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We demonstrate by using low-temperature high-resolution spec-
troscopy that red-shifted mutants of green fluorescent protein are
photo-interconverted among three conformations and are, there-
fore, not photostable ““one-color” systems as previously believed.
From our experiments we have further derived the energy-level
schemes governing the interconversion among the three forms.
These results have significant implications for the molecular and
cell biological applications of the green fluorescent protein family;
for example, in fluorescence resonant energy transfer experi-
ments, a change in “color” on irradiation may not necessarily be
due to energy transfer but can also arise from a photo-induced
conversion between conformers of the excited species.

he Aequorea victoria green fluorescent protein (GFP) has

become a favored marker in molecular and cell biology
because of its strong intrinsic visible fluorescence and the
feasibility of fusing it to other proteins without affecting their
normal functions (1-5). For example, mutants of GFP with
different absorption and fluorescence spectra (4—8) are pres-
ently used in fluorescence lifetime imaging microscopy and
fluorescence resonance energy transfer experiments to study
protein-protein interactions, signaling, and trafficking in cellular
systems (refs. 3-5 and references therein; refs. 9-12). In all of
these studies it is assumed that the color changes observed in the
GFP emission are caused by dynamic processes involving the
proteins to which GFP is attached and do not arise in the GFP
itself. That is, GFP-mutants are generally assumed to be in one
conformation (i.e., to emit light of “one color”) and remain in
that conformation under laser illumination (i.e., to be photo-
stable), a supposition that we here prove to be incorrect.

The recent determination of the crystal structure of wild-type
(wt) GFP and its mutants (13-15) has facilitated a structure-
based, rational design of further mutants (3, 5, 16) in which the
amino acids exchanged are either directly involved in the cy-
clization of the chromophore (serine 65, tyrosine 66, and glycine
67) or are located in their vicinity (4, 6-8, 17, 18). Frequently,
the purpose of these mutations is to obtain one-color GFP-
mutants with a single conformation, in contrast to wt-GFP,
which exhibits absorption bands attributed to more than one
conformation (3, 4, 19-23).

The photophysics of wt-GFP presents a complex problem, and
that of its mutants has not been studied in detail. The room-
temperature spectra are broad and rather unstructured (3-7, 18,
19). To determine the energy-level schemes of GFPs it is
necessary to go to low temperature, where the spectrum becomes
more structured. This has the additional merit that many of the
thermally induced conversions are blocked at low temperature
and, therefore, discrimination among individual species is facil-
itated. Energy-level schemes derived from low-temperature
experiments put constraints on the interpretation of room-
temperature results. A recent study by high-resolution spectros-
copy at 1.6 K proved remarkably successful for wt-GFP (23). In
that work we discovered that narrow holes could be burnt
exclusively at the spectral positions of the 0-0 transitions. Using
the hole-burning technique as a diagnostic tool we identified the
0-0 transitions of the three constituent conformations A, B, and
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I. In addition, we determined vibrational frequencies of the
ground and excited states by fluorescence line-narrowing and
unraveled the pathways by which these forms interconvert (23).
Encouraged by this success, we have investigated three red-
shifted mutants for which we demonstrate here that, contrary to
current opinion, the “photostable, one color” mutants can also
be photo-interconverted between at least three conformations,
as in the case of wt-GFP.

Materials and Methods

Sample Preparation. DNAs encoding for the red-shifted GFP-
mutants S65T, RS-GFP, and EYFP were cloned into the ex-
pression vector PRSETa (Invitrogen). The mutants carry the
following changes in the protein sequence: S65T (Ser-65—Thr),
RS-GFP (Phe-64—Met, Ser-65—Gly, Gln-69—Leu) and EYFP
(Ser-65—Gly, Val-68—Leu, Ser-72—Ala and Thr-203—Tyr).
The recombinant proteins with a 6-histidine tag at the amino
terminus were expressed and purified in Gottingen on a Ni-
chelating resin (Ni-NTA-Agarose, Qiagen, Hilden, Germany)
using standard procedures (24). All proteins were dissolved in 10
mM Na-phosphate buffer (pH 7) containing 50% (vol/vol)
spectroscopic grade glycerol. Protein concentrations were ~20
uM (S65T and RS-GFP) or =5 uM (EYFP), as estimated from
the respective chromophore extinction coefficients (25).

High-Resolution Spectroscopy. Absorption, excitation, emission,
and hole-burning spectra were recorded in Leiden. The samples
were excited with a pulsed Na-pumped (Molectron UV 22)
dye-laser (Molectron DL 200, bandwidth ~1 cm~!) (23). Con-
tinuous tunability was achieved between 360 and 535 nm by using
10 dyes. Absorption spectra were taken by scanning the laser and
detecting the transmission through the sample with a photomul-
tiplier (type EMI 9658B). For excitation, emission, and hole-
burning spectra, the fluorescence signal was monitored at 90°
with respect to the excitation beam through a 0.85-m double
monochromator (SPEX 1402, resolution 5 cm™!) with the same
photomultiplier and an electrometer (Keithley 610 CR). For
low-temperature spectroscopic experiments, the samples were
placed in a cuvette (thickness 3 mm) and were introduced into
a “He-bath cryostat that had first been filled with liquid N,. The
latter was blown out after a few minutes. The cryostat was then
filled with liquid He and was pumped down to 1.6 K.

Results and Discussion

The absorption spectra of wt-GFP and the red-shifted mutants
S65T (4, 5, 7), RS-GFP (3, 5, 8), and EYFP (3, 14, 18) at 1.6 K
are shown in Fig. 1. They are narrower and more structured than
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Fig. 1. Absorption spectra of wild-type GFP and the red-shifted mutants S65T,

0-0 transitions of the three conformers of wt-GFP are indicated.

at room temperature (20, 21, 23). At 1.6 K the spectrum of
wt-GFP has two strong absorption bands at 407 and 472 nm (23),
commonly assigned to a neutral form A and an anionic form B
of the chromophore, respectively (3, 4, 6). It was postulated that
the characteristic GFP-fluorescence at 508 nm originates from
the excited state I* of a third, intermediate form I that results
from the reaction A*—1I* on excitation of A (20, 21). Before our
experiments (23), however, no evidence for the occurrence of the
intermediate in its ground state was found. Using hole-burning
and high-resolution spectroscopy at 1.6 K and 295 K, we have
discovered the absorption band of the I-form and located its 0-0
transition at 495 * 1 nm (23). It is this metastable I-form of
wt-GFP that in the absorption spectrum at 295 K is responsible
for the weak feature around 500 nm. Further, we have shown in
ref. 23 that the I-form, which in thermodynamic equilibrium is
not present at low temperature, can be photoinduced at 1.6 K by
exciting either the A- or the B-form. The reactions between A
and I, and between I and B are reversible: i.e., A<>I<>B; there
is no direct interconversion A<>B, and thus I is a true
intermediate.

The red-shifted GFP-mutants studied here show common
features: a strong absorption maximum at their red edge accom-
panied by weaker features toward the blue (Fig. 1). Whereas
wt-GFP has two principal maxima absorbing further to the blue
and assigned to the A- and B-forms, the mutants seem to lack the
A-form. Note that S65T and RS-GFP have their maxima in the
same spectral region as the I-form of wt-GFP (495 nm) (23). The
similarity in wavelengths prompted us to investigate whether
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RS-GFP, and EYFP at T = 1.6 K. The maxima of the absorption bands and the

these red-shifted mutants are in a conformation corresponding
to the B-form, as claimed in the literature for S65T (16, 22), or
to the I-form as suggested by our own recent results on wt-GFP
(23). We illustrate our approach taking the RS-GFP mutant as
an example and summarize the general conclusions obtained for
S65T and EYFP as well. Our experiments on the latter two
mutants have been described in greater detail elsewhere (ref. 26;
data not shown).

Contrary to our observations for wt-GFP, the emission spec-
trum of a previously unilluminated RS-GFP sample at 1.6 K
(shown in red in Fig. 2a) proved independent of the excitation
wavelength Aex.. There are two bands at 503 and 537 nm and a
shoulder at 517 nm that do not change their relative intensities
with Aexc, indicating that the emission stems from a single form.
This is confirmed by the mirror symmetry of the emission and
excitation spectra (Fig. 2a) about their intersection. No further
intersections of this kind were observed at other wavelengths.
The emission spectrum strongly resembles that of the I-form of
wt-GFP (compare Fig. 2a with Fig. 4 b and d of ref. 23); the two
bands and the shoulder have nearly identical spectral positions
and similar relative intensities. The simplest interpretation of
these results is that RS-GFP in these experiments has a confor-
mation that is similar to that of the I-form of wt-GFP. Moreover,
the experiments reported below reveal that this conformation of
RS-GFP is not photostable but is an intermediate between two
other forms. We, therefore, label it as I-form.

The proof that the observed intersection in Fig. 2a corre-
sponds to a pure electronic transition, assigned Iy_, is provided
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Fig.2. (a) Excitation (blue curve) and emission (red curve) spectra of RS-GFP
at 1.6 K before (—) and after (---) burning into lp_g at 499 = 1 nm (right hole).
Before burning, only the I-form is present. After burning, the vibronic bands
of the B-form between 450 and 475 nm increase (blue, ---); thus, |—B. By
burning into Bo-¢ at 476 = 1 nm, a hole is produced (Left), and the original
spectrum recovers; thus, B—1. After burning into the lp_o, the A-form is also
photoinduced, which is reflected in the fluorescence spectrum. In the region
from 400 to 490 nm there is no signal before burning (red, —), but there is
fluorescence after burning (red, ---). (b) Excitation spectra of A with Aget = 450
nm. Optical switching between A and | occurs. (1) The A-form has been
produced by burning into lg_g at 499 + 1 nm. (2) After burning a hole in the
0-0 transition of A at 434 = 1 nm, the intensity of the whole A-spectrum
decreases whereas that of the I-form increases (not shown). (3) After subse-
quent burning into |, the population of the A-form increases again.

by our discovery that at 499 = 1 nm, but at no other wavelengths,
a relatively narrow hole (limited by the laser bandwidth) could
be burnt in a previously unilluminated RS-GFP sample. In
contrast, holes burned in vibronic bands have a much larger
width (by a factor of ~10%) because of the short excited-state
lifetimes and are difficult to detect (ref. 27 and references
therein; ref. 28). By burning into the I-form, not only does the
0-0 hole appear, but, simultaneously, its vibronic band at ~495
nm decreases, while the bands between ~460-480 nm increase
(see dashed blue curve in Fig. 2a). This indicates that a second
conformation is photoinduced. Because after this illumination a
hole could also be burned at 476 = 1 nm, we assign this
wavelength to the 0-0 transition of the B-form (Bg_¢), again by
analogy with wt-GFP (23). Upon exciting I to I* we did not
observe any emission from B*, but only from I* (to I). Thus, the
reaction I*—B must occur through a radiationless pathway,
which may go through a lower lying triplet state (see also the top
diagram in Fig. 3). Conversely, when B is excited in the region
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460-470 nm at 1.6 K, fluorescence from I* but not from B* is
observed, implying that the reaction B*—1I* occurs through the
first excited singlet state and is barrierless. Moreover, by burning
a hole into By_¢ (Fig. 2a Left), the intensity of the vibronic region
of I at 495 nm increases (not shown). We conclude that photo-
interconversion (reversible “optical switching’) between the two
conformers I and B occurs along the paths sketched in Fig. 3 Top.

Burning into I generates not only B but also A (Fig. 2b). After
burning into Iy_o at 499 nm, the excitation spectrum of A (not
present before burning) is obtained when detecting at ~450 nm,
i.e., in the region where emission from A* would be expected
(Fig. 2b, spectrum 1). As with I and B, a hole can now be burned
on the red wing of A at 434 = 1 nm, which we associate with A
(Fig. 2b Right). Together with the burned hole, the entire A-band
is bleached (spectrum 2), and the I-form is recovered (not
shown); i.e., A transforms into I. When burning again into I, the
A-band increases (from spectrum 2 to 3), proving that reversible
optical switching between the forms I and A occurs. This is
confirmed by the fluorescence spectrum obtained by excitation
in the A-region at 395 nm before and after burning into I (Fig.
2a, red curves). In the range between 450 and 475 nm, where
emission from A* would be expected, no signal is detected
before burning (full red line), but after burning into I, two bands
at 449 and 473 nm appear (dashed red line), proving that the
radiationless reaction I*—A occurs (see Fig. 3 Top). This
reaction might take place through the triplet state.

The ground-state levels of the A- and B-forms of RS-GFP,
which are photoinduced by illuminating the I-form, have to be at
least 100 cm ™! higher in energy than those of the I-form (see Fig.
3 Top) because A and B are not present in a previously
unilluminated sample at 1.6 K. Furthermore, because the exci-
tation spectrum detected in the emission region of I at 520 nm
(Fig. 2a, blue) does not increase in the region in which the
photoinduced A-form absorbs (350-450 nm), we conclude that
the reaction A*—I*, in contrast to that in wt-GFP, does not
occur. It follows that the barrier between A* and I * has to be
high (a few 1,000 cm™') and that the reaction A*—1 proceeds
radiationlessly.

We have performed detailed low-temperature spectroscopic
experiments, analogous to those carried out on wt-GFP (23) and
RS-GFP, also on S65T and EYFP (ref. 26; data not shown). The
latter two mutants follow a general pattern with three distin-
guishable conformers, again as in wt-GFP (23) and RS-GFP. We
designate the three conformers as A, I, and B, according to the
convention that A absorbs to the blue of B and I acts as an
intermediate in the photointerconversions; i.e., there is no direct
conversion between A and B at low temperature. We cannot for
the moment specify the structural distinctions between the
corresponding A-, I-, and B-conformers of the various mutants.

In contrast to RS-GFP, the intersection of the excitation- and
emission spectra of S65T depends on the wavelength of excita-
tion and detection. Because we have observed three of such
intersections (not shown), we ascribe them to the 0-0 transition
region of the I-, B-, and A-forms. The wavelengths coincide with
those at which holes could be burned, which proves that the
spectra do not stem from one single species. We have further
verified that the three forms photointerconvert: i.e., [«<>A and
I<B. The most red-shifted EYFP mutant, having only one
strong absorption maximum at 520 nm (see Fig. 1), nevertheless
exists in three conformations A, I, and B at 1.6 K.

The energy-level schemes and the pathways of photointercon-
version for the three mutants are compared in Fig. 3. S65T (Fig.
3 Middle) follows a similar scheme as RS-GFP (Fig. 3 Top) with
the I-form being the most populated one. But in contrast to
RS-GFP, for which the ground state of the I-form is the only
conformation populated at 1.6 K before hole-burning and lies
therefore significantly lower than those of the A- and B-forms,
in S65T the A- and B-forms are also present at 1.6 K, although
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Fig. 3. Energy-level diagrams of the red-shifted mutants RS-GFP (Top), S65T
(Middle), and EYFP (Bottom). The forms A, |, and B photointerconvert as indicated
by the diagonal arrows. The relative populations of the three forms differ for the
various mutants. In RS-GFP only the |-form is populated at 1.6 K before burning;
by burning into I, the A- and B-forms are photoinduced. In S65T, all forms are
populated at 1.6 K, with the I-form having the lowest ground-state level. In EYFP,
the most populated form is B; | and A are significantly less populated at 1.6 K.
Their populations can be enhanced by burning into B.
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in considerably smaller amounts than the I-form. The ground
states of A and B in S65T thus must lie at the most a few tens
of cm™! above that of the latter. Singlet excited-state photocon-
versions between A* and I* and between B* and I* seem to be
absent in S65T, but the radiationless reactions, A*—I, [*—A,
[*—B, and B*—1, still take place, conceivably through triplet
states. Because of the similarity of the wavelengths of the
absorption band at ~490-500 nm and its function as an inter-
mediate between the two other forms A and B, we would
associate the structure found for S65T (14) with the I-form of
wt-GFP, and not with the B-form, as has been suggested in refs.
16 and 22.

In EYFP (Fig. 3 Bottom), the ground-state of the B-form is
now lowest, in contrast to RS-GFP and S65T. Upon excitation
into A*, fluorescence is simultaneously observed from A* and I*
as in wt-GFP (23), but excitation into B* only leads to B*—B
emission and not to emission from I*. When exciting into I*,
there is no reaction [*—B*, either. We conclude that I and B can
be reversibly switched between each other by optical excitation,
but only through radiationless pathways. Our findings for the
red-shifted mutants suggest that other GFP-mutants may also
exist in several forms and that, most probably, photointercon-
version between different forms is a general phenomenon in
GFPs.

The pathways for interconversion between the various con-
formations of GFP are likely dictated by the specific amino acid
side chains surrounding the chromophore (22). We may specu-
late about the structural basis for the barrierless reaction B*—1*
found here for RS-GFP (Fig. 3 Top) and the reduced dominant
fluorescence lifetime (=3 ns — ~1 ns) and associated rotational
correlation time of the same mutant in solution (29). These
phenomena are presumably the result of the specific amino acid
substitutions, particularly S65G and Q69L. The former leads to
a smaller and probably more flexible chromophore, while the
latter perturbs the hydrogen-bonding network adjacent to the
chromophore. Although the S65G change is also present in
EYFP, its effect seems to be compensated by the additional
T203Y mutation, which is responsible for the - stacking
between the phenol rings of Tyr-203 and the chromophore (Tyr-
66) (30). This effect might lead to a more rigid chromophore in
EYFP and, consequently, to a higher barrier between B* and I*
and to the strong red shift of By_o (Fig. 3 Bottom).

Our experiments demonstrate that reversible optical switching
is not only revealed in single-molecule experiments (18, 31) but
can also be observed in an ensemble of GFP-molecules at low
temperature. Furthermore, the energy-level diagrams of Fig. 3
allow one to specify the pathways of interconversion (26) that
govern the “on/off blinking” and switching in single-molecule
experiments at room temperature (18).

The present study bears important implications for GFP-
mutants used in molecular and cell biology. For instance, in the
study of protein-protein interactions by fluorescence resonance
energy transfer, a change in the color of the fluorescence is
commonly interpreted as evidence for energy transfer and,
therefore, for an interaction between proteins (3-5,9). In the
light of the results presented here, such a color change may well
arise from a photoinduced intramolecular conversion between
conformers of a specific GFP-mutant rather than from an
intermolecular interaction.
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