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Gene expression of intrinsically fluorescent proteins in biological
systems offers new noninvasive windows into cellular function, but
optimization of these probes relies on understanding their molecular
spectroscopy, dynamics, and structure. Here, the photophysics of red
fluorescent protein (dsRed) from discosoma (coral), providing desired
longer emission/absorption wavelengths, and an improved yellow
fluorescent protein mutant (Citrine) (S65G/V68L/Q69 M/S72A/
T203Y) for significant comparison, are characterized by using fluo-
rescence correlation spectroscopy and time-correlated single-photon
counting. dsRed fluorescence decays as a single exponential with a
3.65 = 0.07-ns time constant, indicating a single emitting state/
species independent of pH 4.4-9.0, in contrast with Citrine. However,
laser excitation drives reversible fluorescence flicker at 103-10% Hz
between dark and bright states with a constant partition fraction f; =
0.42 + 0.06 and quantum yield of ~3 x 10~3. Unlike Citrine (pKa~5.7),
pH-dependent proton binding is negligible (pH 3.9-11) in dsRed.
Time-resolved anisotropy of dsRed reveals rapid depolarization
(211 % 6 ps) plus slow rotational motion (53 =+ 8 ns), in contrast with
a single rotational time (16 = 2 ns) for Citrine. The molecular dimen-
sions, calculated from rotational and translational diffusion, indicate
that dsRed is hydrodynamically 3.8 + 0.4 times larger than predicted
for a monomer, which suggests an oligomer (possibly a tetramer)
configuration even at ~10~2 M. The fast depolarization is attributed
to intraoligomer energy transfer between mobile nonparallel chro-
mophores with the initial anisotropy implying a 24 + 3° depolariza-
tion angle. Large two-photon excitation cross sections (~100 GM at
990 nm for dsRed and ~50 GM at 970 nm for Citrine), advantageous
for two-photon-fluorescence imaging in cells, are measured.

R ed-fluorescent protein (dsRed) from a coral of the discosoma
genus (1, 2) provides intrinsic red-shifted absorption and
emission that are desirable features in a noninvasive fluorescent
label for multiphoton and conventional fluorescence microscopy
imaging for biological studies of intracellular activities. Further-
more, dsRed can be used as an acceptor in a fluorescence resonance
energy transfer pair with enhanced green fluorescent protein
(EGFP) or yellow fluorescent protein (YFP) mutants. Newly
designed YFP mutant Citrine (S65G/V68L/Q69 M/S72A/
T203Y), one of the longest wavelength mutants of the green
fluorescent protein (GFP), is also studied here for comparison. This
new protein is identical in sequence to the reported mutant 10C (3)
except for replacement of GIn-69 by Met, which confers several
useful properties. Compared with other yellow GFP mutants,
Citrine is more resistant to acid quenching, less sensitive to chloride,
and more easily expressible at 37°C. A complete analysis of the
biochemical properties of Citrine, its use as an intracellular probe,
and the effects of the Q69 M substitution on several different GFP
constructs will be reported in detail elsewhere (G.S.B. & R.Y.T,,
unpublished work).

Fluorescence correlation spectroscopy (FCS) (4—6) provides an
elegant method to probe the diffusion times (7p) of fluorophores in
an optically defined excitation volume (beam waist 1/e>~R) and
thus the molecular diffusion coefficient (D) can be calculated by
using 7p « R?/4D. Furthermore, inter- and intramolecular dynamics
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that influence the fluorescence characteristics on a time scale faster
than 7p can be measured (7). Fluorescence flicker of EGFP because
of reversible binding of an external proton to the chromophore
occurs on a tens-of-microseconds time scale (8), and the rate
constants, pKa, enthalpy, and entropy of the reaction were char-
acterized. An additional flicker, with a mean dark fraction ~13%,
slightly sensitive to the illumination intensity, was also observed
independent of pH. These findings triggered studies discovering fast
intensity- and pH-dependent flicker in T203Y and T203F by using
FCS (9). The goal was to separate the two effects (pH and intensity)
on the protein fluorescence flicker and to compare with the slow
(a few seconds) fluorescence blinking, reported by Dickson et al.
(10) on immobilized individual proteins. The on/off switching was
attributed to photoconversion among the anionic, intermediate,
and neutral states of the chromophore (10).

In this report, we have studied dsRed and Citrine using FCS
to measure D, photobleaching quantum yield (&), proton-
binding kinetics, and light-driven flicker, as the protein under-
goes photoconversion between bright and dark states. The
excited state dynamics are also studied by using time-correlated
single-photon counting (TCSPC) (11). As an adequate repre-
sentation of our results, the “dark” state, to be called the
“neutral” state, is associated with both the externally protonated
neutral molecule and the essentially neutral states of the chro-
mophore (i.e., the chromophore plus the surrounding hydrogen-
bond network in the protein environment) within the anionic
protein. The “bright” state is associated with the unprotonated
molecular anion to be called the “anionic” state. Because
multiphoton fluorescence microscopy (12) is particularly suited
for intracellular studies, the two-photon (2P) excitation cross-
section spectra of both dsRed and Citrine are also measured.

Materials and Methods

Citrine was created with the QuickChange Site-Directed Mu-
tagenesis Kit (Stratagene) by using the cDNA coding for the
mutant 10C Q69K (13). Both dsRed (CLONTECH) and Citrine
DNAs were cloned into the vector pRSETB (Invitrogen). Pro-
teins were produced in JM109 (DE3) Escherichia coli (1),
purified by nickel chelate chromatography on NiNTA-agarose,
dialyzed against 10 mM Tris'HCI, pH 7.5. They were stored at
4°C before dilution into buffers at various pH for spectroscopy.
One-photon absorption spectra were measured with a single-
beam HP-8451-A Diode Array Spectrometer, whereas the flu-
orescence spectra were recorded by using a PTI-QM-1 fluorim-

Abbreviations: GFP, green fluorescent protein; EGFP, enhanced GFP; YFP, yellow fluores-
cent protein; FCS, fluorescence correlation spectroscopy; TCSPC, time-correlated single-
photon counting; 2P, two-photon; wt, wild type; PES, potential energy surface.
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eter. The experimental setup and data analysis for 2P-excitation
cross-section measurements will be described elsewhere
(A.A.-H., S.T.H. & W.W.W., unpublished work).

For FCS measurements, Ar*-laser lines (488 or 514 nm) were
selected by interference filters, reflected by a dichroic mirror,
and focused by a 1.15 numerical aperture/40X water immersion
objective onto the sample, held in a 200-ul-deep well glass slide.
Fluorescence was collected through the same objective, a di-
chroic mirror, and 525 = 50 nm (Citrine) or 580 = 50 nm (dsRed)
filters and focused by a 150-mm achromat into an optical fiber
(50 wm diameter). The fluorescence signal was detected by a
fiber-coupled avalanche photodiode (APD) (SPCM-AQ-141-
FC; EG & G, Salem, MA). The APD signal was processed by
using a correlator card (ALV5000; ALV Laser, Germany), and
correlation curves were fitted by using the following function (9):
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where N denotes the mean number of fluorescent molecules
diffusing within the excitation volume. Diffusion kinetics in the
Gaussian intensity profile (with axial-to-lateral dimension ratio
w) are characterized by the factors containing diffusion time
(7p). The exponential decay terms describe the dynamics of m
independent transition pathways between states of different
spectroscopic properties, e.g., protonated and deprotonated
states (8) or generally photoconversion between any bright and
dark states including singlet/triplet (14). The fraction f; of
molecules residing in a dark state for 7; duration can be deter-
mined from the measurements; for diffusion alone, f; = 0.

Time- and polarization-resolved fluorescence measurements
were carried out by using a TCSPC setup consisting of IR-
femtosecond laser pulses from a mode-locked Ti/Sapphire laser
pulse-picked (4 MHz) frequency doubled to generate 490- and
405-nm wavelengths, and then focused into the sample (=5 uM) in
a 3 X 3-mm quartz cell. Dispersed right-angle fluorescence was
imaged onto a microchannel plate mounted at the exit slit of a
spectrometer and then amplified before single photons were de-
tected during each start/stop cycle (11) by using a PC-controlled
single-photon-counting module (SPC-430; Becker & Hickl, Berlin).
The instrument response (FWHM~60 ps) was measured routinely
and used for deconvolution in a nonlinear least-squares fitting
routine based on Marquardt’s algorithm (11). Magic-angle (54.7°)
detection was used to eliminate the rotational effects on the
measured fluorescence decays. For the time-resolved fluorescence
anisotropy (11, 15), parallel (//) and perpendicular (L) fluores-
cence polarization was selected by using a Glan-Thompson prism
mounted at the entrance slit of the spectrometer. The G-factor,
which accounts for the polarization sensitivity of the spectrometer
grating as a function of wavelength, was estimated experimentally
(11, 15).

Results And Discussion

Spectroscopy. One- and two-photon steady-state spectra. In agree-
ment with Baird ef al. (1), dsRed (pH 9.0) shows a strong
absorption at 559 nm with two minor shoulders at 526 and 490
nm (Fig. 1). The fluorescence emission peaks around 583 nm and
should be useful in cellular studies to enable avoidance of the
cellular autofluorescence complications. Mutations of wild-type
(wt) GFP aim to enhance and red shift the anionic (deproto-
nated) state transition (strongly fluorescent) while minimizing
the neutral (protonated) state population (weakly fluorescent)
(3). Amino acid substitutions Ser-65—Gly (e.g., Citrine, T203Y,
T203F) and Ser-65—Thr (e.g., EGFP, S65T) destabilizes the
neutral state of the chromophore by reducing solvation of the
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Fig. 1. Absorption and emission spectra of dsRed and Citrine. (a) Normalized
one-photon absorption (solid line and points) and emission (open points) spectra
of dsRed (®0) and Citrine (AYAV), at pH 9. A new absorption band (¥) of Citrine
appears (412 nm) in pH 4.9 buffer whereas its emission (V) reveals a broader blue
wing of the 524-nm band. The nonnormalized 514-nm absorption band of Citrine
in pH 9is ~3.7 times weaker in pH 4.9 before normalization. (b) The 2P-excitation
cross section of dsRed (@) and Citrine (O) over the 730-990 nm, where GM = 1050
cm*s/photon. Note that o2p of dsRed continues to rise at 990 nm.

anionic form of the Glu-222 side chain (16). However, the
neutral (S3) ground state population of the essentially neutral
chromophore can be enhanced by the environmental pH through
proton exchange with the buffer to form an overall neutral
molecular system as shown in EGFP (8), T203Y, and T203F (9).
Comparative FCS studies (8) on EGFP and Y66W confirmed
that the hydroxyl group in Y66 is the site for the external proton
localization. Substitution of Thr-203 amino acid in YFPs (e.g.,
T203Y, T203F, Citrine) is responsible for the bathochromic shift
of the anionic state transition by m-electron stacking (3) with the
Y66 moiety. The neutral state absorption (=412 nm) in Citrine
is enhanced at low pH, whereas the main absorption band at 514
nm is reduced by a factor of ~3.7 (Fig. 1a). This red shift (=17
nm) of the neutral absorption, compared with ~395-nm absorp-
tion in other GFP mutants (3), suggests a small modification of
the immediate surroundings of the neutral chromophore. The
blue wing of the main emission band (524 nm) is also affected
at low pH, possibly because of the neutral excited SY-state
emission. Comparison with the analogous mutant, T203Y
(S65G/S72A/T203Y) (9, 10), suggests that Q69 M might play an
important role in altering the spectroscopy and pKa (see below)
in neutral Citrine, based on the decreased polarity of Met
compared with Gln.

2P-excitation cross-section (o»p) spectra of dsRed and Citrine
(Fig. 1b) were measured at pH 9.0 over the range 730-990 nm
by using fluorescein and rhodamine B (17) as references. Ex-
tinction coefficients £~75,000 (dsRed) and 80,000 (Citrine)
cm~ =M1 plus fluorescence quantum yield Q~0.75 were used.
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The osp-value (=100 GM at 990 nm) for dsRed is comparable
with EGFP (=113 GM in pH 11; unpublished work) and may
have even higher o»p as the excitation wavelength (A.) ap-
proaches twice the one-photon-absorption peak of 558 nm. At
970 nm, o,p~50 GM was observed for Citrine. A large op is
desirable for cellular imaging by using multiphoton fluorescence
microscopy (12), and the maxima are located well above 800 nm,
which minimizes photodamage in biological preparations and
maximizes penetration depth for deep-tissue imaging.

Dynamics: Fluorescence Flicker. Light-driven flicker. In addition to
diffusion, the FCS correlation curves of dsRed (pH 9, Fig. 2a)
vary with illumination intensity at 488 nm, indicating the pres-
ence of intramolecular photoconversion dynamics on ~0.04 —
1-ms time scale in addition to diffusion. At low intensity, the
measured correlation curves are best described by one exponen-
tial term with time constant 7; and fraction fi in addition to
diffusion (Eq. 1). The flicker rate (7; ') increases linearly with
the exc1tat10n rate (k..) at a photoconversion quantum yield ®;
= At '/Ak, = 2.9 = 0.2 X 1073 (Fig. 2c). The fraction f; =
0.30 = 0.06 seems to be nearly independent of intensity, implying
that photoconversion occurs in both directions (dark < bright).
However, f; appears to decrease at very low intensity, indicating
spontaneous transitions from the dark to the anionic ground
state at ~400 * 30 Hz as suggested by the extrapolation of ;!
as ko,—0. Atk,, = 514 nm, f; = 0.42 = 0.06 and &, = 1.3 = 0.3 X
1073, suggesting that the quantum yield for the reverse photo-
conversion is k. dependent. Above the apparent saturation
(Isar=17 kWem—2), the flicker rates become nonlinear in the
excitation rate without reaching a limiting value, and an addi-
tional exponential term is required as expected for singlet—triplet
intersystem crossing. Similarly, Citrine (pH 9) also flickers by
photoconversion generating a dark fraction (0.37 = 0.02) with @,
= 3.5 = 0.6 X 1073 under 488-nm illumination. Both the flicker
fraction and quantum yield agree with FCS studies on T203Y (9).
The flicker fraction and rates of dsRed are independent of pH
(Fig. 2d).

Fluorescence blinking of immobilized individual T203Y and
T203F mutants with a time scale of a few seconds has been
observed by using wide-field microscopy, with on/off switching
attributed to a slow photoconversion between the anionic,
intermediate, and neutral states of the chromophore (10). The
fluorescence recovery is thought to occur via an internal proton
transfer on the excited-state potential energy surface (PES) (3,
18-20) after 405-nm irradiation. Fast flicker of these mutants
was later discovered and studied by using FCS (9). In dsRed and
Citrine, similar excitation-driven fluorescence flicker observed
in this report by using FCS can also be attributed to a reversible
internal proton transfer reaction between the anionic S and
intermediate S (and possibly the neutral SO) ground states, on
the basis of the energetics of the transitions. The observed
increase of the photoconversion rate with excitation rate k..
shows that the excited-state PES serves as the gateway for the
reported flicker process. After the anionic state S5—S7 transi-
tion, the excited state relaxes radiatlvely (i.e., large Qy), and
different vibrational levels on the Sj-state PES will be popu-
lated. However, there is a small probability (®;~1073) that the
chromophore photoconverts to virtually dark S} and S} states
according to our excited-state dynamics (see TCSPC results
below). The dark-to-bright state photoconversion transition
appears to follow the reverse route, because f; remains fairly &,
independent.

pH-dependent flicker. The fluorescence autocorrelation of
dsRed, excited at 488 nm, is insensitive to the environmental pH
over the range 3.9-11 (Fig. 2d). Thus, the correlation functions
at 3.9 = pH = 11 are identical to the right-hand curve in Fig. 2a.
These results indicate the absence of external proton binding
kinetics in dsRed in contrast with EGFP (8), T203Y (9), and
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Fig. 2. Fluorescence correlation spectra of dsRed. (a) Excitation intensity

dependence of photoconversion kinetics of dsRed (pH 9.0) FCS correlation
curves as a function of key at 488 nm (=~0.4-7.3 kW/cm?). (b) Light-driven
fluorescence flicker fraction and (c) rates of dsRed. The dark fraction (f; =
0.30 =+ 0.04) appears constant below saturation (with a minor decline at low
kexand the rate depends linearly on intensity with a slope of (2.9 = 0.2) X 103
and an intercept of 400 =+ 30 Hz as kex—0. Autocorrelation spectra of dsRed (a)
at low kex show lack of pH dependence in the pH range 3.9 to 11. (d) The
fluorescence flicker rate (1.7 = 0.1 X 103 s~ ") and dark fraction (0.41 = 0.03)
are clearly independent of pH.

Citrine (Fig. 3). The fluorescence autocorrelation of Citrine at
low pH requires two exponential terms in addition to diffusion,
implying the existence of two routes for the bright-to-dark state
flicker: pH-dependent proton binding and excitation-driven
photoconversion transitions. For a reversible proton-binding
reaction, the flicker rate 7, '~k [H*] + k_ and fraction f, =
KJ[H'](1 + K[H*])"! with equilibrium constant K, = k+/k_,
where k. is the protonation and k_ is the deprotonation rate
constant (7, 10). The estimated rates are k. = 4.5 = 0.4 X 10°
M-Ls~landk_ =9 = 1 X 10*s~! with pKa = log(k+/k_) = 5.7 =

Heikal et al.
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Fig. 3. FCS measurements of Citrine, as a function of pH, reveal an external
protonation process. (a) The correlation functions, (b) rate constants (m) with
the best fit (dotted line; see text), and (c) fractions (OJ) for proton binding. (b)
The pH-independent photoconversion rate 7; ' =1.6 = 0.4 X 103s~1(0) and (c)
dark fraction (@) f; = 0.30 + 0.06 are superimposed.

0.1 for Citrine with an estimated standard free energy A,G° =
32.7 £ 0.5 kJ/mol at room temperature. These parameters differ
slightly from T203Y (9), where k+~1.4 X 10° M~ !s™1, k_~7 X
103571, pKa~5.3, and A,G°~30.4 kJ/mol. The concentration of
halide or nitrate ions are known to affect pKa of YFPs that
contain Thr-203—Tyr; for example, the pKa of T203Y ranges
from 5.2 to 7.0 over a chloride concentration range of 0-400 mM
(21). Therefore, changes in chloride ion concentration may
complicate the use of YFPs as pH indicators in living cells.
Citrine represents an alternative pH indicator, which is insensi-
tive to the chloride concentration and exhibits desirable spec-
troscopic features with long absorptlon/emlsswn wavelength.
The pH-independent flicker rate 7, = 1.6 = 0.4 X 10%s~! and
the dark fraction fi = 030 = 0.06 (Fig. 3) represent the
light-driven photoconversion process in Citrine. These photo-
conversion processes do require intensity control in the appli-
cations of these fluorescent proteins as pH indicators.

First Excited Electronic-State Dynamics. The first excited electronic
Si-state fluorescence relaxation in most fluorophores takes
place on fast time scales (107! — 1078 s), compared with the
diffusion and flicker dynamics (107° to 10~! s) observed with
FCS, and provides a sensitive probe of the molecular environ-
ment. The excitation-energy dependence of these dynamics
provides insights into the molecular states that underlie the
fluorescence emission in complex systems such as dsRed and
Citrine. Here we present the fluorescence dynamics of the
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Fig.4. Firstexcited electronic-state fluorescence decays of dsRed and Citrine by
using TCSPC. First excited anlonlc(S, Aex =490 nm), and neutral (51 Aex = 405 nm)
state dynamics of dsRed and Citrine. After 490-nm excitation of dsRed (pH 9), the
fluorescence decays as a single exponential with 7+ = 3.67 ns and x2 = 1.08 (curve
1), whereas 77 = 3.61 ns and x2 = 1.06 (curve 1) for Citrine. Unlike dsRed, Citrine
fluorescence exhibits a biexponential decay (curve 2: 7 = 3.31 ns, 7, = 880 ps,
amplitude ratio a;/a1~0.26, and x2 = 1.06) at pH 4.9. The fluorescence decays
(curves 3-5), following the S§—sS} transition in Citrine (pH 4.9) by using 405 nm,
are also shown as function of detection wavelength: As = 460 nm (curve 5: 7 =
24ps, 7 = 268 ps, i3 = 2.11 ns, amplitude ratios ay/a1~0.11, a3/a1~0.04, and x2 =
1.06); Ar = 500 nm (curve 4: 74 = 51 ps, 72 = 452 ps, 713 = 2.63 ns, ay/a1~0.16,
a3/a1~0.06, and x2 = 1.21); and As = 520 nm (curve 3: \s; = 54 ps, A, = 712 ps, A3
=3.12 ns, a2/a1~0.19, a3/a1~0.16, and x2 = 1.28).

anionic (low-energy)- and neutral (high-energy)-state transi-
tions of the chromophores by using TCSPC.

Low-Energy Transition. The S;-state fluorescence decays of 490-nm-
excited dsRed with a single exponential fit with 3.65 = 0.08-ns time
constant, independent of pH (4.4-9.0), indicating the existence of
only one fluorescent excited state (Fig. 4). Electronic states in the
low-energy transition of wt GFP (3, 19, 20) and several of its
mutants including EGFP (unpublished Work) have an anionic
character (3) with S{ lifetime of ~2.9-3.7 ns. Theoretical studies
and mass spectroscopy of dsRed (1, 2) predict the main features of
the embodied chromophore in GFP are preserved in dsRed, as
suggested by sequence comparison between dsRed and wt GFP
(22). Therefore, it is most likely that the electronic transltlon 1n
dsRed, with maximum absorption at 553 nm, is anionic (S(, -8
Fig. 5), analogous to most GFP mutants.

In Citrine and other YFPs (3) the phenolate anion is stacked
with a 7r-electron system causing a red shift of the anionic S§—>S7
transition (Fig. 5). Consequently, the anionic excited state m
Citrine is stabilized according to the energetics and the S
lifetime (77 = 3.61 = 0.03 ns at pH 9, Fig. 4) relative to wt GFP
with 7~3.3 ns. However, an additional 7,~880-ps decay com-
ponent was observed at pH 4.9 with amplitude ratio a,/a;~0.26.
Because the red tail of protonated neutral state absorption (Fig.
1la) at 490 nm is much less than 0.2, we believe that the 880-ps
decay component can be attributed to the intermediate excited
SI state of Citrine. Furthermore, the slow component (1;~3.3
ns) Fig. 4, slightly shorter than the S7 -stdte lifetime, may
indicate that the barrier height between the $¢ and the S} state
is reduced in low pH environment and facilitating barrier
crossing as a nonradiative pathway. In other words, the anionic,
intermediate, and neutral states of Citrine can be excited with
relative populations that depend on pH and excitation wave-
length (see below).

High-Energy Transition. Ser-65—Gly in Citrine suppresses the
neutral state absorption as in T203Y and T203F. However, the
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Fig. 5. Schematic PES of the anionic (sé»s:‘) and neutral (SS’HS?’) and
intermediate (S{)—>S’1) state transitions in Citrine. The reaction coordinate is
presumably internal proton transfer between the chromophore, particularly
Y66, and the immediate hydrogen bond network (3). The crossing point
between PESs along the reaction coordinate forms a barrier whose heightand
width depend on pH and mutation type/site. The anionic S; state of Citrine
decays via fluorescence at a rate 77 ' and, consequently, a range of vibrational
levels on the S5-PES will be populated followed by a probability for nonra-
diative vibrational relaxation to the bottom of the S3, Sh, and Si PESs depend-
ing on the barriers. Fluorescence decays of the neutral S) state of Citrine
chromophore suggest an efficient nonradiative channel (e.g., intramolecular
excited-state proton transfer) that competes with fluorescence. It is most likely
thatthe Sy state in dsRed has anionic character analogous to most GFP mutants
(1, 2), and the neutral state S)—S} transition probability is negligible.

neutral state absorption of Citrine at 412 nm is enhanced (Fig.
la), compared with the 395 nm in T203Y and wt GFP, on
external protonation by the low-pH buffer according to our FCS
results. The neutral state transition in other GFP mutants (e.g.,
T203Y) can be probed via the blue (=460 nm) emission tail of
the main band (524 nm) and reveals a more complex relaxation
pathway as multiexponential fluorescence decays (16, 20). After
405-nm excitation of Citrine (pH 4.9), the emission spectrum
(Fig. 1a) exhibits a broadening of the blue wing of the 524-nm
band, and in the time domain, this fluorescence decays as a
multiexponential where the fitting parameters depend on the
detection wavelength (As) (Fig. 4). The ultrafast time constant
(=40 ps) is attributed to the neutral state S —S} transition with
an efficient nonradiative pathway because of the excited-state
proton transfer (=10-150 ps) observed in 405-nm excited GFP
mutants (18-20), or possibly photoisomerization (9). The second
component (400-800 ps), with an amplitude ratio that increases
with Ay (460-560 nm), is hkely to represent the relatively
nonradiative intermediate state S}—S? relaxation. In Citrine at
low pH, the third decay component (73~3.3 ns) is slightly faster
than the §7-state lifetime (3.61 ns) indicating that the barrier
height between the §{ and S} state is reduced in low pH
environment, facilitating barrier crossing. These comparative
excited-state dynamics as a function of the excitation energy
suggest that the fluorescence quantum yield depends on A,.
Over the pH range 4.9-9.0, dsRed does not absorb signifi-
cantly around 395 nm, but the residual absorption around that
wavelength is slightly above the baseline (Fig. 1). The fluores-
cence detected at Ay = 583 nm builds up for a few picoseconds
(34 = 10 ps), when dsRed is excited at 405 nm, before decaying
at a rate (3.68 ns)~! similar to the anionic state fluorescence.
Furthermore, the fluorescence detected at 560-nm decays as a
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Fig. 6. Time-resolved fluorescence anisotropy of dsRed and Citrine (pH 9.0)

by using TCSPC. The anisotropy of 490-nm excited Citrine decays as a single
exponential with rotational time ¢ = 16 = 2 ns. To the contrary, dsRed
anisotropy decays as a biexponential under the same experimental conditions,
with a fast ¢¢ = 211 ps (indicated by 1) and a slow ¢s = 53 = 8 ns rotational
time with fast-to-slow amplitude ratio of ~0.13.

biexponential with a fast (412 = 49 ps) component of small
amplitude ratio (=0.13). These features can be attributed to a
minor neutral state transition in the dsRed chromophore fol-
lowed by excited-state proton transfer to the anionic state before
fluorescing. The light-driven flicker observed by FCS in dsRed
supports this argument. It is also possible that a small residue of
immature green species (1) acts as a donor in fluorescence
resonance energy transfer pair with mature dsRed.

Molecular Hydrodynamics and Protein Configurations. The fluores-
cence intensity of weakly illuminated fluorophore increases
linearly with laser intensity with a constant molecular diffusion
time (7p) in these FCS studies. The three-dimensional-lateral
diffusion coefficient (D) of dsRed (2.6 = 0.2 X 107! m?s~1) is
slow compared with (4.0 = 0.2) X 10~ m?s~! for Citrine (pH
9.0), as measured relative to rhodamine green [D~2.8 X 10710
m?s~! (23)]. The Stokes-Einstein equation, D = KzT/6man,
relates D and the effective hydrodynamic radius (a), where Kz,
T, and m are the Boltzmann constant, temperature (300 K), and
viscosity (n~1 X 1073 kgm~1-s71), respectively. The hydrody-
namic radius of dsRed (8.1 = 0.3 nm) is ~1.5 times larger than
that of Citrine (3.9 = 0.2 nm). For a spherical shape, this implies
an effective volume 3.6 * 0.2 times larger.

For further comparison, the rotational correlation time (¢) of the
excited-state dipole moments in dsRed and Citrine were measured
by using time-resolved fluorescence anisotropy. The anisotropy of
Citrine decays as a single exponential with a rotational correlation
time ¢c = 16 = 2 ns (Fig. 6), which is independent of A., and pH
within the experimental uncertainty. These results agree with the
rotational correlation time (=16 ns) of wt GFP and S65T (24). The
fluorescence anisotropy of dsRed reveals a quite different behavior
through a biexponential decay including a fast (¢pr = 211 = 6 ps)
and a slow (¢s= 53 = 8 ns) rotational time, that is ~3.3 = 0.6 times
slower than Citrine, implying a larger effective hydrodynamics
volume for dsRed. The slower rotational time in dsRed increased
with buffer viscosity (by adding glycerol) whereas the faster rota-
tional time was not affected. Although rotational times that are
significantly longer than the excited-state fluorescence lifetimes are
difficult to measure accurately (11, 15), these results were repro-
ducible with the stated precision. The effective volume (V) of a
molecule can be determined from the rotational diffusion time,
V' = KgT'¢/m, assuming a spherical shape. For dsRed, the volume
V' = 220 = 30 nm? compared with 66 + 8 nm? for Citrine implies
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an effective volume for dsRed that is 3.4 * 0.6 times larger than
Citrine.

Both translational and rotational diffusion experiments suggest
that dsRed exists in an oligomer configuration even at ~10~° and
107° M used in the FCS and TCSPC experiments, respectively. On
the basis of FCS results at ~1 nM, an upper bound for the
dissociation constant is =10~ M. Baird ef al. postulate that dsRed
is an oligomer (tetramer) in its most stable configuration (1). Within
experimental uncertainty, our estimated rotational time (i.e.,
protein volume) agrees with the tetramer hypothesis of dsRed
configuration.

The single-exponential decay of the Citrine anisotropy, at a rate
consistent with expected hydrodynamic volume, and a steady-state
initial anisotropy (rp = 0.39 = 0.01), suggests immobility of the
chromophore inside its B barrel. However, the dsRed chromophore
seems to undergo internal depolarization on a ~211-ps time scale,
whereas the overall rotational motion of the protein occurs with a
~53-ns period. The steady-state anisotropy (1o = 0.30 = 0.02) and
internal depolarization of dsRed are consistent with an energy
transfer between nonparallel transition dipoles of neighboring
chromophores forming individual oligomers. Rocking of a less
constricted chromophore undergoing internal rotation within its
polypeptide shell and/or relative to adjacent units of the oligomer
are also possibilities. Both are consistent with the absence of
viscosity effects on the depolarization rate. The steady-state an-
isotropy of dsRed and Citrine in pH 9 are within the uncertainty
range of time-resolved initial anisotropy. The depolarization angle
between the absorbing and emitting dipole moment in dsRed is
24 + 3° compared with 5 = 5° in Citrine as estimated from the
steady-state anisotropy (11, 15).

Photobleaching and Denaturation Recovery. In molecular studies by
using FCS in solution, as the illumination intensity approaches the
saturation threshold, the apparent diffusion time starts decreasing
because of photobleaching, and the triplet state population builds
up sufficiently to be recognized. The intensity-dependent measure-
ments allow us to characterize the photobleaching quantum yield
(®p) by monitoring the variation of the apparent diffusion time with
excitation rate (A.A.H. and W.W.W._, unpublished work). The slope
of the apparent diffusion rate constant (1/7p) vs. excitation rate
(kex) gives directly the @, values. Because of the triplet state
population, flicker dynamics and possibly photobleaching, the
apparent saturation threshold in dsRed (Is,~30 kWem ™2 = 7.8 X
10?2 photon-cm~2s~1, or k=1 X 107-s~1) is more than an order of
magnitude lower than predicted from the fluorescence decay time
[Isat = (o7)~1~2.2 X 10?* photonrem™2s~!] of a two-level system
with excitation cross section o at 514 nm. The estimated ®, of
dsRed is ~9.5 X 107% in pH 9.0 for 514-nm excitation compared
with =~2.6 X 107> for Citrine under 488-nm illumination, which
suggests that the fluorophore can emit ~10° photons before
photobleaching. These values are in agreement with the estimated
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®,, for EGFP in a gel at pH 8 by Moerner and coworkers (25) by
using wide-field microscopy. Baird et al. (1) reported a smaller
photobleaching yield that might be caused by the different illumi-
nation wavelength and intensity. The fluorescence signal of dsRed
at pH 3.5 was indistinguishable from the background signal of pure
buffer. However, 30% of the dsRed fluorescence was recovered by
raising the pH to 6.6 after 5 min.

Summary

The molecular dynamics of a red fluorescent protein (dsRed) from
coral and a newly designed YFP mutant (Citrine) have been
investigated (on 107610~ !1-s time scale) by using FCS and TCSPC.
Citrine exhibits external proton binding (pKa~5.7) kinetics on the
tens-of-microseconds time scale. In dsRed, proton-binding kinetics
are insignificant over the pH range 3.9-9.0, so its fluorescence yield
is pH insensitive, unique among bright GFPs. Light-driven photo-
conversions occur on a 600 = 400-us time scale with a quantum
yield of ~1073 at high pH and are conspicuous in FCS measure-
ments on dsRed, Citrine, and other GFPs.

The most stable configuration of dsRed as expressed in E. coli is
probably a tetramer, in the concentration range ~107° to 107 M,
which implies an oligomer dissociation constant <10~ M. The
biexponential anisotropy decay reveals a fast (=211-ps) depolar-
ization of dsRed fluorescence, which is attributed to energy transfer
among nonparallel chromophores forming the oligomer and pos-
sibly involving internal motion of the chromophore. However,
expression of a dsRed construct with amyloid precursor protein in
mammalian neurons yields monomers that provide convenient
fluorescence resonance energy transfer with a GFP, suggesting that
the tetramerization need not be a problem in cellular applications
(B. T. Hyman, personal communication).

The bright first-excited anionic state of dsRed has a long
lifetime of 3.65 ns, independent of pH, and Citrine has a lifetime
of 3.61 ns. Citrine, however, also shows an additional short
(880-ps) fluorescence decay component (~26%) at low pH
because of the intermediate state. As in most GFP mutants, the
virtually dark neutral excited state of Citrine at low pH exhibits
a complex fluorescence relaxation with efficient nonradiative
pathways, as revealed by multiexponential fluorescence decays
on the picosecond-to-nanosecond time scales.

DsRed and Citrine both possess a large two-photon excitation
cross section and, therefore, are excellent fluorescent markers for
biological research by using multiphoton fluorescence microscopy.
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