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Investigation of measurement conditions of surface—enhanced
infrared absorption spectroscopy and its application to

membrane proteins
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Infrared (IR) spectroscopy is a powerful method for investigating the
structures of proteins and other biomaterials. Major contributions to the
molecular understanding of reaction mechanisms, particularly. those that
involve membrane proteins, have demonstrated the effectiveness of the
method on the basis of difference spectra calculated from the spectra
obtained before and after applying several stimuli, such as light, electric
potential, and ions. In conventional IR spectroscopy, stacks of membrane
protein layers are usually used to achieve an adequate signal from the
sample. However, such stacks of layers do not represent an appropriate
model of membrane proteins, which usually exist as a monolayer in the
cellular membrane. Proteins in a monolayer and their functional changes
are difficult to detect by a conventional Fourier-transform IR
spectrometer because the amount of protein is on the order of a few
picomole per square centimeter (1(}“12 mol/cmz).

To overcome this difficulty, this thesis aims to apply surface-enhanced
IR absorption spectroscopy (SEIRAS) to structural studies of
light-receptive proteins, i.e., microbial rhodopsins, at single-monolayer
level. The introduction chapter (Chapter 1) provides a summary of the
current SEIRAS researches on biological systems. SEIRAS was firstly
developed in the field of electrochemistry and has been recently used in

biophysics. It is a phenomenon in which molecules adsorbed onto metal
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island films or particles exhibit IR absorption 10-1000 times more
intense than that expected from conventional measurements without using
the metals. This technique has two advantages. First, the acute sensitivity’
of SEIRAS enables the detection of minute spectral changes of the
adsorbed protein even at the monolayer level, Second, the enhancement is
restricted to within a short distance from the surface, which results in the
selective detection of signals only from the adsorbed monolayer. The
attenuated total reflectance (ATR) geometry is preferred in my setup, with
a gold%hin metal film overlayer atop the reflection surface of the ATR
prism. Theradvantage of this optical geometry is that the sample surface
is freely accessible during the IR ﬁzeasarements.

The preparation of a thin-metal film is the critical part of a successful
SEIRA experiment. In Chapter 2, SEIRA-active thin-gold films were
prepared by high-vacuum evaperafion of gold onto a Si-ATR prism. The
enhancement is strongly dependent on the size, shape, and particle
density of the gold island film. Such surface properties can be partially
tailored by adjusting the experimental conditions during ﬁlm fabrication,
specifically, the thickness and the rate of film deposition. It was
confirmed by Raman s-pectréscopy and atomic force microscopy
observations that a so-called island structure that consists of well
-separated gold particles provides the best surface enhancement.

Chapter 2 also describes a methodology for the surface immobilization
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and reconstitution of membrane proteins. Halorhodopsin from
Natronomonas pharaonis (pHR), which has seven-transmembrane helices
and binds an all-frans retinal, was chosen as a model protein for the initial
studies. This method comprises various steps, including: (1)
self-assembly of the active ester dithiobis(succinimidylpropionate) on the
gold support, (2) formation of the nitﬁiotriacetic (NTA) layer by
cross-linking of the active ester with aminonitrilotriacetate and (3)
complexation with Ni**, (4) adsorption of the 6 x His-tagged pHR onto
the Ni-NTA layer, and (5) embedding of pHR into lipid layers by
incubated with lipid vesicles and microporous Bio-Beads. The observed
vibrational bands related to the each surface reaction step can
demonstrate the successful immobilization and reconstitution of the
oriented monolayer of pHR onto the gold surface.

It was found that the shapes of the bands in the enhanced IR spectra
can be dramatically changed with respect to their magnitude, symmetry,
and even direction by the presence of the metal surface. Normal, bipolar,
and inverted shapes of amide I and II bands of pHR became prominent
with an increase in film thickness. Chapter 3 describes the nature of this
impressive phenomenon. The amide I and II bands were determined as a
function of the angle of incidence, the polarization of the incident beam,
and the deposition rate of the gold films. The results illustrated that the

optical properties of the gold film itself are essentially responsible for the
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anomalies in the IR bands. Reflectivity measurements revealed that the
band shapes are normal before the percolation threshold and that bibolar
shapes occur when an anomalous absorption by the films is strong,
whereas inverted shapes begin to appear in the spectra of the films in
which surface scattering is predominant.

Chapter 4 describes the controllable oriented immobilization of pHR
onto gold surfaces. Variation in the orientation was achieved by
engineering the His-tag on the C- or N-terminus of pHR. After the
C-terminal His-tagged pHR was bound, its cytoplasmic side faced the
gqld surface, whereas the N-terminal His-tagged pHR exhibited a
contrary orientation, i;e., the extracellar side, where the P-sheet in an
interhelical loop is located, faced on the gold surface. The attachment was
then characterized by ATR-SEIRA spectroscopy. On the basis of the
near-field effect of SEIRAS, key differences between these two oppésite
orientations were distinguished. Deconvolution and curve fitting of the
SEIRA spectra suggested that more anti-parallel B-sheet structures were
detected in the case of N—ténninus binding. The difference in the
absorption properties of these two orientations of the anti-parallel B-sheet
structures was also explained by the theoretical background of the SEIRA
spectra on the basis of the structural information of pHR obtained
crystallographically. To corroborate the results, the binding experiments

were repeated under the same conditions using (-sheet-deleted pHR
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mutants, where the enhancement of the B-sheet bands was significantly
decreased. Thus, the full control of the orientation of pHR was confirmed
by SEIRAS. In addition, the surface coverage and molecular orientation
of the immobilized pHR were also determined.

Chapter 5 contains details of investigations on the light-induced
structural changes of sensory rhodopsin Il from Natronomonas pharaonis
(pSRII), which is a microbial rhodopsin and whose active state has a
relatively longer lifetime than that of pHR. Functional studies of the C- or
N-terminal His-tagged pSRII adsorbed onto gold surfaces were
performed by comparison of the surface-enhanced IR difference
absorption spectroscopy (SEIDAS) of the initial non-active state and the
active state. Structural changes in the protein backbone and the retinal
cofactor were resolved by SEIDAS at a single-monolayer level. SEIDA
spectra obtained at different orientations and pH values were compared
and discussed.

Finally, the general conclusions and outlook of the present thesis are
provided in Chapter 6.

On the whole, the author has succeeded in constructing a SEIRA
measurement system for investigating the functionality of a _protein
monolayer tethered to a gold substrate. The approach renders
high-surface sensitivity by enhancing the signal of the adsprbed protein

by a factor of 25. From the systematic preparation of the gold films, the
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film thickness suitable for SEIRA measurements was examined. The
orientation of the membrane protein was shown to be controlled by
introduction of a His-tag at the N- or C-terminal position of a
seveﬁ—transmembra'ne protein. Finally, the author observed the
light<induced absorption changes of a pSRII monolayer with a
satisfactory signal-to-noise ratio when the protein was adhered onto a
modified gold surface. To probe membrane proteins, a concept was
introduced for the oriented incorporatioh into solid supported lipid
bilayers. A recombinant protein solubilized in detergent was immobilized
on a chemically modified gold surface via the affinity of its His-tag
toward a nickel-chelating NTA surface. The protein monolayer was
reconstituted into the lipid environment by detergent removal. A change
in the orientation of the protein with respect to the metal surface was
achieved by inserting the His-tag on either side of the membrane protein
surface. The presented methodology opens new avenues for the study of
the molecular mechanisms of membrane proteins, such as ion channels,

transporters, and sensors, at the atomic level.

— 4] -



MERXOBEEROKE

sy ER, BEIERCEETAZ R 2B ThHY . AN L EGgei
B B ARBEHMERLLTWD, BERZ, Y o BRBET 30T omE %
Bogic, REWUHBRNDHEOEGRBZITV, L2V RV B0~ Th3HEHEY A
s7Hu F7oy (RREBA ARy T TChHDI Ava PPV eyt —F I ThH
Hertll—a R7oy) CHB L, BEBEERAS N (Surface-Enhanced Infrared
Absorption Spectroscopy; SEIRAS) 13, &y L OMBIZ WIS Lo+ O A% A
10~1000FBEHBTHRKREZFNALERADRETH D, £, v FFL 2 R7A0
o~V w7 ARPEEFRBLUEBE N7 E THY, RREBHELTCULFF—A2/HEL
TVWH, AR TR, REMBBESEREEICEVIEER, BEES 7/ A—k
NEE) LEETLISFERBIRBDICRHET A0 IEEE2EML, v R ONKBR
SJUOCKMEEERDY 72 BEATHZZ LT, Mlaomfl & Aicmyizgios vty
HBEXToXABEELEERNIBHTLI LR LTWS,

BRI Y R HOEBE RS, R4y, SEIRASO F#, SEIRAS# I &
RTEA~BEATAEE, AMROBNLESBEREN TV S, FoHIISEIRASICHEE
THEWBOEMNFE, SUEEEFCLAFERLEIATEY ., EFHABEKESHK
Gtk s&MBORMBI oW ThBERERTWS, £k, &MBEET~0OBs
NROBEOEEFRIE, I AF Py FENPNTAZ BV FHRIC oW THEBIIRERE N
T s,

BMEEIZSFCAHEBICEETET S FIBLOTF S RIIAY FOMER X OBk
MY LMBOBEEFEEOBRTHRBER I TS, RO AR BEEE, sB L
pREEFSE R EDERNL, SN FRROERPREZsMEC L2 b0 RS0 Ty
Ho FEilo, WMELYRIABY v A—HFESLTHRBFEIATHBI L2, ML OBE
ERBBNADRIL Y FTLRBEORENBOND 2 &n b, SHMEE KON SHEC
FoThHEbENIBRRTHLLEEHROST TS,

BHEER A A FPYUOCERS LSENEKERIZEAF O ¥ 72 EAL, SEIRASKE
Lo TTIRINVFERITL, Bor— MEBEPNERRB AT I EBRENTNS,
Npp R7ER Y~ MBERHMBAMIIOR 1 2EoRD, HEBAMICEET ANE
B CEMBIERE S ERHEAERHRBRI AL TEMMERPAINLTVWS, &b,
mruwa R rOfGHBCEIVERERFET LD LHE LAHRE L EWELRT
CEMLEREMBIELEINTVWS,

BHEERE YY) —a R OCKES LSRBNERIZEATF V728 AL, %H
BOHBEBZ Lo THEUAFRABPARZ MADEICH>WT R ZOMBEOBWIC L 5K

KoWTHRERL TS, Flh, pHR LD REE~OEBIZI >V TLERELTWVLS,
PLED XS ARXCIISEIRASOBI Y 2 H~DEA D DI HIEE B EENIZ,

e 4D e



SWPEOEEENE, 2 A7HOBEFEERF L, ZTHEEOBF 7 HoEHOWE
MFERAGESEELOMAERI LTS, By v A7HoEmERMMT 228 T
SEIRAS OB AE P LARBRELELDBLNATWS, ARXREF BRI TSEY, £
D—MITEREWHEE 1 RIIBEEIRL TS, -0, AFEERSITARIIEEL (B
#) OBELHETI 2R B THBI L,

e 4 e



