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[35] Monitoring Protein Conformations and Interactions
by Fluorescence Resonance Energy Transfer between
Mutants of Green Fluorescent Protein

By AtsusHl Mivawaki and RoGER Y. TSIEN

Introduction

Mutants of Green Fluorescent Protein with Altered Colors

Green fluorescent protein (GFP) is a spontaneously fluorescent protein
from the jellyfish Aequorea victoria.* It can be genetically concatenated to
many other proteins, and the resulting fusion proteins are usually fluores-
cent and often preserve the biochemical functions and cellular localization
of the partner proteins. GFP fusions have major advantages over previous
techniques for fluorescent labeling of proteins by covalent reaction with
small molecule dyes. The chimeric fluorescent proteins are generated in situ
by gene transfer into cells or organisms, obviating high-level heterologous
expression, purification, in vitro labeling, and microinjection of recombinant

" proteins. Targeting signals can be used to direct localization of the chimeras
to particular tissues, cells, organelles, or subcellular sites. The sites of label-
ing are defined exactly, giving a molecularly homogeneous product without
the use of elaborate protein chemistry.

Mutagenesis has produced GFP mutants with shifted wavelengths of -
excitation and emission that can serve as donors and acceptors for fluores-

_ cence resonance energy transfer (FRET). FRET is a nondestructive spectro-
. scopic method?-1° that can be used to monitor the proximity and relative
angular orientation of fluophores in single living cells. The donor and
acceptor fluorophores can be on separate proteins to see intermolecular
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association, or attached to the same macromolecule to detect its conforma-
tional changes. Two pairs of GFP mutants have been used for FRET: BFP
(blue)-GFP (green) and CFP (cyan)-YFP (yellow)."''? Further improve-
ments of GFP mutants for FRET have been made as follows. (1) For better
folding of GFPs at 37° in mammalian cells, mammalian codon bias and
some amino acid substitutions have been introduced to make enhanced
fluorescent proteins: EBFP, ECFP, EGFP, and EYFP"'3; (2) (E)YFP
(S65G/ST2A/T203Y) proved to be highly sensitive around neutral pH (pK.,
7). Two amino acid substitutions (V68L/Q69K) were found to lower its
pK,to about 6.1 EYFP-V68L/Q69K or EYFP.1 (S65G/V68L/Q69K/ST2A/
T203Y) is less pH sensitive and therefore a more reliable acceptor than
the original EYFP for most applications. In the remainder of this chapter
we use the terms CFP and YFP to mean the generic classes of cyan and
yellow mutants, whereas EYFP and EYFP. 1 refer to the specific variants
listed above. : *

Monitoring Fluorescence Resonance Energy Transfer via
Emission Ratioing

Steady state FRET is most conveniently observed by exciting the sample
at the donor excitation wavelengths while measuring the ratio of fluores-
cence intensities emitted at wavelengths corresponding to the emission .
peaks of the donor (donor channel) versus those of the acceptor (FRET
channel). The occurrence of FRET diminishes the signal in the donor
channel while increasing the amplitude of the FRET channel. However,
simple measurements of the intensities in the two channels and their ratio
are perturbed by several factors other than the FRET efficiency. These
interfering factors include uncertainties in the relative concentrations of
donor and acceptor and spectral cross-talk of two main kinds: (1) direct
excitation of the acceptor at the donor excitation wavelengths, and (2)
leakage of donor emission into the FRET channel. Leakage of acceptor
fluorescence into the donor channel is hardly ever a problem because
emission spectra usually cut off quite abruptly at their short-wavelength
borders.

These uncertainties are minimized if both the donor and acceptor are
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fused to the same partner protein to form a three (or more)-component
chimera whose conformation is sensitive to the biochemical environment.
Obviously the stoichiometry of donor and acceptor is then fixed. Although
spectral cross-talk reduces the dynamic range over which the emission ratio
can vary, that emission ratio for any given construct can still be empirically
calibrated in terms of the extent of biochemical reaction. The first examples
of such chimeras were simple fusions of BFPs and GFPs to protease-
sensitive linkers. Proteolysis of such linkers in vitro disrupted FRET.!516
More recently, fusions with linkers cleavable by important intracellular
proteases have been introduced to assay the activity of those proteases in
living cells.!” However, these assays still monitor irreversible hydrolysis of
covalent bonds. Could the same principle of FRET between different colors
of GFP be used to monitor reversible conformational equilibria and fluctu-
ating intracellular signals? Our first successful demonstration of the feasibil-
ity of this principle was a family of Ca?* indicators, as explained below.

Construction of Cameleons, Indicators for Ca?* Based on Calmodulin

Initial Design and Screening

Many effects of Ca?* in cells are mediated by the binding of Ca?* to
calmodulin, which causes calmodulin to bind and activate target proteins.
Ikura and collaborators solved the nuclear magnetic resonance solution -
structure of calmodulin bound to M13,!® the 26-residue calmodulin-binding
peptide of myosin light-chain kinase. They then fused the C terminus of
calmodulin to M13 by means of a Gly-Gly spacer and verified that this .
hybrid protein changed from a dumbbell-like extended form to a compact
globular structure on binding Ca?*. This hybrid protein, calmodulin-M13,
gave us.a potential starting point for a Ca** indicator. We initially sand-
wiched calmodulin-M13 between BFP and S65T.'* The chimeric proteins
(see Fig. 1 for generic structure) were expressed in bacteria and analyzed
for FRET. The amino acid sequences of the boundary regions between the
calmodulin-M13 hybrid and the GFPs proved critical to the optimization
of protein folding (formation of chromophore) and Ca?*-dependent changes
in FRET. Numerous deletions, insertions, and amino acid substitutions
were tested, as shown in Table I. .
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FiG. 1. Domain structures of cameleons (cameleon-1, cameleon-2, YC2, and YC2.1) ex-
pressed in bacteria for in vitro characterization, showing sequences of the boundaries between
the donor GFP and Xenopus calmodulin (XCaM) and between M13 and the acceptor GFP.

Folding and Fluorescence of Green Fluorescent Protein Mutants. Intra-
molecular FRET obviously requires that both the donor and acceptor GEPs
remain fluorescent after fusion. However, in many variants of our chimeras,
either the BFP or the S65T was not fluorescent, probably because of misfold-
ing. Also, some of the chimeras were easily proteolyzed in bacteria or
during purification. Resistance to proteolysis of the chimeras was finally
checked in mammalian cells; in HeLa cells transfected with the cDNAs,
the intact chimera was uniformly distributed in the cytosolic compartment
but excluded from the nucleus, as expected for a 74-kDa protein without
targeting signals. On the other hand, the chimeras that were susceptible to
proteolysis entered the nucleus. Although we earlier referred to the molecu-
lar homogeneity of GFP-fused proteins, trial and error is often necessary
to obtain fusions that express well without precipitation or proteolysis.

Responsivity of Fluorescence to Ca®*. Only intact chimeras containing
both functional BFP and S65T were screened for responsivity to Ca**.
Sometimes only one amino acid substitution changed the FRET efficiency
dramatically; we found it impossible to predict in advance what sorts of
amino acid sequences should be put in the boundaries (Table I). Empiri-
cally, we found it better to fuse the two GFPs rigidly to the calmodulin-M13
hybrid protein without extra spacers at the boundaries, leaving the Gly-
Gly spacer between the calmodulin and M13 as the only obvious hinge in
the whole chimera. Thus removal of the 11 C-terminal amino acids of the
BFP, slightly more than the 9 residues too disordered to be seen in the
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BFP or GFP crystal structures,'*?® improved the Ca?*-dependent change
in FRET significantly. The capriciousness of these permutations made us
call these Ca?* indicators “‘cameleons.” Like real chameleons, they readily
change color, and retract and extend a long tongue (M13) into and out of
the mouth of the calmodulin (CaM). )
We tried to select bacterial clones producing good Ca?* indicator pro-

teins by measuring FRET directly from colonies on a plate, when they -

were soaked with Ca?* and then EGTA in the presence of Ca?* ionophore.
But the signals obtained depended on many factors other than Ca?*: size
of colony, degree of misfolding and/or proteolysis inside bacteria, efficiency
of exposure of the proteins to the reagents, and so on. Because quantitation
of FRET in colonies was unreliable, we had to purify each protein, check
itsintegrity, and then analyze FRET. An alternative screening system would
be fluorescence-activated cell sorting (FACS), which measures fluorescence
from every bacterium. Unfortunately, FACS is not suited to comparing the
fluorescence of given clones before and after a manipulation such as chang-
ing the Ca?*.

The efficiency of FRET theoretically should not be affected by exchang-
ing the positions of the donor and acceptor fluorophores, because the
distance between the chromophores and the orientation factor remains
unchanged. However, the quality of chimeric proteins is not necessarily

the same in the two cases. In our experience, when two GFPs are fused to s

the N and C termini of a host protein, the N-terminal GFP is generally
-better folded than the C-terminal GFP. In our initial screens we put the
BFP at the N terminus and S65T at the C terminus, because the fluorescence
of the latter is more reliably seen by eye and would imply that both GFPs

must have folded correctly. In such complete constructs, we tried exchang- 3 :

ing the BFP and S65T, but these chimeras (S65T-calmodulin-M13-BFP)
empirically showed a somewhat smaller Ca?*-dependent FRET response,
.about 1.65-fold maximal ratio change, compared with 1.8 to 1.9-fold for-
BFP-CaM-M13-S65T. Therefore we settled on the latter ordering.

Importance of Relative Orientations of Green Fluorescent Protein Mu- 5
tants. Multidimensional nuclear magnetic resonance (NMR) had shown - .

that the Ca?*-saturated calmodulin—-M13 hybrid protein shows a compact

globular structure similar to that of the Ca?*—calmodulin-M13 intermolecu-

lar complex.'® The three-dimensional structure of the Ca?*-free, extended -

19 R. M. Wachter, B. A. King, R. Heim, K. Kallio, R. Y. Tsien, S. G. Boxer, and S. J. Remington, i
Biochemistry 36, 9759 (1997). ;

20 M. Ormé, A. B. Cubitt, K. Kallio, L. A. Gross, R. Y. Tsien, and S. J. Remington, Science =
273, 1392 (1996). )
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form of the hybrid protein has not been solved, although Porumb et al.?!
showed that its conformation differed from that of the Ca®* complex. Fur-
thermore, we do not know how the two GFPs fused to the hybrid protein
are positioned. Current indications are that the Ca?*-dependent increase
in FRET is due more to a change in the relative orientations of the two.
GFP chromophores rather than the distance between them. The belief is
based on observations that small structural alterations such as adding or
subtracting single amino acids from the linker regions, or substituting a
circularly permuted CFP for native CFP,?? can cause profound changes in
the effect of Ca?* on FRET. Such alterations should not greatly affect the
distance between the chromophores but could well change their relative
orientations drastically.

Expression of Cameleon in Mammalian Cells " .

The prototype cameleon, cameleon-1 (Fig. 1), was efficiently expressed
and folded in bacteria and increased its ratio of ultraviolet-excited 510:445
nm emissions by 70% on binding Ca?*. The decrease in blue and increase
in green emission indicated that Ca?* increased the efficiency of FRET from
BFP to S65T, consistent with the expected decrease in distance between the
two ends of the protein. Cameleon-1 displayed a biphasic Ca** dependency
with apparent dissociation constants of 70 nM and 11 uM, and therefore
could report a wide range of Ca?* concentration from 10~ to 10~* M.
Despite the promising Ca?* sensitivity observed in in vitro experiments,
the fluorescence of cameleon-1 was not bright enough for Ca?* imaging in
mammalian cells. For adequate expression and brightness of the mutant
GFPs in mammalian cells, enhanced GFPs (EBFP and EGFP) encoded by
sequences containing mammalian codon usage and including amino acid
mutations for improved folding at 37° were developed.! The substitution
of EBFP and EGFP for BFP and S65T improved the expression of cameleon
in mammalian cells. The resulting cameleon, cameleon-2 (Fig. 1), was able
to report agonist-evoked changes in cytosolic Ca?* concentration ([Ca?*].)
in HeL a cells. Cameleon-2 also appeared to be expressed better than camel-
eon-1 in bacteria.

Longer-Wavelength Cameleons .
Another concern was that blue mutants such as EBFP are the dimmest

and most bleachable of the GFPs. Their excitation peaks are in the ultravio-

21T, Porumb, P. Yau, T. S. Harvey, and M. Ikura, Protein Eng. 7, 109 (1994).
2 @G, S. Baird, D. A. Zacharias, and R. Y. Tsien, Proc. Natl. Acad. Sci. U.S.A. 96, 11241
(1999).
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let at 382 nm, which is potentially injurious, excites the most cellular au-
tofluorescence, and could interfere with the use of caged compounds. There-
fore, enhanced cyan and yellow fluorescent proteins (ECFP and EYFP)
were substituted for EBFP and EGFP, respectively, to make “yellow camel-
eons” (YCs). ECFP has two excitation peaks of nearly equal amplitude at
434 and 452 nm. To minimize direct excitation of the acceptor, the ECFP
should be excited at the 434-nm peak or even shorter wavelengths, and
the acceptor should be EYFP rather than EGFP. Another theoretical ad-
vantage of the ECFP-EYFP pair is that it gives stronger FRET than EBFP-
EGFP, assuming other factors are equal. The calculated distance R, at
which FRET is 50% efficient between randomly oriented chromophores is
5 nm for ECFP-EYFP versus 4 nm for EBFP-EGFP."? Accordingly, the
boundary regions were reoptimized for maximal Ca?* dependence of FRET;
the C terminus of the M13 peptide in YCs was extended by five amino
acids. The resulting YCs showed 1.8- to 1.9-fold changes in emission ratio
from zero to saturating Ca®*.

PH Sensitivity of Green Fluorescent Protein Based Fluorescence
Resonance Energy Transfer

Intracellular pH varies among organelles and under conditions such as -
mitogen stimulation and metabolic stress. If FRET is used to measure
protein conformations or interactions in intact cells, the donor and acceptor
should be indifferent to physiological changes in pH. However, every GFP

* mutant is at least somewhat pH sensitive, in that all can be quenched by

sufficiently acidic pH. The most important effects of pH are on the quantum
efficiency of the donors EBFP and ECFP (Fig. 2) and the absorbance -

spectra of the acceptors EGFP and EYFP (Fig. 3). Decreasing pH quenches

the emissions of EBFP and ECFP with little effect on their absorbance
spectra, indicating that their quantum yields are depressed by acid, but the
effects are not serious until the pH falls below 6. However, the original
EYFP has quite a high pK, of 6.9 for both its absorbance and emission

spectra?-(Fig. 3), indicating that its absorbance, not its quantum yield, is -

pH sensitive. This pK, is uncomfortably close to cytosolic pH, rendering
the first generation of cameleons quite pH sensitive. The obvious solution

‘was to find a less pH-sensitive version of EYFP. Adding the mutation Q69K

to 10C (S65G, V68L, S72A, T203Y) dropped the apparent pK, to 6.1, =
decreasing the sensitivity to pH changes between 6 and 8 (Fig. 3). 10C -
Q69K (EYFP-V68L/Q69K or EYFP.1) could be substituted for the original -
EYFP without altering the Ca?*-dependent FRET changes of YCs, because

3], Llopis, J. M. McCaffery, A. Miyawaki, M. G. Farquhar, and R. Y. Tsien, Proc. Nail.  ;
Acad. Sci. U.S.A. 95, 6803 (1998).
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Fic. 2. pH dependency of donor GFPs. Lefi: Absorbance spectra of EBFP (F64L/Y66H/
Y145F), Sapphire (T2031/S72A/Y145F), and ECFP (F64L/S65T/Y66W/N1461/M153T/
V163A/N164H) in buffers of different pH. The individual spectra are not labeled because
they are so nearly overlapping. “Sapphire” (synonymous with “H9-40”") is a UV-excited,
green-emitting mutant!'? included here for completeness, although it is of little utility as an
FRET donor to EGFP or EYFP because its emission overlaps too greatly with theirs. Right:
Emission spectra measured in buffers of the indicated pH. Excitation was at 380 nm for EBFP,
400 nm for Sapphire, and 432 nm for ECFP.

the two EYFPs have the same fluorescence properties other than pH sensi-
tivity. YC2 incorporating EYFP.1 was constructed and termed YC2.1 (Fig.
1). The best samples of YC2.1 now show emission ratio changes of 2.0- to
2.1-fold between zero and saturating Ca?*; the slight improvement over
YC2 is probably due to better protein purification rather than to the V68L/
Q69K mutations.

Despite the improvement in pK, values, pH sensitivity should not be
forgotten. Checking or clamping of ambient pH is still desirable to prevent
artifacts. It is unfortunate that acidity causes the donors to lose quantum
yield and the acceptors to lose absorbance, because the two negative effects
reinforce each other. Had the losses been in donor absorbance or acceptor
quantum yield, they would not have affected the efficiency of FRET.

Future Prospects for Improvement of Cameleons

Aside from their pH sensitivity, the YFPs have other drawbacks as
FRET acceptors, such as their small Stokes shift and their photochemical



