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Scanning near-field optical microscopy (SNOM) yields high-resolution topographic and optical
information and constitutes an important new technique for visualizing biological systems. By
coupling a spectrograph to a near-field microscope, we have been able to perform microspectros-
copic measurements with a spatial resolution greatly exceeding that of the conventional optical
microscope. Here we present SNOM images of Escherichia coli bacteria expressing a mutant green
fluorescent protein (GFP), an important reporter molecule in cell, developmental, and molecular
biology. Near-field emission spectra confirm that the fluorescence detected by SNOM arises from
bacterially expressed GFP molecules.
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INTRODUCTION

Green fluorescent proteins (GFP) isolated from cer-
tain species of jellyfish have attracted enormous atten-
tion in recent years as important reporters in cell,
developmental, and molecular biology.!-» GFP can be
fused to a variety of proteins without affecting their
function. These proteins are expressed in vivo and thus
act as remarkably versatile indicators of structure and
function within cells.*® The GFP fusion proteins can
be visualized and localized in cells and embryos using
standard microscopy techniques;”® however, the spatial
resolution of conventional microscopy can be a limiting
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factor.® Nonlinear optical techniques such as multipho-
ton absorption'® can enhance the ability to perceive
small intracellular structures.!'" Improving resolution be-
yond the limits of diffraction optics is also an aim of
near-field techniques. Scanning near-field optical
microscopy (SNOM) offers enhanced axial and lateral
resolution for topographic features and optical signals
and is developing into an important technique for visu-
alizing biological systems.("*"'® A recent report featured
the detection of wild-type GFP in bacteria by
SNOM.07:19

We have designed a SNOM system using uncoated
fiber tips in the shared-aperture mode!” for imaging bi-
ologically relevant systems in reflection and fluores-
cence.?? In our own work on GFP, a mutant of the
Aeguoria victoria GFP exhibiting a red-shifted absorp-
tion peak (RSGFP), thereby facilitating efficient excita-
tion by both the 458- and the 488-nm lines from an
argon-ion laser, was expressed in E. coli. Topographic
information and fluorescence from the intracellular GFP

1053-0509/97/1200-0381812.50/0 © 1997 Plenum Publishing Corporation



382
WT GFP

10 F

& I -~

0

g A abs. |

= i ]

£ o8

ful L

[5]

=

8

2 06 :

. ;

= '

[y ;

B 04T ;

N - /

= b ,’

g [ ‘

E

5 02 "

2 L /”
00 T

250 300 350 400 450 500 550 600 650
Wavelength (nm)

Fig. 1. Fluorescence excitation spectra of wild-type GFP and mutant
RSGFP and the corresponding emission spectrum of RSGFP (A,,, 480
nm). Note that the excitation spectrum of RSGFP is red-shifted by
almost 100 nm relative to wild-type GFP. The positions of the two
excitation wavelengths used for SNOM measurements are marked on
the RSGFP excitation spectrum.

were acquired with the SNOM instrument. Emission
spectra were recorded by coupling the fluorescence sig-
nal into a spectrograph, thereby confirming the ex-
pressed protein as the origin of the optical signal. These
preliminary experiments confirmed the ability to image
GFP using the SNOM and are being extended to studies
of the expression and colocalization of GFP fusion pro-
teins and GFP-tagged partners in ligand-receptor inter-
actions.

EXPERIMENTAL

GFP

A mutant (RSGFP) of the cloned dequoria victoria
GFP first developed by Delagrave et al. with combina-
torial mutagenesis techniques®" and exhibiting a red-
shifted excitation spectrum relative to that of the wild-
type protein (Fig. 1) was used. The principal advantage
of GFP mutants with red-shifted absorption is their suit-
ability for excitation with the 488 nm and other blue
lines of an argon-ion laser, used extensively in micros-
copy and imaging applications. The RSGFP mutant car-
ries the following changes in the protein sequence
encompassing the chromophore: F64M, S65G, and
QO69L. We amplified the RSGFP open reading frame
(ORF) from the plasmid pCS-RSGFP (a gift from Dr.
Enrique Amaya, Cambridge University, UK) by PCR.
Appropriate primers were used to generate a Nhel site

Subramaniam, Kirsch, Rivera-Pomar, and Jovin

at the start codon and a Xbal site immediately down-
stream of the stop codon. The digested PCR product was
cloned into the Nhel site of the vector pRSETa (Invitro-
gen, USA). The recombinant plasmid, pRS-RSGFP, al-
lows expression of a modified RSGFP ORF containing
six histidines at the amino terminus under control of the
T7 promoter, which is inducible by isopropy!-f-D-thio-
galactoside (IPTG). GFP-positive bacteria were selected
with ampicillin. The recombinant plasmid was trans-
formed into E. coli BL21 (DE3) cells. Cells were cul-
tured in LB medium supplemented with ampicillin and
grown to an A, =~ 0.6, at which point protein expres-
sion was induced using IPTG. Cells were typically
grown further for 6 h following induction.

Fluorimetry

Excitation and emission spectra were acquired on
suspensions of intact cells using an SLM 8000 spectro-
fluorometer (SLM Instruments, Urbana, IL). For exci-
tation spectra of both wild-type and mutant GFP, the
emission was monitored at 510 nm; for the emission
spectrum of RSGFP, excitation was at 480 nm.

SNOM Sample Preparation

Bacteria from a 1-ml aliquot of the induced cultures
were pelleted by centrifugation at room temperature and
fixed by resuspension for 10 min in phosphate-buffered
saline (PBS) containing 4% paraformaldehyde. Follow-
ing fixation, the bacteria were pelleted and washed three
times in PBS. For SNOM samples, the fixed bacteria
were pelleted and resuspended in water. Ten microliters
of this suspension was placed on a freshly cleaved mica
disk and the sample was air-dried.

SNOM Instrument

The near-field optical microscope used in this study
was a modified version of the system described in pre-
vious reports.t'%?? The sample scanning stage and con-
trol electronics of a commercial scanning force
microscope system (NanoScopelll, Digital Instruments,
Santa Barbara, CA) is coupled to a shear-force sensor
head of our own design, in which an uncoated fiber tip
is mounted. The fiber tip is produced from an optical
fiber (Siecor, 3M, Germany) in a heating and pulling
process (P-2000, Sutter Instruments, Novato, CA) and is
used for both illumination of the sample and detection
of the light emanating from the sample (shared aperture
mode)."%23-20 The shear-force detection system for reg-
ulating the distance between the fiber tip and the sample
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Fig. 2. Topographic (A) and near-field fluorescence (B} image of £. coli expressing RSGFP. A = 488 nm, A, = 530 = 15 nm. Scan parameters:
0.3-Hz line frequency, 256 lines, 4.1-ms counting time/pixel, and maximum counts/pixel = 268. (C) Surface plot combining the topographic
(height) and fluorescence (brightness) information. The grayscale over A codes for topographic height: the bars over B and C, for fluorescence
counts (kcounts/s).

surface to 5-10 nm is similar to the configuration de- For imaging, the 488-nm laser line of a Ar-Kr
scribed in*? but uses a 7-mW, 780-nm diode laser (SPM mixed gas laser (Performa, Spectra Physics, Mountain
780, Power Technology Inc., Little Rock, AR) for better View, CA) was coupled into the fiber sensor. The fluo-
spectral separation from the optical signals of interest. rescence from the sample was collected with the fiber
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Fig. 3. Near-field spectrum (points) of bacterially expressed RSGFP
acquired by positioning the fiber tip above a bright cell (A,,, 457.8
nm). The solid line is a superimposition of a conventional fluorescence
spectrum from a suspension of cells expressing RSGFP (A,,, 458 nm).
For reference, a background spectrum is also shown.

tip and isolated from the excitation light by means of a
dichroic mirror (505 DRLP02; Omega Optical, Brattle-
boro, VT). Light coupling into the fiber tip from the 780-
nm shear-force laser was blocked by a BG 40 filter
(Schott, Germany). GFP fluorescence was selected by a
bandpass filter (530DF30; Omega Optical) and detected
with a single-photon counting avalanche photodiode
(SPCM-AQ 131; EG&G Optoelectronics, Canada). Sin-
gle-photon events were counted by the pulse counting
board of the NanoScope electronics.

Near-field fluorescence spectra following excitation
with the 457.9-nm laser line of the Ar—Kr laser were
recorded using a beam splitter (Spindler & Hoyer, Got-
tingen, Germany) instead of the dichroic mirror and a
457-nm holographic notch filter (HNF-457.9-1.0; Kaiser
Optical, Ann Arbor, MI). The collected light was di-
rected by means of a beam shaping fiber optic into a
spectrograph (MS125; Oriel, Stratford, CT) coupled to
an intensified CCD system (InstaSpec 5, Oriel).

All measurements were performed under ambient
conditions at room temperature. Images were processed
with the NanoScope software and with SxMImage
(CSEM, Switzerland).

RESULTS

The simultaneously recorded topographic and flu-
orescence images of E. coli cells expressing RSGFP are
shown in Fig. 2. Figure 2A depicts the topography of
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the bacteria, color-coded for height, and Fig. 2B. shows
the corresponding fluorescence signal from the bacteri-
ally expressed GFP. The optical signal reveals a distinct
heterogeneous distribution of fluorescence within the
bacteria, clearly evident in the bottom right quadrant as
distinct variations in fluorescence intensity within each
bacterium. Control samples of E. coli cells in which GFP
expression had not been induced by the addition of IPTG
showed little fluorescence. Leaky expression of the
RSGFP, however, led to a weak optical signal (data not
shown). Figure 2C combines the topography and fluo-
rescence information in a surface plot grayscale encoded
for the intensity of the optical signal and highlights the
inhomogeneous distribution of RSGFP in the cells.

Near-field spectroscopic measurements were per-
formed by positioning the fiber tip over a selected point
on the bacterium and directing the collected light into
the spectrograph. The spectrum of the collected fluores-
cence is depicted in Fig. 3. The solid line is a super-
imposition of the corrected fluorescence spectrum
obtained by conventional fluorimetry. The near-field
spectrum corresponded very closely to that obtained in
the fluorimeter from a cell suspension, verifying that the
detected fluorescence indeed arises from bacterially ex-
pressed RSGFP. For comparison purposes, we include a
background spectrum, which lacked spectral features in
the measurement window, as expected.

DISCUSSION

The development of GFPs as fusion tags has rev-
olutionized the visualization and localization of target
proteins in biological systems. The availability of mu-
tants with shifted absorption and emission peaks allows
for the multiple labeling required for protein colocali-
zation measurements. In particular, the 100-nm red-shift
in the excitation spectrum of RSGFP relative to wild-
type GFP has been exploited to achieve dual-color mi-
croscopic imaging of the two species.?” Although GFP
can be imaged by conventional optical microscopy,
SNOM methods offer enhanced spatial resolution over
far-field microscopy and, in addition, provide topograph-
ical information. In our experimental configuration we
are able to perform site-selective spectroscopy with un-
precedented spatial resolution. For example, we dem-
onstrated here the ability to collect fluorescence spectra
from an area on the order of the effective aperture size,
i.e., =200 nm in diameter. The combination of spectral
and spatial resolution with selective excitation permits
the precise localization of multiple fluorescent labels or
fusion proteins within (or more precisely, on) cells. In
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addition, one can use appropriately paired spectrally
shifted GFP mutants for studying protein—protein inter-
actions by fluorescence resonance energy transfer
(FRET) methods, as has been demonstrated re-
cently.?82» For surface-localized proteins in general and
receptor—ligand interactions in particular, SNOM pro-
vides a powerful visualization technique with a resolu-
tion unmatched by other microscopies.
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