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Imaging individualg reen
fluorescentpr oteins

Recent advances in flioresence miciosopy
techniqgues hae alowed the vdeo-time
imagng o sinde moleules 6 fluoresent
dyes ovalently bound t proteins in
acueous @vironments'. However, the &ch-
niques hae not keen exploited fully
because pteins can ke difficult © labdl,
and d/e mdification may cause paial or
complete loss bactivity. These difficulies
could be cicumvented by fusing poteins
to geen fluoresent protein (GFP) d the
jellyfish Aequoea vctoria. Here we report
that sindge S65T mtant GFP moleuleg
can ke imagd using otal internal reflec-
tion microsopy, and that AP-driven
movement of an indvidual kinesin mol
ecule (a micotubule mobr protein) fused
to GFP can & ralily dbseved.

We visualized bacterially expressd GFP
or kinesinbGFP fusioproteins alsabed
at a lav density to a qartz slice using a
total internal reflection (TIR) fluoresence
microsope that ve hal constructed®. Or-
culally polarized light at a weaeength o
488 nm fom an argn lase was 6cusel
through a pism o produce btal internal
reflection and @anesent field illumination
of an aea oughly 3@ 40 mm on the
slide'. Fuoresence was allected by an
objective leas (Nikon PlanApo 100/1.40),
collimated, passe through a custm-
designed dichroic mirror and barier filter
(Chroma) and bcusel onto a darge-
coupled device (CCD) camea with a
sdected intensifier tube (SR UB G& ,
Stanbrd Phobnics).

There ae seeral reasoas D mnclude
that singe GFP moleules a& imagd.
First, spts disapeaed in sinde quantal
events, and not infequently reapeared at
a similar inensity, indicaive d reversible
photochemistry of a sinde moleule (Fig
1). Scond, the atio of intensities ¢ GFP
spots (44.1+ 1.3 abitrary units, meant
s.e.m.N4 182) elative b spts d the dje
Cy3 (51.0t 1.6;N4 166) is 0.86, am-
pared to a pedicted ratio of 0.90 basEon
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intensity fluctuations than the mganic
fluorophore G/3, and the intensities gn-

erally declined during illumination (Fig 1).

This suggests that the nptein-embedded

chromophore has sgtral dynamics that
are disinct from organic d/es in saltion.

Light-driven spectral fluctuations hae

been obseved® for singe dye moleules in
polymethylmethacrylate films. A d/nam

ics in the ore d a potein® may be anale

gous b those in tassy plymers® we

tentatively fasour light-driven spectral fluc-

tuations fr the aigin of the GFP ingnsity

fluctuations.

The disapeamlane bllowed by re-
appeaane d fluoresence (Fig 1) indk
caes that the lwromophore undergoes a
reversibe reation. The rte d photo-
bleaching o GFP (0.12's' at 10 mW is
faser than that ¢ Cy3 (0.06 5' at 5 m\W)
and is not inflienced by removal o molec-
ular axygen from the salition. The photo-
bleeching rate & GFP was linebr related
to lase power over the aailabe range
(2.5D20 mW

To test the tility of GFP fusia proteins

their extinction oefficients at 488 and 514 for measiring sinde moleule d/namics,

nm and the baracteristics d our filter sds
and camea. G/3 spts, vhich shav dear
sinde-sep photobleaching reactions (Fig
1), hare keen shavn'* to crrespnd to
sinde moleules. Third, the floresent
spot intensities ¢ two fusin products o
GFP and mair proteins (kinesii and
Ncd®) that were shavn to form homo-
dimers by hydrodynamic méhods were 1.9
and 2.1imes geatr than spts ontaining
GFP fusd to a maomeric motor-protein
construct (unc104y.

Sngle GFP moleules shaed geatr

338

we fusd GFP o residue 560 6the uman
kinesin heay dain. We puiified the fusio
product to hamogenety from an
Esheichia ®li expressio system, and
combined it with 1 mM ATP and sprm
flagellar axonemes. A descibed previously
for Cy3-latelled kinesid, individual
fluoresent spots bound o and maed pro-
cessiely alang the agnemal micotubule
substate (Fig 1). The fluoresence intensk
ties d moving spts indicaed that they ae
sinde moleules and not apgegates. Vé
also bund that kinesinDbGFP xleibited
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Figur e 1a, Single-molecule intensity r ecords for Cy3
dye and GFP (S65T mutant). T ypical tr aces show
the intensities of fluor escent spots (7 2 7-pixel area
in an 8-bit imag e, scaled b y 1,000) for a kinesin-
bound Cy3 dy e* (10 mW, 514 nm illumination) and
GFP (20 mW, 488 nm illumination). Fluor escence
from GFP disappear s and r eappear s abruptly . There
is a higher noise le vel (at compar able signal le vel)
of GFP compared with Cy3, and the GFP fluor es-
cence intensity declines after illumination. b, Individ-
ual kinesinDGFP molecules (pseudo-colour ed green)
moving along Cy5-labelled ax onemal micr otubules
(pseudo-colour ed red) in the pr esence of L MM A TP
and pr eviously described assa y conditions *.

microtubule-basd motility when expres
sal by in vitrotransciption and tanslaion
in rakbit reticulocyte ysak a wheat-gorm
extract, and dilted into an A'P-containing
buffer.

These GFP assahae alvantags wer
our previously puldished Cy3 ass# in ease
as vell as haing a sbichiometric amount
of fluorophore at a knan position. We
have extended our mehod to othe motors
that ae difficult © purfy and lal® by
chemical mdlification.

The allity to measre kinesinDGFR
molecule d/namics in eal tme also sg-
gests boader applicatons d the echnique.
It may be possite © sudy sinde moleule
dynamics émary types @ proteins a pro-
tein complexes, paticulady ones that a&
difficult to lakel by dhemical means. Ou
preliminary data indica that sintg mot
ecules 6 GFP fuse to menbrane @ juxta-
membrane poteins can e imagd in living
cells.
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