The origin of the conformational change
can be further explored by the technique of
site-directed spin labeling, in which nitrox-
ide spin labels are selectively placed
through the use of site-directed mutagene-
sis. With a set of spin-labeled proteins, this
strategy can provide both secondary and
tertiary structural information (28) and
should permit a detailed interpretation of
the conformational change observed here.
The feasibility of such studies has recently
been demonstrated for thodopsin (29). This
approach should be particularly useful for
other receptors that have no natural chro-
mophore as an indirect indicator of struc-
tural changes.
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Nonlinear Optical Properties of Proteins Measured
by Hyper-Rayleigh Scattering in Solution

K. Clays, E. Hendrickx, M. Triest, T. Verbiest, A. Persoons,*
C. Dehu, J.-L. Brédas

Hyper-Rayleigh scattering has been used to determine the nonlinear optical properties
of a chromophore-containing protein in solution. Because the technique of hyper-Ray-
leigh scattering allows the measurement of hyperpolarizabilities in an isotropic solution
without the application of an electric field, this method is ideally suited for the study of
proteins that carry a net charge. The observed orientational correlation between the
nonlinear optical chromophores in incompletely solubilized protein molecules suggests
that guidelines from protein structures can be used for the engineering of supramolecular

structures with high optical nonlinearity.

The light-energy~transducing protein bac-
teriorhodopsin (bR) has received consider-
able attention for potential application in
molecular opto-electronic devices (I-5).
The protein is present in the purple mem-
brane (PM) of halophilic bacteria (6, 7).
Energy production in these bacteria is based
on a proton gradient established by light
absorption. The light-driven proton pump
action of bR is due to the retinal chromo-
phore, which is bound to the € amino group
of the lysine-216 amino acid residue of the
protein to form the retinylidene-n-butyl-
amine Schiff base. Upon photoexcitatior,
the proton of the protonated Schiff base is
released and follows a channel of hydrogen
bonds toward the cellular exterior.

NN
All-trans retinal
The conjugated chain in the retinal chromo-
phore permits large odd-order electronic po-
larizabilities along the chain direction. In
addition, the overall molecular symmetry al-
lows second-order nonlinear optical effects.
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Because of the symmetry restrictions for even-
order nonlinear optical effects, the direct de-
termination of the second-order polarizability,
first hyperpolarizability B, in the series expan-
sion of the dipole moment p; induced by
application of a strong electric field E

Wi = Q5" Ej + Bijk EjEk +
Yijkl * EjEkEl +...

can only be performed in macroscopically
noncentrosymmetric ensembles. The classi-
cal experimental technique for the determi-
nation of the first hyperpolarizability of polar
molecules in solution, electric-field—induced
second-harmonic generation (EFISHG) (8-
10), makes use of a dc electric field to orient
the dipolar molecules. A temperature-de-
pendent orienting of the molecules in the
field then allows frequency-doubling of an
intense laser pulse. Because the efficiency of
frequency-doubling is dependent on the de-
gree of dipolar orientation, the net result
from an EFISHG measurement is the scalar
product wP of the permanent dipole mo-
ment vector i with the vector part of the
first hyperpolarizability . Thus, the value of
the dipole moment is necessary to deduce a
value for B. Another possible source of error
in EFISHG is the estimation of the local
field factor, which accounts for the differ-
ence between the amplitude of the external-
ly applied electric field and the actual field
experienced by the molecule.

However, the EFISHG technique can-
not be used with conducting solutions;
thus, it cannot probe ionic materials that
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might have a large nonlinear optical (NLO)
response. Inasmuch as a reasonable electric
field can be established over a conducting
solution, the field will cause migration of
the ionic species rather than dipolar orien-
tation. Even at the isoelectric point of
proteins, when there is no net charge and
hence no migration, the orientation of the
protein in the field is determined by the
location of the charged amino acid residues
rather than by the static dipole moment of
the chromophore in the protein. This de-
termination explains why the first hyperpo-
larizability of bR has only been determined
experimentally in oriented poly(vinyl alco-
hol) (PVA) matrices (11). A large uncer-
tainty then arises from the estimation of the
chromophore orientation angle because of
the assumption of a narrow distribution of
tilt angles.

Another, indirect technique that has been
used to measure the first hyperpolarizability
of a protein, without the need for an orient-
ing field, is based on the two-photon absorp-
tivity of a low-lying strongly allowed state
(12, 13). This technique is based on the
reduction of a third-order process (two-pho-
ton absorption) to a second-order process
(second-harmonic generation) under near
resonance conditions. The derived value for
B is, however, dependent on the choice of
the electronic transition bandwidth.

The technique of hyper-Rayleigh scat-
tering (HRS) in solution (14-16) can de-
termine the first hyperpolarizability without
an applied orienting electric field and is,
therefore, also applicable to ionic media
(17, 18). This method has been used to
measure the first hyperpolarizability of apo-
lar ionic molecules (18) and mixed-va-
lence, metal complex chromophores (17).
Here we have applied the HRS technique
to the study of the nonlinear optical prop-
erties of bR and the retinal chromophore.
The pulsed laser source is an injection-
seeded Nd:YAG laser. The fundamental
light (1064 nm) is focused into a small
cuvette. We checked the quadratic depen-
dence of the intensity of the frequency-
doubled scattered light on the fundamental
light intensity by varying the latter by
means of a half-wave plate between two
polarizers. The harmonic light is collected
with an efficient photon condensing system
and filtered from the fundamental, linearly
scattered light. The intensity of the funda-
mental light, measured with a fast photo-
diode, and the intensity of the scattered
light, detected with a sensitive photomul-
tiplier, are measured by gated integrators
(15, 16). The determination of the molec-
ular first hyperpolarizability by HRS relies
on orientational fluctuations in an isotropic
solution (16). The intensity of the scattered
light at the harmonic frequency is related to
the square of the hyperpolarizability of all
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Fig. 1. Time dependence of the effective first
hyperpolarizability due to solubilization. The
solid trace is a fit to the equation B4 = Byr(1 +
nexp —t/r)?that is valid in the case of coherent
second-harmonic scattering from n exp — t/r
correlated scatterers.

species present in solution. Because of the
low nonlinearity of water and the large B4
of bR, the HRS signal S(2w) can be effec-
tively approximated by

SQow) = GNbRBeff2

where G is a proportionality constant con-
taining theoretical, geometrical, and elec-
tronic factors, and N,y is the number den-
sity of bR molecules in solution. Because
there is no measurable signal from the
solvent, the internal reference method
could not be applied. The appropriate local
field correction factors were then applied
for the external reference with para-ni-
troaniline in methanol [B = 34.5 X 1073
electrostatic units (esu)]. When the NLO
chromophore is absorbing, as is the case
with a visual pigment, the HRS signal as a
function of chromophore concentration is
also determined by the extinction coeffi-
cient (19).

The bR was solubilized in Triton X-100
(5% v/v) in an acetate buffer (0.1 M, pH
5.0). This solubilization ultimately results
in one monomer of bR protein solubilized
by one micelle of Triton X-100 (20). The
kinetics of the solubilization process have
been studied in detail (21). We have also
been able to follow the solubilization of bR
(at a number density N,z = 1.25 x 10%
cm™3) from oligomers to monomers with
HRS because the intensity of the frequen-
cy-doubled light scales as the square of the
number of correlated scattering species.

The retrieved effective first hyperpolar-
izability B4 as a function of time t is shown
in Fig. 1. The solid line is a fit to the
equation By = Byr (1 + n exp —t/7)%
When the solubilization is incomplete, bR
is present as a mixture of trimers, dimers,
and monomers, represented by the factor (1
+ n exp —t/1). The factor n thus represents
the initial degree of association. The pres-
ence of bR contributes to the nonlinear
scattered light that decays to 1 as the
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Fig. 2. Correlation between experimental (1064
nm) and calculated (static) first hyperpolariz-
abilities (filled circles) and between bond-
length alternation and calculated hyperpolariz-
ability (open squares) for all-trans retinal in
different solvents.

solubilization reaches completion. The re-
laxation time for solubilization T of 37
hours, as determined by correlated HRS, is
in good agreement with the time constant
for solubilization obtained from quasi-elas-
tic (linear) light scattering. The particle
diameter decreased according to the equa-
tion dg = dyg . + ¢ exp —t/t, with 7 of 36
hours. The factor c represents the addition-
al volume of the particle corresponding to
the initial degree of association n. The
particle diameter after complete solubiliza-
tion [d.g(®) = dyg oy = 11.5 nm] compares
favorably with published values for the hy-
drodynamic radius of bR solubilized in Tri-
ton X-100 (5.5 nm) (22, 23).

The value for B after complete solubi-
lization is B.g(®) = Byr = (2100 = 100) X
10730 esu. This value is enhanced by two-
photon resonance due to the absorption
maximum of bR at 570 nm and is in good
agreement with the value determined indi-
rectly from two-photon absorption spectros-
copy under near resonance conditions, on
the assumption of a damping constant equal
to the homogeneous line width of (2250 =
240) x 10730 esu (12, 13). It is also in
agreement with the value obtained from
second-harmonic generation (SHG) in
PM-PVA films, on the assumption of a 30°
angle between the polyene chain of the
retinal chromophore and the normal to the
plane of the film of 2500 X 1073° esu (11).
The HRS value, determined directly from
the intensity of the nonlinear scattered
light after complete solubilization, does not
depend on assumed values for damping
constants or orientation angle and is there-
fore more accurate than the EFISHG value.
The nonlinear scattering experiment (a sec-
ond-order experiment on an isotropic sam-
ple) is much easier to perform than two-
photon absorption spectroscopy (a third-
order, nonlinear optical experiment on an
isotropic sample) or SHG on PM-PVA
films (a second-order technique but on a



Table 1. Comparison, as a function of solvent, between experimental effective second-order
polarizabilities B4 (1064 nm) for all-trans retinal and the calculated static values B, for the
conjugated part of the molecule. The calculated optimal &r values and dielectric constants € are

also provided.

Solvent Berr (1073 esu) Boae (1073 esu) 5 (R) €
Gas phase 1.5 0.128 1
Dioxane 80 39.6 0.126 2.2
Chloroform 270 113 0.121 4.81
Dichloroethane 380 261 0.116 10.6
Methanol 730 598 0.109 32.63
Nitromethane 1100 641 0.108 35.9

non-centrosymmetric sample).

The retrieved B value of 2100 x 1073
esu for bR should be compared with the B
value of 450 X 1073° esu for the well-
known 4-N,N-dimethylamino-4'-nitrostil-
bene molecule (24, 25). While the B value
found for bR is large, the correlated scatter-
ing from molecules suggests that interaction
between (modified) protein molecules can
be used to stabilize the trimeric form to
enhance the macroscopic susceptibility by a
factor of 10, as shown in Fig. 1 at time 0.

The second-order NLO response of bR
stems from the retinal chromophore that is
Schiff-bonded to the lysine-216 amino acid
residue (6). We have therefore also studied
the NLO properties of all-trans retinal,
which is the actual chromophore in bR. The
EFISHG technique has been used to study
retinal in dimethyl sulfoxide (26). Our val-
ues for B of retinal in different solvents are
consistently higher than those derived from
the reported value of 230 X 10=* esu for
WwB. Because of its long conjugated chain in
the all-trans configuration, retinal has a
large third-order polarizability y (27). Ac-
cording to the internal reaction field theory,
the solvent dependence of the effective sec-
ond-order polarizability can be explained in
terms of the solvent-parameter density, mo-
lecular weight, refractive index and dielec-
tric constant, and the dipole moment and
third-order hyperpolarizability of the NLO
chromophore (16). The experimental value
for B.g is independent of the measurement
technique used (HRS or EFISHG). Howev-
er, with EFISHG a knowledge of the dipole
moment and the second hyperpolarizability
is necessary to retrieve a value for B¢ On
the basis of internal reaction field theory,
the large third-order polarizability y of all-
trans retinal (27), together with the ground-
state dipole moment of 5.3 D (28), should
cause a large solvent dependence. This de-
pendence has been observed experimentally
for the retinal chromophore (Table 1).

We have performed quantum chemical
calculations on the static B response at the
Hartree-Fock ab initio level using a split-
valence (3- to 21-G) basis set. Such a
theoretical approach has been found to
provide excellent trends in comparison to

experimental data in the case of donor-
acceptor polyenes (29). Furthermore, we
have explicitly taken into account the in-
fluence of solvent by following Onsager’s
self-consistent reaction field approach (30),
as implemented in the Gaussian-92 set of
programs (31). In this model, the solute is
considered to occupy a spherical cavity
within a continuous medium of dielectric
constant €. The geometry of the molecule is
fully optimized, and the molecular second-
order polarizability was evaluated, through
the coupled perturbed Hartree-Fock scheme
(32, 33), in the presence of the appropriate
dielectric. As the polarity increases, the
average degree of bond-length alternation
dr (the average value of the difference
between adjacent carbon-carbon double
and single bonds along the retinal conjugat-
ed backbone) decreases slightly as B in-
creases. This relation is in line with what
has been observed by Marder and colleagues
in the case of donor-acceptor polyenes (34—
36). In Table 1 we report the values for
optimized dr, together with those for calcu-
lated static B, and for B measured at 1064
nm. There is only a small shift of the
wavelength of the absorption maximum
from 380 to 390 nm upon the change from
apolar to polar solvents.

Solvent polarity exerts a major influence
on the second-order nonlinear optical re-
sponse. The static hyperpolarizability is cal-
culated to grow by a factor of 4 in moving
from the gas phase (B = 11.5 X 1073 esu;
€ = 1) to dioxane (B = 39.6 x 1073 esy;
€ = 2.2) and by another factor of 15 from
dioxane to nitromethane (B = 640.6 X
10730 esu; € = 35.9). This 15-fold increase
is in good agreement with the experimen-
tally measured value of B by a factor of
~13.5 from dioxane [B (1064 nm) = 80 X
10~3° esu] to nitromethane [B (1064 nm) =
1100 X 1073° esu]. The correlation be-
tween theory and experiment is illustrated
in Fig. 2.

An exception is found in the case of
methanol, in which the low measured B
value could originate from hydrogen bond
formation. The theoretical values are about
twice as small as the experimental values;
this feature is due to the neglect in the
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calculations of the effects related to elec-
tron correlation (37) and frequency disper-
sion. Both types of effects increase the value
of B. The 60-fold increase in the calculated
static B value between the dielectric media
with € = 1 (gas phase) and € = 35.9
(simulating nitromethane) is significantly
larger than what has been calculated by
Marder and co-workers (34-36) for donor-
acceptor polyenes at a comparable level of
evolution of the degree of bond-length al-
ternation. We are now evaluating, through
a sum-over-states approach, the physical
origin of such a strong increase.

We can determine the first hyperpolar-
izability of a chromophore-containing pro-
tein with good accuracy by means of an
experimentally simple technique, HRS.
The observed solvent dependence of B of
the isolated chromophore can be explained
in terms of the internal reaction field of the
solution. The results of self-consistent reac-
tion-field theory show a good correlation
with the experimental results. The correla-
tions between chromophores embedded in
interacting protein molecules have a large
influence on their effective first hyperpolar-
izability (Fig. 1). This relation suggests that
guidelines derived from protein structures
can be used for the engineering of supramo-
lecular structures with very high optical
nonlinearities.
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Single Molecules Observed by Near-Field
Scanning Optical Microscopy

Eric Betzig and Robert J. Chichester

Individual carbocyanine dye molecules in a sub-monolayer spread have been imaged with
near-field scanning optical microscopy. Molecules can be repeatedly detected and spatially
localized (to ~\/50 where \ is the wavelength of light) with a sensitivity of at least 0.005
molecules/(Hz) /2 and the orientation of each molecular dipole can be determined. This
information is exploited to map the electric field distribution in the near-field aperture with

molecular spatial resolution.

Emerging techniques aimed at single mol-
ecule detection (SMD) have potential ap-
plications across the physical sciences.
SMD represents the ultimate goal in trace
chemical analysis (I) and has been pro-
posed as a tool for rapid base-sequencing of
DNA (2, 3). SMD of site-specific fluores-
cent probes attached to, for example, indi-
vidual membrane bound proteins would
permit the investigation of such systems
with minimal perturbations introduced by
the labeling process and without the aver-
aging of physical properties (such as dipole
orientations or spectra) associated with the
sampling of larger populations. Further-
more, the sensitivity of such properties to
environmental conditions could be exploit-
ed to locally probe the immediate surround-
ings of each individual molecule (4, 5).
Finally, SMD would facilitate fundamental
studies of the process of fluorescence emis-
sion, including the probability of photo-
bleaching and variations in both the excited
state lifetime (6) and the angular distribu-
tion of emitted radiation which can occur in
the vicinity of a dielectric interface (7-9).
Although SMD of molecules with nu-
merous (~30) chromophores has been pos-
sible for some time (10-12), it is only
recently that two different approaches have

AT&T Bell Laboratories, 600 Mountain Avenue, Murray
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been developed for the detection of single
chromophore dyes which are of greatest
interest for the above applications. The first
involves spectral isolation at low tempera-
ture (~1.5 K) of a single absorption (4) or
fluorescence excitation (5) peak in the
wings of an inhomogeneously broadened
line. Of more general applicability are ef-
forts involving SMD in solution, where the
central problem of isolating the molecular
fluorescence signal from background lumie«
nescence and Raman scattering is overcome
by reducing the excitation volume to the
smallest possible size, eithér with levitated
microdroplets (1) or within a thin flow cell
(3). Remaining problems with these latter
methods include a low measurement band-
width, photobleaching of the molecule in
the course of detection, and a limited de-
gree of confidence in each potential detec-
tion event.

To achieve further gains in SMD, we
have reduced the optical excitation volume
even further—indeed, to subwavelength
proportions in all three dimensions. This is
accomplished using illumination mode
near-field scanning optical microscopy
(NSOM) (13). In this technique, visible
light is funneled through a small aperture
(100 nm in these experiments) at the end of
a sharp and otherwise opaque probe (14) to
transversely illuminate at most an aperture
sized region of the sample at any one time.
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Confinement of the detection volume in
the axial direction is achieved with a pho-
ton-counting avalanche photodiode (APD)
of small active area (100 wm), high quan-
tum efficiency (55% at 630 nm), and low
dark noise (seven counts per second) which
is confocal with the aperture in the image
plane of the far-field objective used to
collect the fluorescence emission from indi-
vidual molecules (15). Further axial con-
finement of this signal may be afforded by
enhanced fluorescence excitation from ev-
anescent fields of large amplitude predicted
to exist in the near field of a subwavelength
aperture (16). Complete images of the lat-
eral distribution of molecules with trans-
verse resolution on the order of the aperture
size can then be generated by raster scan-
ning the sample relative to the probe and
recording the fluorescence signal obtained
at each point (17).

As an initial test of this approach to
SMD, a sample was prepared by spreading a
dilute methanol solution of the lipophilic
carbocyanine dye dilC,,(3) (Molecular
Probes #D-383) across a cover slip previ-
ously spin coated with an ~30-nm-thick
polymethylmethacrylate (PMMA) film to
achieve a calculated areal density of ~23
molecules pm™=2 (18). DiIC,,(3) was cho-
sen for its photostability, large absorption
cross section, and significance as a mem-
brane probe (19). PMMA was used because
it was empirically observed to enhance both
the apparent quantum yield and adhesion of
the individual molecules. The sample was
then imaged with the NSOM system de-
scribed in (13) and (15), with the results
shown in Fig. 1 as six images (20) of the
same region obtained sequentially but un-
der differing polarization conditions.

A wealth of information can be extract-
ed from this data. We begin with the
evidence that the individual structures ob-
served represent luminescence from single
molecules. The arguments are fivefold.
First, the areal density of ~3.5 molecules
wm~2 measured from Fig. 1A is only about
a factor of 6 lower than that calculated
above, with the discrepancy probably at-
tributable to considerable unevenness in
the spreading process, photobleaching in
the original solution or on the substrate,
and nonradiative energy transfer from cer-
tain molecules in unfavorable local envi-
ronments. Second, the density changes lin-
early over almost three orders of magnitude
with changes in the concentration of the
solution. Third, the peak signal observed
(for example, 380 counts in 10 ms for
molecule b in Fig. 1D) is consistent with
the emission expected from a single
diIC,,(3) molecule under the known exci-
tation conditions (21). Fourth, each struc-
ture in Fig. 1 has a well-defined dipole
orientation as discussed below. Finally,






