are maintained. However, when ddml is
back-crossed to the wild type, hypomethyl-
ated DNA is epigenetically inherited in sub-
sequent generations (8). Further, epimutant
alleles at the SUPERMAN locus arise at ele-
vated frequencies in ddm!, but they are over-
methylated rather than undermethylated (20).

We can account for these observations if
DNA methylation during replication depends
on a high concentration of H3mK?9 in a given
chromosomal domain. According to this sce-
nario, redistribution of methylated histones in
ddm1 would lead to dilution of heterochromatic
H3mK9 relative to H3mK4 and to subsequent
loss of DNA methylation. When ddml is
crossed back to the wild type, de novo DNA
methylation of transposons would fail to occur,
because histone methylation patterns could not
be restored once they were lost (12). The aber-
rant association of H3mK9 with euchromatic
sequences in ddml could also lead to sporadic
hypermethylation of euchromatic genes such as
SUPERMAN, and even to retargeting of trans-
posable elements to euchromatic sites if trans-
posons themselves recognize H3mK9 (21).

Recently, it has been shown that DNA
methylation in Newrospora depends on dim5
(22), which encodes a homolog of mouse Su-
(var)3-9 and fission yeast clr4 (12). These are
K9-specific histone H3 methyltransferases
characterized by a specific SET [Su(var)3-9,
Enhancer-of-zeste, Trithotrax] domain. Arabi-
dopsis has up to 15 genes that potentially en-
code this class of proteins (23), and KRYPTO-
NITE (KYP-1) resembles dim5 in that it is also
required for DNA methylation, affecting SU-
PERMAN and a number of retrotransposons
(24). H3mK9-dependent DNA methylation is
conferred by the methyltransferase CHRO-
MOMETHYLASE3, which binds H3mK?9 in-
directly via an HP1-like protein. However,
overall DNA methylation losses are modest in
kyp-1 relative to ddm1, presumably because of
gene redundancy.

Together these results provide a mecha-
nistic basis for the loss of DNA methylation
in ddml, as a consequence of the reduced
association of heterochromatin with H3mK9.
However, DNA methylation could also rein-
force histone methylation patterns via chro-
matin-remodeling complexes that bind meth-
ylated DNA (25). The pattern of histone tail
modification at specific amino acid residues
has been proposed to represent a “histone
code,” established by modifying enzymes
and interpreted by nucleosome-binding pro-
teins (/2). According to this model, DDM1
and other chromatin remodeling enzymes
would “typeset” the code to ensure accurate
compartmentalization of modified nucleo-
somes after replication. It remains to be seen
whether DDM1 and other SWI/SNF subfam-
ilies interact specifically with methylated and
otherwise modified nucleosomes (26).

In an accompanying paper, Volpe et al.
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(27) show that H3mK9 can be targeted to
heterochromatic repeats in the fission yeast
Schizosaccharomyces pombe by RNA inter-
ference (RNAi). In Caenorhabditis elegans
and Drosophila, which lack DNA methyl-
ation, transposons and repeats are also a tar-
get of RNAI (28, 29). In organisms that have
DNA methylation, H3mK?9 is both interpret-
ed by DNA methyltransferases (22, 24) and
reinforced by histone deacetylase complexes
that bind methylated DNA (25). Further, in-
duction of H3mK9 by noncoding RNA has
been implied in mouse X-inactivation (30).
Taken together, these results suggest a model
whereby RNAI initiates transposon methyl-
ation by imposing H3mK9, which is then
maintained through chromatin remodeling by
DDM1. These mechanisms may account for
the preferential methylation of transposons in
plants and other eukaryotes (21).
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A Photoactivatable GFP for
Selective Photolabeling of
Proteins and Cells

George H. Patterson and Jennifer Lippincott-Schwartz*

We report a photoactivatable variant of the Aequorea victoria green fluorescent
protein (GFP) that, after intense irradiation with 413-nanometer light, increases
fluorescence 100 times when excited by 488-nanometer light and remains
stable for days under aerobic conditions. These characteristics offer a new tool
for exploring intracellular protein dynamics by tracking photoactivated mol-
ecules that are the only visible GFPs in the cell. Here, we use the photoacti-
vatable GFP both as a free protein to measure protein diffusion across the
nuclear envelope and as a chimera with a lysosomal membrane protein to
demonstrate rapid interlysosomal membrane exchange.

Photoactivation, the rapid conversion of pho-
toactivatable molecules to a fluorescent state
by intense irradiation, can be used to mark
and monitor selected molecules within cells
(1). Previous efforts to develop a photoacti-
vatable protein capable of high optical con-
trast when photoactivated under physiologi-

cal conditions have had limited success (2—
5). GFP’s inherent brightness and suitability
as a fusion protein in living cells (6, 7) have
prompted us to try to develop a variant that
would allow selective marking of proteins
through photoactivation.

Our efforts began with a codon-opti-
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mized version of wild-type GFP [WEGFP;
methods (8) supporting online text (9)].
Wild-type GFP normally exists as a mixed
population of neutral phenols and anionic
phenolates (Fig. 1A), which produces the
major 397-nm and minor 475-nm absor-
bance peaks, respectively (Fig. 1B, filled
circles) (10 —12). Upon intense illumination
of the protein with ultraviolet or ~400-nm
light, the chromophore population under-
goes photoconversion (9) and shifts pre-
dominantly to the anionic form (Fig. 1A),
giving rise to an increase in minor peak
absorbance (Fig. 1B, open squares). This
produces an increase in fluorescence of
about threefold upon excitation at 488 nm
(2). We sought to develop a variant of
WEGFP whose minor absorbance peak was
initially lower, in the hope that photocon-
version with ~400-nm irradiation would
produce a greater increase in absorbance at
the minor peak and thus a more noticeable
optical contrast under 488-nm excitation.

A previously reported isoleucine mutation
at the threonine 203 position (T203) of wild-
type GFP reduces absorbance at 488 nm but
maintains a normal major absorbance peak
(13, 14). We produced this and several other
substitutions at the 203 position in an attempt
to identify a mutant with minimized minor
peak absorbance (table S1). Notable was the
histidine substitution (i.e., T203H), which
had barely detectable absorbance at the minor
peak (Fig. 1C, filled circles) (8). To test the
photoconversion properties of the T203H
variant, we irradiated it with 413-nm laser
light (8), which resulted in increased absor-
bance in the minor peak region (Fig. 1C, open
squares). The fluorescence emission peak of
the photoconverted T203H mutant was
slightly red-shifted relative to WEGFP (Fig.
1D). Irradiation of several other T203 vari-
ants with 413-nm light revealed that they also
underwent photoconversion, but none
showed as large an increase in their minor
absorbance peak as the T203H variant (table
S1). These findings suggested that the T203H
variant would serve well as a photoactivat-
able GFP. Therefore, we named it PA-GFP
(for photo and activatable) and proceeded to
study its properties further.

The degree of fluorescence enhancement
under 488-nm excitation after photoactiva-
tion of PA-GFP, WEGFP, and the other T203
variants was determined in vitro on purified
preparations of the protein embedded within
polyacrylamide gels (8) (Fig. 2A; table Sl).
A fluorescence increase of ~100-fold for
PA-GFP was observed (Fig. 2B). By contrast,
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Fig. 1. Absorbance and emission spectra of photoactivated green fluorescent proteins. (A) Photo-
conversion in wild-type GFP is thought to involve a shift in the chromophore population from the
neutral phenolic form to the anionic phenolate form. Rotation of the T203 and decarboxylation of
glutamic acid 222 (E222) (72) are structural rearrangements that may be key features of GFP
photoconversion (9). Native (filled circles) and photoactivated (open squares) absorbance spectra
of (B) WEGFP (wild-type EGFP) and (C) T203H mutant (PA-GFP) are shown normalized to the
highest absorbance. (D) Emission spectra were collected under excitation at 475 nm of photoac-
tivated WEGFP (green circles) and PA-GFP (red triangles).
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Fig. 2. Photoactivation and imaging in vitro. (A) Purified PA-GFP and WEGFP were embedded in
15% polyacrylamide beneath a coverslip and imaged by using low levels of 488-nm excitation
before (preactivation) and after 413-nm irradiation (postactivation) within the regions indicated
by the red squares. (B) Fluorescence increases under 488-nm excitation were determined by
measuring the mean pixel values within the regions denoted by the red squares before and after
photoactivation. (C) The level of fluorescence was determined from PA-GFP (red triangles) and
EGFP (black diamonds) buffered at various pH levels (4.0 to 9.0). (D) Purified PA-GFP and EGFP
were embedded in polyacrylamide to compare photobleaching of photoactivated PA-GFP (red
triangles) with EGFP (black diamonds) under continuous high-intensity 488-nm irradiation.
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the other T203 variants showed significantly
less optical contrast after photoactivation (ta-
ble S1), and WEGFP showed an increase in
fluorescence of only about threefold after
photoactivation (Fig. 2, A and B).

PA-GFP displayed remarkable stability
under a number of conditions. The photoac-
tivated absorbance spectrum (Fig. 1C, open
squares) was maintained for at least 1 week at
37°C. Its native fluorescence displayed more
stability than EGFP fluorescence in the 5.5 to
9.0 pH range (Fig. 2C; fig. S1) and main-
tained =50-fold optical enhancement down
to pH 5.0 (fig. S2). Repeated irradiation with
high levels of 488-nm light (8) indicated that
the photostability of photoactivated PA-GFP
was comparable to EGFP (Fig. 2D).

We next investigated the photoactivation
properties of PA-GFP when expressed in liv-
ing cells. Before photoactivation, very little
fluorescence at 488-nm excitation was seen
in cells expressing PA-GFP (Fig. 3A). This
contrasted with cells expressing WEGFP,

Pre-activation Post-activation

w

Pre 1 sec

413 nm

488 nm

REPORTS

which exhibited significant fluorescence at
488-nm excitation before photoactivation
(Fig. 3A). Upon photoactivation with 413-nm
laser light (Fig. 3A) or with a 100 W Hg?*
lamp (fig. S4), fluorescence increases of
>60-fold (figs. S3 and S4) were observed
under 488-nm excitation in PA-GFP—ex-
pressing cells, whereas a fluorescence in-
crease of only ~2.6-fold was observed in
WEGFP-expressing cells (Fig. 3A and fig.
S3). After photoactivation, both PA-GFP and
WEGFP exhibited comparable levels of 488-
nm fluorescence (Fig. 3A); therefore, the su-
perior optical contrast of PA-GFP is due to its
absence of significant 488-nm excited fluo-
rescence before photoactivation.

To determine whether PA-GFP photoacti-
vation could be used as a tool for measuring
protein dynamics within living cells, we se-
lectively photoactivated a subpopulation of
PA-GFP molecules in expressing cells and
observed their behavior over time (Fig. 3, B
and C). Under low levels of 413-nm excita-
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Fig. 3. Photoactivation and imaging in vivo. (A) PA-GFP and WEGFP were expressed in COS 7 cells
and imaged with low levels of 488-nm laser light before (preactivation) and after (postactivation)
irradiation of the field with high levels of 413-nm light. (B) A cell expressing PA-GFP was imaged
with low levels of 413-nm excitation (blue images) and low levels of 488-nm excitation (green
images) before (Pre), ~1 s, 2 min, and 9 min after photoactivation in the red region, which
corresponds to the nucleus as determined by differential interference contrast imaging. (C) The
nuclear level of PA-GFP fluorescence under low levels of 488-nm excitation was monitored before

and after photoactivation within the nucleus.
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tion (Fig. 3B), PA-GFP was distributed
uniformly throughout the cell and showed
virtually no fluorescence under 488-nm exci-
tation. After ~1 s of photoactivation with
high levels of 413-nm light within the region
outlined in red (corresponding to the nucleus
as determined by Nomarski imaging), the
nuclear pool of PA-GFP became highly flu-
orescent under 488-nm excitation (Fig. 3B).
Continued imaging with 488-nm light re-
vealed rapid movement of the photoactivated
molecules across the nuclear envelope and
into the cytoplasm, resulting in their equili-
bration throughout the cell in a matter of
minutes (Fig. 3, B and C, and movie S1). A
similar rapid equilibration of fluorescent PA-
GFP molecules between cytoplasm and nu-
cleus was observed when the cytoplasm was
photoactivated (movie S2). Thus, photoacti-
vation of PA-GFP can be used to rapidly
mark a selected population of molecules
within cells and then to follow their kinetics
over time.

In the above experiment, only photoacti-
vated PA-GFP molecules exhibit noticeable
fluorescence. Because of this, there is no
concern that newly synthesized molecules
will become fluorescent and complicate the
results, which can occur when studying pro-
tein dynamics by photobleaching methods
(15). Furthermore, photoactivation of PA-
GFP could produce a population of highlight-
ed proteins more rapidly and with greater
optical enhancement than selectively photo-
bleaching outside a similar population of
EGFP molecules (9). The rapid and sizable
optical enhancement obtainable by using PA-
GFP photoactivation, therefore, makes it
uniquely suited for analyzing protein kinetics
within cells.

The utility of PA-GFP photoactivation for
addressing biological questions was demon-
strated in experiments that revealed new fea-
tures of interlysosome protein exchange. Lyso-
somes receive and digest endocytic cargo by
using hydrolytic enzymes (16). As such, they
are considered to be terminal organelles with
limited exchange of their membrane compo-
nents [but see (/7)]. To investigate the extent
that membrane components exchange between
lysosomes, we attached PA-GFP to the COOH-
terminus of the lysosomal membrane protein,
1gp120 (18, 19) (PA-GFP-lgpl20) and ex-
pressed it in cells. Addition of the PA-GFP tag
near the COOH-terminal lysosomal sorting sig-
nal of 1gp120 had no apparent effect on the
ability of the chimera to target to lysosomes,
because at steady state it colocalized with the
lysosome-associated ~membrane  protein-2
(Lamp-2) (Fig. 4, A to C). In cells expressing
PA-GFP-lgp120 loaded with rhodamine-la-
beled albumin (red structures in Fig. 4, E, H,
and K) as a lysosome cargo marker, little fluo-
rescence was seen under 488-nm excitation
(green) before photoactivation (Fig. 4D). After
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~1 s of intense 413-nm irradiation of a small
central region of the cell (see red box, Fig. 4D),
bright fluorescent lysosomes were seen in this
region under 488-nm excitation. Initially,
the photoactivated signal was limited to the
area inside the box, but within 10 s (Fig.
4G), the signal could be found in lysosomes
outside this area. By 20 min (Fig. 47J), the

PA-GFP

Post-activation Pre-activation

Post-activation

Pre-activation

'

Merge

Lamp-2

Rhod-albumin

Post-activation
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majority of all lysosomes contained the
photoactivated PA-GFP-lgpl120 (movie
S3). Counting the structures containing
rhodamine-albumin revealed that 28% of
lysosomes contained the photoactivated
protein at 10 s after photoactivation com-
pared with 74% at 20 min, indicating sur-
prisingly extensive movement of PA-GFP-

Merge

Zoomed Merge

Post-activation

lgp120 between lysosomes. Disruption of
microtubules with nocodazole treatment
dramatically inhibited the lysosome ex-
change of photoactivated PA-GFP-1gp120
(Fig. 4, M to O; movie S4), indicating that
movement of PA-GFP-Igp120 between ly-
sosomes depends on the existence of an
intact microtubule network. These findings

Fig. 4. Photoactivation of PA-GFP-Ilgp120 in
COS 7 cells. (A to C) Cells were fixed and
immunostained for the lysosomal membrane
protein, Lamp-2. The entire cell was photoacti-
vated and PA-GFP-Igp120 imaged under 488-
nm excitation (A); the immunostained Lamp-2
was imaged under 543-nm excitation (B).
When the two images are merged (C), colocal-
ization of PA-GFP-Igp120 with Lamp-2 is seen.
(D to L) A cell expressing PA-GFP-Igp120 was
loaded with rhodamine-labeled albumin as a
lysosome cargo marker. The markers were im-
aged by using 488-nm excitation (green imag-
es; D, G, and )) and 543-nm excitation (red
images; E, H, and K), respectively, at time points
before (D, E, and F; preactivation), ~10 s (G, H,
and [; postactivation), and 20 min (J, K, and L;
postactivation) after photoactivation of the re-
gions indicated in the red square (D). The
merged images (F, |, and L) show an enlarged
view of the central region at the indicated time
points. (M to O) Cells expressing PA-GFP-
lgp120 and loaded with rhodamine-labeled al-
bumin were incubated on ice for 15 min in the
presence of 5 ug/ml nocodazole. Merged imag-
es shown before (M; preactivation), ~10 s (N;
postactivation), and 20 min (O; postactivation)
after photoactivation of the region indicated in
red. Note the 10-s delay between photoactiva-
tion and the next image. Photoactivation was
rapid, ~1 s for the region indicated in (D) and
~4 s for the region indicated in (M). The ne-
cessity of switching between different dichroic
mirrors required for photoactivation and simul-
taneous imaging of GFP and rhodamine result-
ed in the ~10-s delay. Quantification of ex-
change was determined by counting the rho-
damine-albumin positive structures that also
contained photoactivated PA-GFP-lgp120.
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confirm the existence of an exchange path-
way between lysosomes (/7, 20) and indicate
that such movement occurs with rapid kinet-
ics by a microtubule-dependent mechanism.

In summary, we have described a photo-
activatable variant of GFP, PA-GFP, that pro-
vides a powerful tool for investigating funda-
mental questions in cell and developmental
biology. Upon photoactivation, PA-GFP ex-
hibits an optical enhancement of nearly two
orders of magnitude under aerobic condi-
tions, making it suitable to mark specific
protein or cell populations. The speed with
which an optical signal is obtained and the
absence of signal from newly synthesized
proteins, furthermore, make PA-GFP photo-
activation a preferable labeling method to
photobleaching for studying the temporal and
spatial dynamics of proteins in vivo.
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Observation of a Membrane

Fusion Intermediate Structure
Lin Yang! and Huey W. Huang?*

We report the observation of a phase of phospholipid that contains a structure
similar to the commonly postulated interbilayer state that is crucial to mem-
brane fusion. The widely accepted model for membrane fusion suggests that
there is an intermediate state in which the two contacting monolayers become
continuous via an hourglass-shaped structure called a stalk. Many efforts have
been made to estimate the free energy for such a state in order to understand
the functionality of membrane fusion proteins and to define key parameters in
energy estimates. The observation of the stalk structure supports the stalk
hypothesis for membrane fusion and enables the measurement of these pa-

rameters experimentally.

Membrane fusion takes place during many
cellular processes, including membrane traf-
fic, fertilization, and infection by enveloped
viruses. Fusion allows the exchange of con-
tents between different membrane compart-
ments. In order to maintain the individuality
of each of the intracellular compartments and
of the cell itself, membranes do not fuse
easily under normal circumstances. Thus, the
process requires special proteins and is sub-
ject to selective control. Understanding the
fusion mechanism is important not only for
fundamental biology but also for medical ap-
plications such as drug delivery and gene
therapy. Substantial progress has been made
in the elucidation of the structures of mem-
brane fusion proteins (/, 2) and in the esti-
mations of the free energies for the rearrange-
ment of lipid bilayers during fusion (3-§).
Theoretical studies have identified the free
energy barriers that suggest a requirement for
mechanical work by fusion proteins, provid-
ing guidance for identifying the functions of
protein structures. However, how proteins in-
duce membrane fusion remains speculative,
even in the best-studied case of viral fusion
proteins (I, 9-13), because key intermediate
structures have not been observed.
Membrane fusion between phospholipid
bilayers can be induced by a variety of chem-
icals (14), perhaps most simply by multiva-
lent ions (15, 16). The apparent role of mul-
tivalent ions is to bring two apposing lipid
bilayers into contact. Here, we directly dehy-
drated the water layer between bilayers to
achieve the same purpose. We started with a
lipid spread on a flat substrate and exposed it
to high humidity. Equilibrated under such
conditions, the lipid formed a stack of parallel
bilayers equally spaced by water layers (7).

"National Synchrotron Light Source, Brookhaven Na-
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When hydration was reduced, point contacts
between bilayers occurred and the two apposed
monolayers merged at the contact point and
developed into an hourglass-like interbilayer
structure (Fig. 1A) called a stalk (18, 19). This
process is very likely analogous to the initial
steps of membrane fusion. The difference
here is that stalk structures were developed at
numerous points of interbilayer contacts
throughout the stack of bilayers. The system
minimized energy by arranging the stalk
structures into a regular lattice as in crystal-
lization. This arrangement allowed us to in-
spect the stalk structure by x-ray diffraction.

One important characteristic of a lipid
molecule is the ratio of the cross sections
between its hydrophilic headgroup and its
hydrocarbon chains. If this ratio is smaller
than one, the lipid monolayer would have a
tendency to bend toward the side of the head-
group. This is defined as a negative sponta-
neous curvature. It is well known that lipids
with such a propensity tend to promote mem-
brane fusion (20). We used diphytanoyl phos-
phatidylcholine (DPhPC), a lipid that has a
negative spontaneous curvature. When
DPhPC from organic solvent was deposited
on a clean, flat substrate, it formed multiple
parallel bilayers if the sample was kept warm
(> 20°C) and in contact with saturated water
vapor (21). To perform x-ray diffraction, we
chose for the substrate a silicon nitride win-
dow (100 nm thick) spanned over a silicon
frame, so that both transmissive and reflec-
tive diffraction could be recorded. Within the
range of 20° to 30°C and relative humidity
(RH) of 50 to 100%, three distinct diffraction
patterns appeared (Fig. 1, B to E). Above
~80% RH, the lipid was in a lamellar (L )
phase. The electron density profiles con-
structed from the diffraction patterns (Fig.
1C) showed that lipid bilayers, each ~3.8 nm
in thickness, formed parallel lamella, interca-
lated with ~1-nm-thick water layers (22).
When the relative humidity was decreased to
between ~70 and ~80%, a different phase of
phospholipid was discovered. The diffraction
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