra
sB+Cd. Absorption spectra of wild-type BR agree closely
with that of BR S35C(peak wavelength 568 nm), and the
obtained absorption spectra of colloidal gold-labeled BR
S35C agree well with the calculated spectra.

Figure 2(a) shows sequential images at 36-ms intervals of
the single diffracted spot from the gold nanocrystal labeled
with a single BR S35C. The exposure time of each image
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was 2.5 ms and the sample temperature was fixed at 8°C
with a cryostat using liquid nitrogen. The low-angle(right)
sides show higher background signals because the direct
beam’s scattering effect cannot be completely covered by the
beam stopper. The initial positions of diffracted spots at
−124 ms and directions of positional jumps of diffracted
spots at 10 ms are random, because there was no control over
the orientation of BR S35C immobilized on the substrate and
the plane direction of gold nanocrystals labeled with BR
S35C. The intensities of the diffracted spot in all images are
constant because x rays are hardly affected at all by chemical
environments, which is one of the DXT method’s greatest
advantages.

Before light irradiation at time 0, the diffracted spot
moved toward a higher diffraction angle. Immediately after
the light irradiations570 nmd, at 10 ms, we monitored the
significant positional jumpsDu=18.1 mradd of the diffrac-
tion angles2ud to the low-angle direction. Following that, we
observed that the fluctuations in the diffracted spots were
identical to their respective states before the light irradiation,
without returning to their initial position at −124 ms.

Figures 2(b) and 2(c) show real-time trackingsud and dis-
placementsDud of the eight diffracted spots taken at 36-ms
intervals, respectively. The spots all move randomly, and
their momentary positional jumps due to light irradiation at

time 0 were performed within 10 ms. None of the diffracted
spots returned to their starting positions after light irradiation
within the measuring times540 msd and beyond the time
shown, although by carrying out spectroscopic experiments
under the same conditions, the excitation of the retinal in the
BR protein has been confirmed to return to its initial state
within about 100 ms[12,13]. Furthermore, when the same
position flashed the light again after about 5 s from the first
flash, diffracted spots exhibited the positional change of the
same value with the first flash. This time interval is a mini-
mum time between the first and second flashes of the xenon
flash lamp. This result indicates that the retinal site would
return to the initial state, although the diffracted spots do not
return to the initial position before the light irradiation.

To consider the dependence of a diffracted spot’s moni-
tored positional jump on the irradiated light’s wavelength,
we conducted experiments to observe the effect on irradiated
BR S35C using wavelengths(350,l,430 nm and
l.700 nm) outside BR’s absorption range. Results con-
firmed that positional changes due to,400-nm or ,700
-nm light irradiation were not observed[Fig. 2(d)]. There-
fore, the strikingly positional jumps in Fig. 2(c) indicate de-
pendence on the irradiated light’s wavelength
s520,l,580 nmd and this phenomenon is due to the pho-
tocycle of BR S35C. However, at present it cannot be denied
with absolute certainly that these motions may be a result of

FIG. 2. Real-time tracking of diffracted spots and the view of positional jump of BR S35C due to light irradiationss,570 nmd. (a) DXT
images of diffracted spots from the gold nanocrystal linked to individual BR S35Cs. The arrows show the positions of a diffracted spot at
36-ms intervals. The significantly positional jump of a diffracted spot was observed by flashing light at a particular wavelength.(b) These
trackings, which are randomly chosen from 70 observed spots, were measured from DXT images. The arrow shows the light irradiation at
time 0 for expressing function of BR S35C.(c), (d) Displacement ofu (Du570 andDu400) of observed diffracted spots with,570-nm and
,400-nm lights.
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thermal expansion of BR itself, due to absorption of the light
[21].

The observed positional jumps completed within 10 ms at
8°C are averaged atDumax=14.6±9.7 mrad across the 70
spots. This error value ofDumax may be caused by immobi-
lization of BR S35C on the substrate, the labeling of gold
nanocrystals with BR S35C, or individual adsorbed BR
S35C characteristics. To clarify the understanding of real
space, the rotating angles ofDumax occurring at momentary
structural changes are regarded as translational motions
sDsmaxd on a two-dimensional flat surface. Assuming the
height of BR S35C to be 5.0 nm, the observed moving dis-
tance in DXT is estimated to beDsmax=0.73±0.48 Å[5].

We analyzed Brownian motions of theA-B interhelical
loop in BR S35C before and after light irradiation. Figure 3
shows the relations between mean-square displacement
(MSD) sDu2d of the observed spots and the time intervalDt
among three regions. Six symbols in Fig. 3 show the experi-
mental results from 70 diffracted spots, while a solid curve
shows the theoretical curve fitting. The two insets in Fig. 3
show the displacementssDud of diffracted spots taken at 36
-ms intervals with(a) ,570-nm light [Fig. 2(c)] and (b)
,400-nm light[Fig. 2(d)] at time 0.

Filled and open circles in Fig. 3 show the results of sta-
tistical analysis for 250 ms before light irradiation. Triangles
in Fig. 3 show the results for 250 ms after light irradiation,
while squares in Fig. 3 show the results for 250 ms after the
triangles data. Theoretical curve fittings of these six MSD
plots show that they are linear with equivalent slopes. In a
simple Brownian motion, thesDu2d−Dt plots are linear, with
slopes of 4D, whereD is the diffusion coefficientsmrad2/sd
in rotational motion. Simple Brownian motion can be ex-

pressed assDu2d=4DlinearsDtd[5,22]. From these curve fit-
tings, we obtained the values of the diffusion constantD
=27.8±1.0 mrad2/s and these MSD curves show the simple
Brownian motion. This result indicates that the motions of
theA-B interhelical loop in BR S35C are assigned to simple
Brownian motion, even though BR S35C was immobilized
on the substrate.

VII. DISCUSSION

According to related works on spectroscopic experiments
[11,12], the rise time at intermediateM is expected to be less
than 10
ms 8°C. Therefore, positional jumps shown in Figs. 2(a) and
2(b) are assigned to the conformational change of BR state
→ intermediateM sBR→Md. To confirm this assignment,
two PDB files(PDB ID: 1C8R, 1C8S) which are structural
data of BR state and intermediateM-determined x-ray crys-
tallography were superposed upon each other(Fig. 4). DXT
is used to monitor rotational motions(not translational ones)
with high accuracy; therefore, the position of the rotating
center is an important factor for DXT[5]. In this system, the
rotating center[Fig. 1(a)] is assigned to an amino acid resi-
due (64th, 79th, 129th, 131st, 132nd, or, 133rd amino acid),
which contains amino or hydroxyl groups and reacts with the
reactive layer on the substrate, which in this case is the ex-
tracellular side of the BR proteins. According to the result of
the superposition of PDB files, the average expected value
s,19.3 mradd of momentary positional change between the
rotating center and the 35th amino acids during the BR
→M transition closely agreed with thatsDumax

=14.6±9.7 mradd obtained by our DXT experiments.
According to the diffusion constant sD

=27.8±1.0 mrad2/sd obtained from MSD curve fittings in
Fig. 3, the average movable angle for 10 ms is about
1.1 mrad. Therefore, the size of the observed positional jump

FIG. 3. Curves of mean-square displacementsDu2d of nanocrys-
tals as a function of time intervalDt among three regions for analy-
ses of Brownian motions. Two insets show Figs. 2(c) and 2(d). Six
symbols represent the experimental results for 70 diffracted spots,
while solid curves show the theoretical curve fittings.

FIG. 4. Positional change of BR S35C by light irradiation
s,570 nmd. The BR structure is the BR state(silver, PDB ID:
1C8R) superimposed onto intermediateM (black, PDB ID: 1C8R).
The solid arrow shows the positional change of BR S35C between
the two states with the 131st amino acid as the center of rotation.
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s14.6 mrad/10 msd is about 14 times larger than that of be-
fore or after light irradiation. Additionally, we estimated the
shortest time for the diffracted spots to return to their initial
positions [the rise time of the intermediateM→BR state
sM→BRd] after the positional jump due to light irradiations
to be approximately 1.9 s. According to related works
[12,13], the rise time ofM→BR is completed within about
100 ms under our conditions, indicating that the retinal and
its surrounding structures that affect the spectroscopic ex-
periments can return to their initial state for about 100 ms.
However, theA-B interhelical loop did not return to its initial
position during the measuring time and beyond the time
shown after light irradiation.

Consequently, although the rise time of the BR→M reac-
tion obtained by spectroscopic experiments is in fair agree-
ment with that obtained by the DXT experiment, the rise
time of M→BR disagrees with that of the DXT experiment.
Dynamical observations of intramolecular conformational
changes in single BR S35C using DXT indicate one possi-
bility in both BR→M and M→BR as follows: the propa-
gated motion from the retinal toward theA-B interhelical
loop by retinal photo isomerization causes momentary posi-
tional jumps of theA-B interhelical loop. However, in the
M→BR reaction, the motion that returns it to BR’s initial
state is not propagated to theA-B interhelical loop, even
though the retinal returns to its initial state. Furthermore,
diffracted spots move all the time due to Brownian motions,
regardless of the light flash. Therefore, it is expected that
there is flexibility of the initial position itself of theA-B
loop.

Here we discuss the effect of labeled nanocrystals. The
labeling of nanocrystals does influence the motion of the BR
protein; however, according to the Navier-Stokes equation,
the dominant factor in the movements of the nanocrystals is
not the mass(gravity) but the viscosity and the steric hin-
drance of the size of the nanocrystals. Currently, we can
measure the dynamics of many proteins(for example, myo-
sin [6], actin [23], chaperon, and channel protein) by em-
ploying the using gold nanocrystals used in this work. Con-

sequently, we confirmed that each movement of
nanocrystals, which are labeled with these different proteins,
depends on each protein. This result indicates that motions of
each protein can be propagated to the nanocrystals. Addition-
ally, in order to visualize motions of an individual biomol-
ecule, there are many studies using various nanoparticles la-
beled with an objective molecule[24–26]. In particular,
Yasudaet al., showed the rotary motion of a single molecule
of F1-ATPase labeled with colloidal golds40 nmd, and they
concluded that the labeled bead was not an impeding load for
F1 [24]. In our study, there might be little or no physical
effect of the nanocrystals labeling for BR proteins, because
we used smaller beadss15–20 nmd than Yasuda’s experi-
ment.

In this paper, we demonstrated a method for observing
real-time intramolecular dynamics of the 35th amino-acid
residue in theA-B interhelical loop of individual BR mol-
ecules in a purple membrane.

The next stage of our research will include monitoring the
dynamics of amino residues of loopF in BR, which is
known to undergo drastic changes while expressing its func-
tions, at a picometer level under physiological conditions and
higher experimental speeds,msd to observe photocycle
substeps using DXT.
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