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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 protgacteriorhodopsiitBR)] 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 A 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 realizingn vivo observations of single-molecular conformational changes in membrane
proteins.
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I. INTRODUCTION be able to observe single molecular motions to a picometer-
It is important to measure the dynamic structural detaild€Ve! accuracyys,/100) using DNA molecule$5—7]. DXT
of individual membrane proteins that express the function offonitors the spots of diffracted x rays from individual
signal transduction in cell systems. This is because it is ngd@nocrystals that are tightly labeled with single molecules
speculation from fragmentary or static structural information [Fi9- 1&]. The extremely short-wavelength x rays that form
but rather dynamical information from individual membrane the probe of this method lead to its excellent characteristics,
proteins, that can more accurately and directly determine thBecause they enable us to observe single-molecular dynamics
detailed mechanisms that express the functions of individuanith extremely high accuracy. The x rays as transmitted by
membrane proteins in cell systerfis2]. Single molecular the probe result in actualization of the stable observations
imaging techniques using fluorescent probes which have  underin vivo conditions because x-ray diffraction is indepen-
enabled dynamical observations of single biomolecules, haveent of physiological conditions.
proved to be valuable tools in solving many basic problems In this study, we observed Brownian motions and light-
in biophysics, because these methods have been providirdyiven structural changes in theB interhelical loop of in-
positional information on single molecules at an accuracy otlividual bacteriorhodopsi(BR) molecules in a purple mem-
aboutA /100, far below the optical diffraction limif~\/2) brane (PM) using DXT with gold nanocrystals.
[3]. Moreover, single-molecule fluorescence resonance erBacteriorhodopsin is the most extensively studied membrane
ergy transfer(single-molecule FREJ which relies on the protein precisely because the purple membrane is so robust
distance-dependent transfer of energy from a donor fluorotp chemical treatments used in this stugyg labeling and
phore to an acceptor fluorophore, is one of the few toolsmmobilization on the substrate using chemical coupling
available for measuring nanometer-scale distances arthh would destroy most membrane-coa‘[ing proteins_
changes in distances, or both the intramolecular and intermornerefore, for this reason we have chosen BR.
lecular orientation between the two fluorophores, bith Bacteriorhodopsin plays the role of a light-driven proton
vitro andin vivo [4] However, it is difficult to measure in- pump ina PM, which is a patch of cell membranekHslo-
tl’amolecu|al’ StI’UCtural Changes Of Single prOteinS in membacterium Sa“narium The BR passes through a Series Of
branes with single-molecule FRET due to the lack of moniyell-characterized spectral intermediate states desigrated
toring precision and stability of the signal intensity in K |, M, N, andO, in the order of their appearance in the
physiological conditions. _ cycle (photocyclg, after light of wavelength around 570 nm
Diffracted x-ray tracking(DXT), a new single-molecule induces isomerization of the retinal located inside the BR. A
technique using x rayé\y 5y~ 0.1 nm, has been proven to photocycle is coupled to vectorial proton transport from the
cytoplasmic to the extracellular side of the AB+13.
In this study, we used single cystein-containing BR mu-
*Corresponding author. Faxt81-79158-2512. Email address: tants BR S35C for the following three reasor§) it is
ycsasaki@spring8.or.ip known that BR S35C has nearly unperturbed photocycles
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FIG. 1. Experimental designs of DX(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 syst2BnmM glucose, 14 mM 2-mercaptoethanol, 10 nM catalase, and
2.5 uM glucose oxidasgin 50 mM MOPS(pH 7.0. (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 compB@idB) 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 BR), BR S35C(B), colloidal gold(C), colloidal gold-labeled BR S35(D),
and calculated spect®+C) (E). Absorption maximum ofA) or (B) is 568 nm.

compared with wild-type BR13]; (ii) cystein residues that SPring-8, Japan [14]. The x-ray energy range was
link ~15-nm-diam gold nanocrystals are located in 8  7—-30 keV, and the focused x-ray beam was 0.2 thori-
interhelical loop on the outside of the purple membréhe  zonta) X0.2 mm(vertical). We estimated the photon flux at
cytoplasmic side[Fig. 1(a)]; and (iii) we expect that label- the sample position (0.2 mmx0.2 mm to be 4
ing the 35th amino acid residue with gold nanocrystals using< 10' photons/s. The diffraction spots from nanocrystals
chemical coupling would have barely any influence on ex-were recorded by a CCD camefBlamamatsu Photonics,
pressions of the BR molecule’s function. This is because thaC4880-83 in combination with a 6-in. x-ray image intensi-
position is located in the position most remote from the reti-fier (Hamamatsu Photonics, V5446RVith this system, not
nal inside BR. In addition, DXT is appropriate to observe theall diffracted spots from all gold nanocrystals presented
small motions in a single biomolecule because of its highwithin the detection areé0.2 mmx 0.2 mm can be moni-
accuracy. In other words, DXT could not observe the entireored because there are some restrictions on diffraction con-
process of large motions such as are indicated by motor pratitions (such as the orientation of individual labeled gold
tein (e.g., F1-ATPase. For the above reasons, we first fo- nanocrystals and the size of the detegt@and diffraction
cused attention on the 35th amino acid. spots from many imperfect gold nanocrystals are not moni-
tored. The specimen-to-detector distance was 100 mm. In
Il INSTRUMENTATION FOR DXT this system, the rotating motions of nanocrystals linked to
The DXT experiments were conducted in the white x-rayindividual molecules could be detected in angle ranges of
mode of beamline BL44B2RIKEN Structural Biology Il, 26=0-640 mrad. We used a xenon flash laggA200E,
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Eagle-shoji with a band-pass filte(520<A <580 nn) to Assuming the purple membran&@3M) are fully immobi-
excite the sample enough to initiate the BR photocycle.  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 S35Gthe number of BR S35C is 1.5
IIl. FABRICATION OF GOLD NANOCRYSTALS X 10'%; the number of gold nanocrystals is 4@0%. When
{he solution including gold nanocrystals was directly
pgounted on adsorbed PM, we monitored many diffraction

observe their diffraction spofd5]. We used gold nanocrys- spots from gold nanoprystals on the one screen. Moreove_r, it
tals fabricated by vacuum epitaxial evaporation on a NaCl|S expected that a single nanocrystal will be labeled with
(100 surface[16]. Nanocrystals are detached from the NaClS€Ven o eight proteins with cysteine sites because the size of

: : : tal is about three times larger than each BR mol-
(100 substrate by dissolving the substrate in an aqueoug1e nanocrys : . :
solution. We confirmed the diameters of these crystals i cule. PCMB reaciion with sulthydryl groups in BR S35C

: N N led to a significant decrease in the number of observed dif-
aqueous solution to be 10-15 nm by dynamic light Scatterfraotion spots. When the incubation time of PCMB was 2 h,

ing and atomic force microscopy. Moreover, fabricated gold e monitored onlv a few spots on one screen. and when the
nanocrystals generated the diffraction spots from only thl cubation time W);S 3h Wré could not detect 'Lhe diffraction
(100 direction because these crystals were grown epitaxiall : : . .

pot as well as in the case of using wild-type BR, which does

on the NaCl(10Q substrate[16-1§. Therefore, one nano- not have sulfhydryl groups on the protein surface. This result

crystal can gengrate at most tdane paly diffraction spots. shows that the nanocrystals react with BR S35C using cova-
We can easily find these spots from these nanocrystals pr?‘%m binding through sulfhydryl groups in BR 35C.
ofs

sented in aqueous solutions, because motions of these sp Furthermore, in PCMB treatment sampiaCMB reac-

are perfectly. synchroni_zgq all the time.on the screen. In adfion time 2 h, we monitored that the diffracted spots from
dition, there is no possibility that one diffraction spot is gen'nanocrystals displayed the positional jump by light irradia-
erated from multiple nanocrystals because these spots moye | (~570 nm due to the conformational changes of BR

randomly all the time. Even if this were possible, we COUIdSBSC[Fig. Aa)]. However, in the case of nontreatment of

easily distingui_sh _the overlapped diffr_action_ spots_becaus%CMB the movements of diffraction spots were momen-
DXT can quantitatively measure x-ray intensity of diffracted tarily s,toppe d by light irradiatioridata not showp This re-

spots from nanocrysta]. Therefore, observed single dif- sult indicates that single nanocrystals, which are bound to

fraction spots come from single nanocrystals. multiple BR S35Cs, are not able to move because these BRs
exhibit structural change toward several different directions
IV. LABELING OF BR S35C PROTEIN ONTO THE at a time. An increase in PCMB reaction time led to a de-
SUBSTRATE crease in the number of stopped diffraction spots and an
increase in that of jumped diffraction spots. In other words,
To observe the motions of single BR S35C in a mem-only when a single nanocrystal was bound to a single BR
brane, we immobilized PMs on the amorphous gold substratgolecule could we observe the reproducible positional jumps
with a cross-linking reagent(succinimidayl 6f3-(2-  of diffraction spots.
pryidyldithio)-propionamidghexanoate: LC-SPDP, Pierce  These results thus indicate that when PCMB incubation
Co., Ltd) in 50 mM HEPES(pH 8.0 for 6 h at 25°C. This  time was 2 h, the single nanocrystal was expected to react
cross-linking reagent containing pyridyl disulfide residue andwith a BR S35C molecule using covalent bonding.
N-hydroxysuccinimide residue ensured that we could label

the gold substrate surface with specific amino acidss,
Ser, or Tyy of BR S35C in PM419,20. When the extracel-
lular side of the PM reacts with the substrate surface, the Through optical-absorption methods, we ascertained that
cytoplasmic side, which contains the only one sulfhydrylthe environment around the retinal of gold-labeled BR S35C
group(35th amino acigl can be labeled with gold nanocrys- had a structure unperturbed from wild-type BR. Figu(e) 1
tals. shows the absorption spectra(@) wild-type, (B) BR S35C,
(C) colloidal gold (5 nm in diameter, nanoprobgswhich
specifically reacts with sulfhydryl groups at the highest effi-
ciency, and is dispersive at high concentrations in the aque-
One of the most important points required for the DXT ous solution (5.0x 10" units/mL), (D) colloidal gold-
technology to work is the necessity for single BR S35C mol-labeled BR S35C at the equimolar concentration of 50 mM
ecules to react with single nanocrystgisg. 1(b)]. In order MOPS, pH 7.0, 25°C for 10 h, an(E) calculated spectra
to achieve this, immobilized BR S35C on the substrate(B+C). Absorption spectra of wild-type BR agree closely
was first labeled with a mercury compouri@-chloro-  with that of BR S35C(peak wavelength 568 nimand the
mercuribenzoic acidPCMB)] in 50 mM phosphate buffer obtained absorption spectra of colloidal gold-labeled BR
pH 7.0 for 2 h at room temperature, which specifically reactsS35C agree well with the calculated spectra.

To operate single-molecule detection systems using
rays, it is necessary to fabricate dispersed nanocrystals a

VI. EXPERIMENTAL RESULTS

V. LABELING OF GOLD NANOCRYSTALS TO BR S35C

with sulfhydryl groups and allows high occupan@]. Next, Figure 2a) shows sequential images at 36-ms intervals of
gold nanocrystals were labeled with sulfhydryl groups in BRthe single diffracted spot from the gold nanocrystal labeled
S35C. with a single BR S35C. The exposure time of each image

021917-3



OKUMURA et al. PHYSICAL REVIEW E 70, 021917(2004

30| Flash Light
-124 20
< 10
©
N E°
08 = 10
_ 20
‘ -30
Flash Light I L L L | L L
62 520< A <580 nm -200 -100 O 100 200 300 400 500
b {at time 0) (b) Time (ms)
20F
-26 Flash Light A
: 5 101~ (~570 nm) WA
3 ‘
E o “I‘VA"‘%“ ‘(,
10 g DA F
g 10l \//
N ookl l I 1 1 I | I
46 - -200 -100 O 100 200 300 400 500
(c) Time (ms)
%)
o
E
108 ms 3
o
" o .
20 «<——+H—+—+— ookt v 0y
(mrad) 387 362 337 312 200 -100 0 100 200 300 400 500
(a) (d) Time (ms)

FIG. 2. Real-time tracking of diffracted spots and the view of positional jump of BR S35C due to light irradiatié@® nm. (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 wav@dgigise
trackings, which are randomly chosen from 70 observed spots, were measured from DXT images. The arrow shows the light irradiation at
time 0O for expressing function of BR S35(), (d) Displacement o (A s, and A 6,0 Of observed diffracted spots with570-nm and
~400-nm lights.

was 2.5 ms and the sample temperature was fixed at 8°@me 0 were performed within 10 ms. None of the diffracted
with a cryostat using liquid nitrogen. The low-andlgght) spots returned to their starting positions after light irradiation
sides show higher background signals because the diregtithin the measuring timé¢540 mg and beyond the time
beam’s scattering effect cannot be completely covered by thehown, although by carrying out spectroscopic experiments
beam stopper. The initial positions of diffracted spots atunder the same conditions, the excitation of the retinal in the
-124 ms and directions of positional jumps of diffracted BR _protein has been confirmed to return to its initial state
spots at 10 ms are random, because there was no control owithin about 100 mg12,13. Furthermore, when the same
the orientation of BR S35C immobilized on the substrate and0sition flashed the light again after about 5 s from the first
the plane direction of gold nanocrystals labeled with BR'1ash, diffracted spots exhibited the positional change of the
S35C. The intensities of the diffracted spot in all images ar&@me value with the first flash. This time interval is a mini-
constant because x rays are hardly affected at all by chemicgju™ time between the first and second flashes of the xenon
environments, which is one of the DXT method’s greates ash lamp. Th_|§ result indicates that the retinal site would
advantages return to the initial state, although the diffracted spots do not
Before Iiéht irradiation at time 0, the diffracted spot return to the initial position before the light irradiation.

moved toward a higher diffraction angle. Immediately after To consider the dependence of a diffracted spot's moni-
; s 2 : . tored positional jump on the irradiated light's wavelength,
the light irradiation(570 nm), at 10 ms, we monitored the P Jump ¢ g

s " ! ) we conducted experiments to observe the effect on irradiated
significant positional jumgA#=18.1 mrad of the diffrac- pBRr gs35C using wavelengthg350<\ <430 nm and
tion angle(20) to the low-angle direction. Following that, we ) >700 nm outside BR's absorption range. Results con-
observed that the fluctuations in the diffracted spots werdirmed that positional changes due t©400-nm or ~700
identical to their respective states before the light irradiation;nm light irradiation were not observddrig. 2(d)]. There-
without returning to their initial position at -124 ms. fore, the strikingly positional jumps in Fig(® indicate de-
Figures 2b) and 2c) show real-time trackingd) and dis- pendence on the irradiated light's wavelength
placementA ) of the eight diffracted spots taken at 36-ms (520<<\ <580 nmj and this phenomenon is due to the pho-
intervals, respectively. The spots all move randomly, andocycle of BR S35C. However, at present it cannot be denied
their momentary positional jumps due to light irradiation atwith absolute certainly that these motions may be a result of
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FIG. 4. Positional change of BR S35C by light irradiation
0 [ (~570 nm. The BR structure is the BR statsilver, PDB ID:

0 50 100 150 200 1C8R) superimposed onto intermedidie (black, PDB ID: 1C8R.
Time (ms) The solid arrow shows the positional change of BR S35C between
the two states with the 131st amino acid as the center of rotation.
FIG. 3. Curves of mean-square displacen(@m) of nanocrys-
tals as a function of time intervat among three regions for analy- pressed agA#?)=4Dj.a(At)[5,22. From these curve fit-
ses of Brownian motions. Two insets show Fige)and 2d). Six  tings, we obtained the values of the diffusion constant
symbols _represent the experimenta_l results fo_r _70 diffracted spots; 57 g+1.0 mra®'s and these MSD curves show the simple
while solid curves show the theoretical curve fittings. Brownian motion. This result indicates that the motions of
: . . .. the A-B interhelical loop in BR S35C are assigned to simple
thermal expansion of BR itself, due to absorption of the l'ghtBrownian motion, even though BR S35C was immobilized

[21]. on the substrate
The observed positional jumps completed within 10 ms at '

8°C are averaged ak6,,,=14.6%£9.7 mrad across the 70
Spots. This error value ak 6,5 may be caused by_ immobi- VII. DISCUSSION
lization of BR S35C on the substrate, the labeling of gold
nanocrystals with BR S35C, or individual adsorbed BR According to related works on spectroscopic experiments
S35C characteristics. To clarify the understanding of rea[11,17, the rise time at intermediatd is expected to be less
space, the rotating angles &fj,,,, occurring at momentary than 10
structural changes are regarded as translational motioriss 8°C. Therefore, positional jumps shown in Fig®) 2nd
(Aomay ON a two-dimensional flat surface. Assuming the2(b) are assigned to the conformational change of BR state
height of BR S35C to be 5.0 nm, the observed moving dis— intermediateM (BR— M). To confirm this assignment,
tance in DXT is estimated to b&o,,,=0.73+0.48 A[5]. two PDB files(PDB ID: 1C8R, 1C8%which are structural
We analyzed Brownian motions of th&B interhelical data of BR state and intermediaté-determined x-ray crys-
loop in BR S35C before and after light irradiation. Figure 3tallography were superposed upon each otféy. 4). DXT
shows the relations between mean-square displacemeistused to monitor rotational motiorgeot translational ongs
(MSD) (A#?) of the observed spots and the time interdal  with high accuracy; therefore, the position of the rotating
among three regions. Six symbols in Fig. 3 show the expericenter is an important factor for DX[B]. In this system, the
mental results from 70 diffracted spots, while a solid curverotating centefFig. 1(a)] is assigned to an amino acid resi-
shows the theoretical curve fitting. The two insets in Fig. 3due(64th, 79th, 129th, 131st, 132nd, or, 133rd amino jcid
show the displacementa 6) of diffracted spots taken at 36 Which contains amino or hydroxyl groups and reacts with the
-ms intervals with(a) ~570-nm light [Fig. 2c)] and (b) ~ reactive layer on the substrate, which in this case is the ex-
~400-nm light[Fig. 2d)] at time 0. tracellular side of the BR proteins. According to the result of
Filled and open circles in Fig. 3 show the results of sta-the superposition of PDB files, the average expected value
tistical analysis for 250 ms before light irradiation. Triangles(~19.3 mrad of momentary positional change between the
in Fig. 3 show the results for 250 ms after light irradiation, rotating center and the 35th amino acids during the BR
while squares in Fig. 3 show the results for 250 ms after the=M transition closely agreed with that(A 6y,
triangles data. Theoretical curve fittings of these six MSD=14.6+9.7 mragl obtained by our DXT experiments.
plots show that they are linear with equivalent slopes. In a According to the diffusion constant (D
simple Brownian motion, théA ¢%) — At plots are linear, with  =27.8+1.0 mraél's) obtained from MSD curve fittings in
slopes of &, whereD is the diffusion coefficientmrad/s) Fig. 3, the average movable angle for 10 ms is about
in rotational motion. Simple Brownian motion can be ex-1.1 mrad. Therefore, the size of the observed positional jump
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(14.6 mrad/10 mpsis about 14 times larger than that of be- sequently, we confirmed that each movement of
fore or after light irradiation. Additionally, we estimated the nanocrystals, which are labeled with these different proteins,
shortest time for the diffracted spots to return to their initialdepends on each protein. This result indicates that motions of
positions [the rise time of the intermediathl —BR state each protein can be propagated to the nanocrystals. Addition-
(M _>BR)] after the positiona| ]ump due to ||ght irradiations ally, in order to visualize mOtiOﬂS- of an_individual b|0m0|-
to be approximately 1.9s. According to related works€cule, there are many studies using various nanopar'ucles la-
[12,13’ the rise time ofM —BR is Comp|eted within about beled with an ObJeCUVe m0|ecu|62.4—2q. In part|CU|ar,
100 ms under our conditions, indicating that the retinal and‘asudaet al, showed the rotary motion of a single molecule
its surrounding structures that affect the spectroscopic exef Fi-ATPase labeled with colloidal golgt0 nm), and they
periments can return to their initial state for about 100 msconcluded that the labeled bead was not an impeding load for
However, theA-B interhelical loop did not return to its initial  F1 [24]. In our study, there might be little or no physical
position during the measuring time and beyond the tim@ﬁect of the nanocrystals Iabeling for BR proteins, because
shown after light irradiation. we used smaller beadd45-20 nm than Yasuda's experi-
Consequently, although the rise time of the BRI reac- ment.
tion obtained by spectroscopic experiments is in fair agree- In this paper, we demonstrated a method for observing
ment with that obtained by the DXT experiment, the risereal-time intramolecular dynamics of the 35th amino-acid
time of M — BR disagrees with that of the DXT experiment. residue in theA-B interhelical loop of individual BR mol-
Dynamical observations of intramolecular conformationalecules in a purple membrane.
changes in single BR S35C using DXT indicate one possi- The next stage of our research will include monitoring the
bility in both BR—M and M —BR as follows: the propa- dynamics of amino residues of loop in BR, which is
gated motion from the retinal toward th&B interhelical ~known to undergo drastic changes while expressing its func-
loop by retinal photo isomerization causes momentary positions, at a picometer level under physiological conditions and
tional jumps of theA-B interhelical loop. However, in the higher experimental speet~us) to observe photocycle
M — BR reaction, the motion that returns it to BR’s initial substeps using DXT.
state is not propagated to theB interhelical loop, even
though the retinal returns to its initial state. Furthermore, ACKNOWLEDGMENTS
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