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ABSTRACT: Yellow fluorescent protein (YFP 10C) is widely used as a probe in biology, but its complex
photochemistry gives rise to unusual behavior that requires fuller definition. Here we characterize the
kinetics of protonation and reversible bleaching over time scales of picoseconds to hours. Stopped-flow
and pressure-jump techniques showed that protonation of the fluorescentania® state is two-step

with a slow transition that accounts for blinking of 527 nm emission at the single molecule level on the
seconds time scale. Femtosecond spectroscopy revealed that the protonated excited-state (YFPH*) decayed
predominantly by a radiationless mechanism, but emission at 460 nm was detected within the first
picosecond. Limited excited-state proton transfer leads to 527 nm emission characteristic of ttie YFP
anion. Prolonged continuous wave illumination at the peak of “YRBsorbance (514 nm) yields,
irreversibly, a weakly fluorescent product that absorbs at 390 nm. This “photobleaching” process also
gives a different species (YFPHrb) that absorbs at 350/430 nm and spontaneously regeneraties YFP
the dark on the time scale of hours but can be photoactivated by UV light to regeneratewth
seconds, via a ground-state protonated intermediate. Using a pulsed laser for photobleaching resulted in
decarboxylation of YFP as indicated by the mass spectrum. These observations are accounted for in a
unifying kinetic scheme.

Green fluorescent protein (GPPand its color variants  at low laser powers<{500 W cn1?). Increasing laser power
have found wide use in biology to probe protein dynamics reduced the lifetime of the emitting state, but not in direct
in vitro and within cells 1). They have also attracted the proportion to the laser power. Initial studies discussed the
attention of spectroscopists owing to their complex photo- possibility that the fluctuations were related to the protonation
chemistry 2—5). In particular, those in the YFP class (i.e. of the phenolate moiety of the fluorophore derived from Y66
containing a T203Y or T203F mutation to shift the emission (6), but later studies found little pH dependence of the on-
to 527 nm) have been shown to undergo fluctuations of and off-times when monitored at a laser power of 5000 W
emission intensity over a wide range of times scales andcm2 (9).

reversible photobleaching{-8). Fluctuations in emission Members of the YFP class also showed a photochromic
were observed by wide field microscopy at the single switching behavior. Molecules that were bleached by 488
molecule level by immobilizing individual YFP molecules  nm irradiation, could be induced to fluoresce by illumination
in acrylamide or agarose gels and using TIRF excitat®n (  with near UV or blue light —8). This reversible photo-
9). Molecules were found to blink on the seconds time scale pleaching reaction of YFP was observed in FRET measure-
ments (0). lllumination of YFP at 514 nm resulted in
*This work was supported by the Biotechnology and Biological bleaching of the YFP acceptor and dequenching of a donor
Sciences Research Council and the Wellcome Trust in the U.K. The CFP molecule. Once the YFP was bleached, illumination in
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! Abbreviations: CFP, cyan fluorescent protein; CW, continuous

wave; FRET, fluorescence resonance energy transfer; GFP, greenthe YFP 10C variant containing the substitutions S65G,

fluorescent protein; HEPESN-(2-hydroxyethyl)piperazin¥-(2- V68L, S72A and T203Y. This construct has been widely
ethanesulfonic acid); IRF, instrument response function; ME®-2-(  used as a result of its commercial availability. Our interest
morpholino)ethanesulfonic acid; MOPS, (S-norpholinojpropane- i this protein arose from its use as a probe for actomyosin

sulfonic acid; TCSPC, time-correlated single photon counting; TIRF, . = . . .
total internal fluorescence reflection fluorescence; XFP, irreversibly kinetics. We attempted to follow the ATP-induced dissocia-

bleached YFP; YFP, yellow fluorescent protein. tion of a YFP-myosin motor fusion protein from a single
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actin filament by TIRF microscopy using flash photolysis mente GmbH, Waldbronn, Germany) to apply rapid pressure
of caged ATP 11). In control experiments we noted that (5 to 8 MPa) increases and releases to atbGample, as

the UV flash from the Xe lamp caused photoactivation of described previousiyid). YFP emission was measured using
the partially bleached YFP-myosin fusion protein. Interest- 514 nm excitation and a 530 nm cutoff filter, in both stopped-
ingly, the fluorescence recovered on the time scale of aroundflow and pressure-jump experiments. Transient kinetic
1 s, significantly longer than the flash itself. Thus the records were analyzed using Kaleidagraph (Synergy Soft-
photoactivation pathway must involve an additional dark state ware, Pennsylvania). Concentrations refer to the reaction
before producing the fluorescent YFP species. Here we reportchamber, unless otherwise stated. In general, forward rate
on the time scale and pH dependence of the ground-stateconstants are denotégdand reverse rate constarkts with
reactions and relate them to the previous studies to arrive atan equilibrium constankK;. Protonation reactions are de-
an overall photochemical scheme that links the protonation scribed using association equilibrium constants, and thus the
of YFP, the blinking reaction and the photoactivation process. reciprocalK is used to define l§ values. In kinetic schemes
We also carried out ultrafast spectroscopic measurements tan which excited-state processes contribute to the flux, the
follow the proton-transfer reactions of the excited state and absorption process is described by an operational rate
found similarities and differences with previous studies on constantkel, wheree is the absorption coefficient arldis

GFP Q). the light intensity.
Photobleaching in the Leicester laboratory was achieved
MATERIALS AND METHODS using 250 mW of 514 nm CW light from a Lexel 83 argon

ion laser (Lambda Photometrics, Harpenden, U.K.). Photo-
activation was induced with a Xe XF-10 flash lamp (Hi-
Tech, Salisbury, U.K.) using a range of UV band-pass
interference filters. Additionally, a comparison of photo-
'bleaching by different excitation sources was undertaken in
the Stanford laboratory by exciting the YFP samples at pH
8 for ~ 30 min. with 30 mW of 532 nm light at 10 Hz (3
mJ/pulse, 6-7ns pulse width) by a Quanta Ray INDI-30 Nd:
YAG laser (Spectra Physics, Mountain View, CA), with 750
mW of 532 nm CW light by an Millenium V Nd:YVQlaser
(Spectra Physics) and with 250 mW of 514 nm CW light by
a Model 95 argon-ion laser (Lexel, Freemont, CA). Absorp-

YFP Cloning and PreparatiorY FP (Clontech EYFP; BD
Biosciences, Oxford, UK) was expressed with a His tag at
its N terminal inE. coli, strain BL21, using a pET28a
expression vector (Novagen: Merck Biosciences, Beeston
U.K.). This protein corresponds to the 10C mutaljtgnd
has substitutions at S65G, V68L, S72A and T203Y. The
protein was purified under native conditions on a-\NTA
affinity agarose column (Qiagen, Crawley, U.K.). Mass
spectrometry revealed a molecular weight of 29,004 which
indicated that the initial methionine residue was absent, and
confirmed that the N-terminal sequence was (M)GSSHHH-
HHHSSGLVPRGSIMVSKG ..., where residues in bold tion spectra of these samples were recorded on a Lambda

represent those (,)f YFP itself. . 12 UV/vis spectrophotometer (Perkin-Elmer). Electrospray
The YFP-myosin motor construct was made by fusing YFP 455 spectra (Waters Micromass ZQ) were taken of the YFP

(Clontech) with the N terminus of th@ictyostelium discoi- samples before and after photobleaching.

deumWs01+ myosin Il construct 12). No linker region —  yjyrafast, Time-Reseobd Spectroscopihe time-resolved

was included so that the YFP sequence (in bold) and myosingy,qrescence emission of YFP was measured at 460 and 525

sequence were contiguous (i.e.MDELYK DPIHDR....). nm by an integrated fluorescence upconversiri) and

The protein was expressed in the pDXA-3H vector that Tcgpe setup which will be described in detail elsewhere.
incorporated a Higtag at the C-terminus of the myosin motor Briefly, the YFP samples were excited by a 400 nm

domain to aid purificationDictyosteliumculture and protein gy citation pulse generated from the second harmonic of an
purification was carried out as previously describ&g)( argon-ion pumped titanium:sapphire laser. The IRF measured
Proteins were dissolved in a buffer of 40 mM NaCl, 2 wjth scattered excitation light was typically160 fs by
mM MgClz, and 20 mM buffer (MOPS, HEPES or MES  fluorescence upconversion and 30 ps by TCSPC and the
depending on pH required). For deuterated buffer solutions, respective time windows of data acquisition were 1.3 and
the buffer was made up inZD and adjusted to the final pD 10 ns. The sample, stirred continuously in a 1-mm path length
using DCI or NaOD. Buffers were corrected for the isotope quartz cuvette, was excited at 82 MHz with 10 mW (12 pJ/
effect on the pH meterl@). pulse) of light polarized at the magic angle with respect to
Steady-State Spectroscopy and Photobleachhgorp- either the gate beam and BBO crystal (for upconversion) or
tion and fluorescence spectra were recorded using a Carya Glan-Thomson polarizer in the emission path (for TCSPC).
50 spectrophotometer and Eclipse spectrofluorometer re-In upconversion, a UG11 (Schott Glass Technologies, PA)
spectively (Varian Ltd, Walton-on-Thames, U.K.). A 150 filter provided good transmission of the upconverted light
uL sample was placed into a Hellma 105.250-QS Suprasil over the desired wavelength range (2820 nm) while
cuvette with a path length of 10 mm andk25 mm windows sufficiently blocking the nonupconverted fluorescence and
for absorption measurement, laser and Xe flash lamp residual, scattered 400 nm excitation light. In TCSPC, a 420
irradiation. For fluorescence measurements the sample wasim long-pass filter provided efficient transmission of the
excited in the same cell but through the side window (i.e. 2 fluorescence emission and sufficiently blocked scattered
mm path length) to reduce inner filter effects. Stopped-flow excitation light at 400 nm. Time-resolved fluorescence was
measurements were made using a SX18MV instrumentsdetected by an R3809U-50 MCP (Hamamatsu) and an SPC-
(Applied Photophysics Ltd, Leatherhead, U.K) equipped with 630 TCSPC module (Becker & Hickl, Germany) through
photomultiplier or diode array detectors. Pressure-jump the second port of the 270M dual-port monochromator (Spex
experiments were performed on a custom-built apparatusindustries, NJ). For anisotropy scans, the excitation beam
using a piezoelectric crystal stack (P-245.70, Physik Instru- was rotated with a 1/2-plate to parallel and perpendicular
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Ficure 1: Absorption and fluorescence emission spectra of YFP. (a) Absorption spectraudfl&&P as a function of pH. The spectra

were obtained at pH 8, 7.3, 6.7, 6.3, 5.7, 5.2 and 4.5 and show a decreasing absorbance at 514 nm t& ikl & (gee Figure 2c) in

40 mM NacCl, 2 mM MgC} and 5 mM TES 15 mM MES buffer at 2@ (pH adjusted with acetic acid). (b) Fluorescence emission spectra
(excitation at 480 nm) for similar YFP sample at pH 8, 7 and 6. (c) same samples as in (b) but with 390 nm excitaiterthe reduction

in intensity by 2 orders of magnitude and the lack of emission in the region-380 nm. (d) Fluorescence emission spectra (390 nm
excitation) of a sample of YFP at pH 7.2 before (dashed line) and after (solid line) 10 min exposure to 514 nm laser light to effect 80%
photobleaching. Note the appearance of a weak broad peak in the regieBBOM.

polarizations and the time-resolved anisotropy was calculatedx 160 um ellipse) and the appropriate equatid®,(20).
asr(t) = [(I/(t) — o)/ ut) + 21t)]. YFP emission was detected through an Omega545AF35 filter
At pH 6, the excited-state dynamics were monitored in (Glen Spectra Ltd, Stanmore, U.K.). Single molecules of YFP
both protonated and deuterated buffer solutions and at pHwere imaged at video rate (25 Hz) using an 1C-300 ICCD
8, the excited-state dynamics were examined before and aftecamera (PTI, Surbiton, U.K.) and captured using an LG3
photobleaching. Photobleaching was achieved by exposingframe grabber (Scion Corporation, Frederick, MD). The
the sample to 532 nm pulses from the Nd:YAG laser intensity of individual spots with time was analyzed using
(described above) for approximately 1 h. In addition, the Scion NIH image software. Autocorrelation analysis of the
time-resolved fluorescence spectrum of YFP at pH 6 in fluctuations was performed in an Excel spreadsheet using
protonated buffer was recorded by fluorescence upconversionthe Fast Fourier Transform routin2lj. Photoactivation was
spectroscopy at= 0.3 and 10 ps using a method adopted induced with a Xe XF-10 flash lamp, with a 280 to 380 nm
from Gustavsson et all6). The phase matching angle for band-pass interference filter as described previous8). (
sum frequency generation was tuned with the monochromator
detection wavelength while fine adjustments of the delay line RESULTS
compensated for the group velocity mismatch of the different  Absorption and Fluorescence Spectfagure la shows
spectral components traveling through the sample cuvettethe pH dependence of the YFP absorption spectra in a buffer
and the BBO crystal. The spectrum recorded &t —1 ps comprising 40 mM NacCl, 2 mM MgGland 20 mM MES/
was subtracted from the spectra collected at positive time TES buffer at 20°C. As shown previously22, 23), the
delays. anionic YFP species has a peak in absorption at 514 nm,
Microscopy.The TIRF microscope has been described in while the protonated form has a peak at 390 nm with an
detail previously {7, 18) and is based on a Zeiss 135TV isobestic point at 438 nm. Below pH 5.5 there was a slight
axiovert microscope with a 6% 1.2 N.A. C-apochromat rise in turbidity due to limited denaturation. The apparent
water immersion objective lens. A Lexel 88 argon ion pK was determined as 6.3 at 44 mM QJFigure 2c), but
laser was used to excite YFP at 514 nm using the prism this was reduced to 5.5 in the absence of halide ions, in
TIRF method. The polarization of the laser beam was rotated agreement with previous studie®3}. On the basis of the
through 90 by a Fresnel rhomb prism to become perpen- literature absorption coefficientds) of 83 mM~t cm™ for
dicular to the plane of incidence (s-polarization). Laser the anionic form, YFP (1), theesg for the protonated form,
powers were measured at the entrance to the prism using & FPH, was determined as 18 mi¥icm*. The fluorescence
LaserCheck meter (Coherent, Watford, U.K.) and the power emission spectra (excitation at 480 nm) showed a peak at
of the evanescent field at the silica-water interface was 527 nm that revealed the samK palue as the absorption
calculated from the area of illumination (approximately 60 data (Figure 1b, 2c). Excitation at 390 nm yielded an
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Ficure 2: The kinetics of YFP protonation. (a) pH-jump absorption stopped flow records monitored at 514 nm (2 mm path length) on
mixing 10.54M YFP (reaction chamber concentration) in pH 6 buffer (20 mM MES) or pH 8.0 (20 mM TES) with an equal volume of

pH 6 or pH 8 buffer at 20C. In addition, the buffer contained 40 mM NaCl and 2 mM MgQihe pH 6 YFP vs pH 6 buffer (bottom

trace) and pH 8 YFP versus pH 8 buffer (top trace) serve to calibrate the initial absorbance values. The pH 6 YFP jump with pH 8 buffer
(final pH = 7.3) yielded a single-exponential rise in absorbance wik,g= 1.2 s'1, while the pH 8 YFP with pH 6 buffer (final pH 7.3)

yielded a single-exponential fall in absorbance witkyg = 1.4 s1. Note that in the pH 6 to pH 7.3 jump there is a smalb@s total
amplitude) burst phase that is lost within the deadtime of the apparatus. (b) pH-jump fluorescence stopped flow records monitored with 514
nm excitation. 5uM YFP (reaction chamber concentration) in 40 mM NaCl, 2 mM MgG&ImM TES at pH 8 was mixed with similar

buffers but containing 35 mM MES adjusted to various pH values with acetic acid to give the final pH values indicated. Note that the value
of the fluorescence within 1 ms of mixing indicates that an increasing fraction of the signal was lost within the deadtime with decreasing
pH. (c) K determination of YFP. The graph shows three superimposed normalized data sets to yield an ikveré@lBgKy = 0.51 M)

derived from (i) the Ay4 absorption data of Figure 1a (closed circles), (ii) the emission intensity at 527 nm (open circles) in a similar
experiment to that shown in Figure 1b but with the same buffers used in Figures 1a and 2b and (iii) the end-point (10 s) fluorescence values
(closed triangles) in the stopped-flow records of Figure 2b. The open triangles correspond to the amplitude observed after 1 ms of mixing
and yield a X = 5.0 (Kq = 9.6 uM). The latter represents the intrinsi&p of YFP before the slow isomerization reaction occurs. (d) The
observed rate constant (closed circles) for the slow decrease in fluorescence in the records of Figure 2b at pH jumps to 7.3, 6.7, 6.3 and
5.7. The intercept value for a linear fit to the first 3 points yields the rate constant of the reverse isomerization reaction@f T s
gradient of 2. uM~1 s~ represents the apparent ldssociation rate constant. Also plotted on this graph (open circles) are the rate constants
for the pressure-release transients (Figure 4) obtained at pH 7.2 and 6.5.

Scheme 1 The quantum yield for YFPemission, {s,7), following
K * [H] direct excitation of the anionic species is reported as 0.61
YEP' N YEPH' (2), from which the quantum yields for emission following
K, * YFPH excitation were calculated as 0.02%4£7,) and<0.002
Lol II& el 10k (®P4e0). These data suggest that YFPH* decays by two
! N ‘ N competing routes: a direct radiationless mode to the YFPH
327 K (H1 ground state (rate constakts) and via an excited-state
YEP N — deprotonation reaction to yield the YFP species (rate
k, constantk_;*) which subsequently emits at 527 nm. The

relative rate constants for these processes are expected to

o ) be about 30:1 respectively, to account for the low fluores-
emission signal at 527 nm that was reduced by 125-fold ¢ence yield from the YFPH species. These conclusions were
compared with 480 nm excitation (Figure 1c), but no tested by direct measurement of the excited-state kinetics,
significant emission was detected in the 450 nm to 500 nm 35 described below.
region (cf. other YFP variants which show weak emission;  ginetics of the pH induced reactioo assess the time
(6)). Interestingly, the emission intensity at 527 nm with 390 coyrse of interconversion of the ground-state YF&hd
nm excitation was practically independent of pH, indicating YFPH species, solutions of YFP were subjected to pH jumps
that the YFPH species has a reduced quantum yield comparegn a stopped-flow spectrophotometer and the change in
with the YFP" anion, but this is compensated by an increased absorption at 514 nm or emission a&530 nm was
absorbance at 390 nm. To explain these observations a basiemonitored. On mixing YFP in pH 6 buffer with pH 8 buffer
protonation cycle of YFP is summarized in Scheme 1. to give a final pH of 7.3, an increase in absorbance was
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Scheme 2 Although YFPH, is a minor species, it exists at relatively
k, k, high concentration transiently when a solution of YFP at pH
YFP + H = YFPH, ——— YFPH 8 is rapidly acidified. Time-resolved spectra were recorded

k using a diode array detector on the stopped-flow apparatus
to follow this reaction at a final pH of 5.6 (Figure 3a).
observed with a rate constant of 1:2 and which accounted =~ Comparison of the spectrum recorded 1.28 ms after mixing
for 95% of the expected amplitude (Figure 2a). A process with the final endpoint spectrum (10 s) shows that the peak
with similar kinetics, but with a smaller and inverted attributed to the protonated species is initially about 420 nm
amplitude, was obtained when YFP was initially in pH 8 but this shifts to 390 nm during the reaction (Figure 3b).
buffer and was rapidly jumped to pH 7.3. The profiles were Comparison of the spectrum after 1.28 ms with that of YFP
well fitted by a single exponential and the rate constants wereat pH 8.0 shows a 27% reduction in 514 nm absorption that
unaffected when the light intensity was reduced 10-fold by is lost within the deadtime of the apparatus, in agreement
closing the excitation slit. The maximum light intensity was with the single wavelength experiment of Figure 2b.

“la

estimated as approximately 0.1 mW cinwhich is several

To explore the kinetics of the rapid process further,

orders of magnitude lower than the laser illumination used pressure-jump measurements were carried out in phosphate

in the single molecule measurements described below.
For a 1 step protonation reaction with an appareéfiop
6.3 (1K; = 0.5uM), the observed rate constant at pH 7.3 is
given byk[H*] + k-; = 1.2 s'* where H = 0.054M and
thusk; = 1.1 st andk, = 2.2 uM~! s1. However,

and imidazole buffers (Figure 4). Phosphate shows a large
volume change on ionizatior-24 mL mol* for the mono-

to dianion with a K of 7.0; (14, 25)) and thus a pressure-
jump in this buffer gives a pH change that acts as an
additional perturbation to the system under study. The YFP

protonation reactions per se are generally very rapid andfluorescence profiles revealed biphasic relaxations in both
would be expected to be complete within the deadtime of buffers, with the first phase being practically simultaneous
the stopped-flow apparatus. To assess the presence of a fastith the pressure change and the second phase having rate
phase, the stopped-flow signals were compared with the constants in the range 0.9 to 1.#'st pH 7.2. The latter
amplitudes obtained at the starting pH values of 6 and 8 values are similar to the rate constant observed by stopped-

(Figure 2a). In both jump directions there wa$% loss of
signal within the deadtime for the apparatus (1.5 n24)).(

flow pH-jump kinetics, which are dominated by the value
of k_; at this pH (Figure 2d). The amplitude of the overall

To explore this process further, a YFP sample was made uptransient in imidazole buffer (Figure 4b) allowed us to

in dilute (5 mM) TES buffer at pH 8.0, where the YFP is

calculate an overall volume change of abét6 mL mol?*

98% ionized, and the pH was jumped to increasingly acid for the protonation reaction, from the effect of pressure on
values with a 35 mM MES-acetate buffer (Figure 2b). It was InKi. The effect of compression was compensated for using
evident that at lower final pH values, an increasing fraction a value of 0.046% MP& for the compressibility of water.
of the signal was lost within the dead time of the apparatus. Thus high pressure favors the ionization of YFPH to YFP
The final fluorescence value was in accord with that expected The amplitude in the phosphate buffer (Figure 4a) was about

from spectral measurements at equilibrium and yieldeH a p
value of 6.3 (Figure 2c). The initial fluorescence value
immediately after mixing yielded ala, of about 5.0 (1K1,

= 9.6 uM). Thus the protonation reaction is clearly a two-
step reaction in which a slow isomerization step with
equilibrium constank;, &~ 19, pulls over the K, to give

an apparentl = 6.3. We use the term isomerization here

half that in imidazole buffer which is consistent with a
concomitant pH change 6f0.023 (for a 5.4 MPa pressure
increase) that opposes the ionization reaction. In principle,
the amplitude of the fast phase can be analyzed to give the
volume change for the ionization of the YFPKpecies.
However, the compression of water gives a significant
contribution to this phase. Moreover, the uncertainty of the

in a general sense. It may involve the protein as a whole exact value of [, introduces a substantial error in this
and/or a specific change of the chromophore such as-a cis calculation. Pressure-jump measurements at a pH close to
trans isomerization (see Scheme 2, where Yi&td YFPH pKis (i.e. around 5.0) where these problems would be
represent low fluorescent protonated isomers). A plot of the minimized, are complicated by the tendency of the YFP to
observed rate constant for the fluorescence decrease as denature under these conditions. The direct observation of a
function of [H'] (Figure 2d) is linear over the pH 6 to 8 fast phase at higher pH values does, however, provide
range and indicatds 1, = 1.0 s from the intercept, while  independent evidence for a two-step protonation mechanism,
Kikip = 2.7uM~1 s71 close to the value deduced from the as shown in Scheme 2. Furthermore, the increased time-
records in Figure 2a faa 1 step scheme above (i.e. apparent resolution compared with the stopped-flow apparatus, allows
ki = KyKip). Thusky, in Scheme 2 is of the order of 26's more stringent lower limits to be placed on the rate constants
This value cannot be determined exactly because the secondor step 1a. Figure 4c shows the pressure release signal and
step itself has some pH dependence (faster at low pH) andfast YFP response in phosphate buffer at pH 6.5. The lag in
PK1a is also difficult to define because the YFP is unstable the fluorescence response20 us) indicates a lower limit

at pH values below 5.5. Nevertheless at pH 7.3, where theof the relaxation rate constant of 16X, For a K;, =5
majority of our studies were performed, the YEPR¥pecies  this indicates that ki, = 10° st while ki = 10* yuM~1 571

only represents about 4% of the protonated state and 0.4%(Scheme 2).

of the total YFP and thus the two-step mechanism of Scheme All of the above transients were measured in the presence
2 behaves essentially as a one-step reaction (Scheme 1) witlof 40 mM NaCl. In the absence of halide ions, the overall

an apparent protonation rate constdafid*], of about 0.1
s 1 and a deprotonation rate constdat, of 1.0 s, limited
by an isomerization of the protonated state.

pK of YFP is reduced to 5.3Q). When equivalent stopped-
flow pH jumps were performed in phosphate buffer in the
absence of halide ions (see Supporting Information), a similar
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Ficure 3: Time-resolved absorption spectra for pH jump of YFP (a) spectra on jumping from pH 8.0 to 5.6 using a diode array detector
under the conditions used in (Figure 2b) but with«8 YFP (reaction chamber concentration, 10 mm path length). (b) Comparison of
spectra obtained on mixing YFP at pH 8.0 with pH 8.0 buffer (control) with the same YFP mixed with pH 5.5 buffer to give a final pH

of 5.6. Spectra for the latter are shown at 1.28 ms and at the endpoint (7 to 10 s average). Note the loss of 514 nm absorbance in the
deadtime, with a concomitant increase in absorbance at 420 nm.
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FiGure 4: Pressure-jump relaxation transients of YFP. (alDYFP in 40 mM NacCl, 1 mM MgC}, 20 mM potassium phosphate at pH

7.2 at 20°C were subject to 5.4 MPa pressure jumps (gray curve) and releases (black curve). The record shown is an average of 20 repeats
taken at 20 s intervals and yields rate constants for the slow phase oft{f@essure up) and 1.4%5(pressure down). (b) Similar reaction

but in the presence of 20 mM imidazole buffer rather than phosphate. The record shown is an average of 15 repeats taken at 20 s intervals
and yields rate constants for the slow phase of 1!qressure up) and 0.9%5(pressure down). (c) Normalized signals from the pressure
transducer (black) and fluorescence detector (gray) for a pressure release with YBP as in (a) but at pH 6.5. The signals are the
average of 2400 transients. Records on a longer timebase (not shown) yield a rate constant for the slow phask of 2.0 s

value for the apparent deprotonation rate constantwas the on-time with 514 nm excitation will be reduced by
found (1 sY but the apparent proton association rate photochemical reactions at the laser intensities used in
constant,k; was slowed to 0.3«M™ s (Scheme 1) to microscopy. To evaluate the blinking rate under our buffer
account for the loweredk Thus the slow isomerization conditions, a YFP-myosin W561 motor domain fusion
reaction is coupled to the protonation reaction per se, and isprotein was immobilized by binding to an actin filament that,

not simply a reflection of Cl binding. in turn, was immobilized on a silica slide and imaged by
Single Molecule KineticS he two-state behavior observed TIRF microscopy {1). In the absence of nucleotide, the
in the absorption spectra (Figure la, and 2&8fand 23), YFP-myosin forms a tight bond with actin with a dissociation

coupled with stopped-flow measurements (Figure 2a) which rate constant<0.01 s'. At the laser powers used, YFP
show the transition between states is slow, require that thefluorescence emission was terminated by photobleaching
fluorescence from a single molecuke,(= 514 nm) exhibits rather than by dissociation from actin. Following photo-
blinking on the seconds time scale due to spontaneous YFP bleaching of a partially decorated filament, single spots were
to YFPH interconversion. The predicted on- and off-times observed corresponding to single YFP-myosin molecules
(6) are defined by Ki[H*] and 1k, respectively, although  (Figure 5a). These underwent fluctuations in emission
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Ficure 5: Single molecule kinetics. (a) A single video frame of single YFP-myosin molecules bound to an actin filament captured by
TIRF microscopy at 2.5 kW cn? laser intensity. The spots showed blinking behavior for tens of seconds before being bleached (b) Intensity
record of one of the spots shown in (a) with a gray scale in whiehwhite and 255= black. (c) Autocorrelation function of the record
shown in (b) with a superposed single-exponential fit of 2% Buffer conditions were 40 mM NaCl, 2 mM MggI10.1 mM EGTA, 10

mM dithiothreitol, 20 mM HEPES at pH 7.5 and 2C.

intensity on the seconds time scale (Figure 5b). Autocorre- lumination drives the protonation reaction at a rate faster
lation analysis of individual spots yielded decay rates in the than the ground-state process. To assess the excited-state
range of 2 to 4 s, with the total off-time being about twice  dynamics of YFP directly, time-resolved fluorescence mea-
the on-time during the blinking phase (Figure 5c). For a surements were made by fluorescence upconversion and
simple two-state reaction, the decay of the autocorrelation TCSPC spectroscopy. Measurements were made at pH 6 with
function provides a measure of the sum of the interconversion400 nm illumination to maximize the absorption of the
rate constants, while the ratio of the total on-time to off- neutral chromophore, YFPH and minimize any underlying
time, determined from the average intensity across the profile, high-energy absorption of the anionic species. The time-
provides a measure of the equilibrium constant. These dataevolution of fluorescence was probed at two wavelengths,
suggest that at the laser power used (50 mW at the prism460 and 525 nm (Figure 6a), close to the emission maxima
entrance, corresponding to a maximum of 2.5 kW-ém  of the bands observed in the time-resolved emission spectra
within the evanescent field), the YFRmission is prema-  (Figure 6b). Although no appreciable steady-state fluores-
turely terminated by photoconversion to YFPH, with a rate cence emission is observed in the 450 to 500 nm range (cf.
constant of about 273 (i.e. about 2& faster than the ground-  Figure 1c), the time-resolved emission spectrum at 300 fs
state rate constant), while YFHRs regenerated from YFPH  showed a prominent peak at 460 nm as well as the 527 nm
at the ground-state rate of 1’sThese data are very similar peak observed in the steady-state spectrum. By 10 ps, the
to those reported by Dickson et ab)(for a related YFP 460 nm peak had decayed away completely and only the
construct lacking the V68L substitution. At laser powers 527 nm fluorescence band remained. The fluorescence band
1 kW cm? fluctuations in emission occur predominantly at 460 nm is assigned to emission from YFPH* and the
via the ground state protonation-deprotonation reaction andfluorescence band at 527 nm is primarily assigned to
hence the observed fluctuation rate constant shows only aemission from YFP*.
shallow dependence on laser power in this regime. Dickson The time-resolved fluorescence measured at 460 nm
et al. ) also noted that between bouts of blinking behavior, decays away rapidly, with an average lifetim&, = > Az,
single YFP molecules went into a longer-lived dark state, of 1.4+ 0.1 ps. Typically, fits to multiphasic exponentials
not accounted for by Scheme 1. The mechanism of this yielded components with lifetimes about 400 fs (70%) and
photobleaching was investigated further (see below). 2 to 3 ps (25%). The decay of emission monitored at 525
Excited-State Dynamic§.he emission of 527 nm light, nm, shows an initial rapid decay on the picosecond time scale
characteristic of the YFPanion, when YFPH was excited similar to that observed at 460 nm, followed by a much
at 390 nm suggests that YFPH* undergoes a rapid ionizationlonger-lived component. The initial rapid decay can be
to YFP*, in an excited-state reaction similar to that attributed to spectral overlap of the YFPH* and YEP
previously observed for GFR). Also, the single-molecule  emission bands as evidenced in Figure 6b. Under the
studies described above suggest that intense 514 nm il-assumption that the YFPH* is the predominant species
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Ficure 6: Time-resolved fluorescence measurements of YFP following femtosecond excitation at 400 nm. (a) Time-resolved emission of
YFP at pH 6 monitored at 460 nm (solid) and 525 nm (dashed). Left panel shows\2¥FP in protonated buffer solution; right panel

shows 52uM YFP in deuterated buffer solution. Subtraction of the normalized excited-state emission kinetics at 460 nm from the data
measured at 525 nm results in the difference trace shown below each panel and reflects the excited-state dynamits(bj Yike-

resolved emission spectra of 4881 YFP at pH 6. Spectra were acquiredtat 0.3 ps (solid) and 10 ps (dashed). (c) Time-resolved
anisotropy of 493«M YFP at pH 6 measured at 525 nm. Upper panel shows the anisotropy acquired by fluorescence upconversion; lower
panel shows the anisotropy acquired by TCSPC.

directly excited at 400 nm, the “instantaneous” (IRF-limited) indicated that YFPH* decays predominantly via a radiation-
emission at zero time should arise entirely from the low- less route K-5) while a small but significant fraction
energy side of the YFPH* emission band. Normalization and undergoes ionization to YFP (k_;*). The deuterium isotope
subtraction of the YFPH* kinetics measured at 460 nm to effect reduce& 1, which has a minor effect on the observed
time-resolved fluorescence measured at 525 nm results in arate constant kL, + k-;*), compared with equivalent
difference trace that reflects the excited-state dynamics of observations on GFR), but a larger effect on the amplitude
YFP*, shown in the lower panels of Figure 6a. YPPis of YFP* emission.

observed to rise on a time scale comparable to the decay of The time-resolved anisotropy of YFP was also examined
YFPH* and subsequently decay on a much longer time scale.by fluorescence upconversion and TCSPC. Following excita-
The long-time decay of YFP emission at 525 nm was tion at 400 nm at pH 6, the time-resolved anisotropy
determined to be 3.5 0.3 ns by TCSPC (cf. Figure 7b for measured at 460 nm by upconversion is constant over the
an equivalent experiment done at pH 8.0 where the time short lifetime of YFPH*, exhibiting an average anisotropy
constant was 3.2 ns). The integral of this curve accounts forof 0.38 + 0.03 (data not shown). In contrast, the time-
the domination of the 525 nm emission in the steady-state resolved anisotropy measured at 525 nm by fluorescence
spectrum (cf. Figure 1c). To ascertain the dominant mech- upconversion (Figure 6c, upper panel) shows a rapid decrease
anism of decay from YFPH*, analogous measurements werefrom an initial value of 0.39 to-0.10 with time constants
made after exchanging the protein into deuterated buffer. Theof 3.2 + 0.2 ps (74%) and 68 14 ps (26%). Monitoring
average lifetime of YFPD* emission, as measured at 460 the time-resolved anisotropy by TCSPC shows a similar rapid
nm, was observed to increase slightly to 2.2 ps. The decrease in anisotropy approachin@.10 on the picosecond
difference between the excited-state dynamics measured atime scale, although the time-resolution is not adequate to
460 and 525 nm is smaller in deuterated buffer, indicating fully resolve the initial decay (Figure 6c, lower panel). The
that the contribution of fluorescence from YFPPat that anisotropy then approaches zero on the nanosecond time
wavelength had decreased (see difference trace in Figure 6a)scale, presumably with the rotational lifetime of YFP. It is
The long-time decay of YFP was unaffected by deuteration important to note that control experiments on S65T GFP at
and remained 3.5 ns. These results provide confirmation of pH 6 produced anisotropy results in agreement with those
the conclusion from the steady-state data (Scheme 1) whichreported previously26) and that a solution of coumarin-
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(@ 3500 : : : : , a s_imple precu_rsor-produ_ct rel_ationship. However an isobestic
0 3000 L pH 8.0 | point woulld stl_II pe obtained if two or more pr_oducts were
Em: 460 nm formed with distinct spectral properties, but in a constant

e ol Before product ratio. This seems a likely possibility because the

2000 |- limited recovery on photoactivation (see below) suggests that
photobleaching yields an irreversibly bleached product
(denoted XFP which may itself represent several states) and
a reversibly bleached product (denoted YFPHrb).

The changes observed in the absorption spectrum of YFP
during photobleaching did not depend significantly on the
O ey 0% excitation source (CW 514 nm, CW 532 nm, pulsed 532

nm). Excitation at either 514 or 532 nm in CW mode was
! followed by the slow, spontaneous, partial recovery of 514
pH 8.0 . ;
Exc: 464 nm nm absorption band when the sample was kept in the dark
Em: 530 nm (see below). The mass spectra of these samples showed no
change in mass after photoconversion. Excitation with pulsed
532 nm light, however, showed little or no sign of recovery
(=2%) after photobleaching even over the course-cf0
h. The mass spectrum after photoconversion showed the
1000 appearance of a new peak 442 Da lower than the YFP
0 ! | | peak at 29 004 Da (Figure 9) consistent with the loss of CO
0 2Time (ni) 6 8 from the protein. Clearly, this change is irreversible and the
product contributes to the XFP state. Previous studies showed
FIGURE 7: Time-resolved emission spectra. (a) 4248 YFP at that E222 is prone to decarboxylatidirf. In an attempt to
pH 8 before (dashed) and after (solid) photoconversion by exposuretest this idea we made an E222A YFP mutant. This construct
teomf?g;g:“o?ul%js'w f$gﬂpaa’?|ggg%|§§§g:gé g théi(’,t())) r-:—rlnm%-lil’g\?v?t!l\éed showed no absorption or fluorescence in the visible region,
excitation at ;164 nm. Fitting to a single exponential yielded a ,bUt the tryptophalj e_m'ss'on and the far UV circular _d'Chro'
lifetime of 3.2 ns. ism spectra Z8), indicated the protein was folded into a
native state. However the mass spectrum yielded 28 964
480, a freely rotating laser dye, exhibited a uniformly zero rather than the expected 28 946 for the E to A substitution.
anisotropy following rotational depolarization indicating no This suggests that the final dehydration step in chromophore
significant instrumental bias of the parallel or perpendicular maturation had not taken place. Thus, the lack of 527 nm
signals. emission did not prove that E222 is required to favor the

YFP PhotobleachingWe previously noted that UV light  strongly emitting fluorescence YFBtate.
from a Xe flash lamp partially regenerated the fluorescence From the analysis of the recovery of fluorescence, it
from YFP molecules that had been bleached by irradiation appears that the 390 nm peak observed on photobleaching
with 514 nm light @1). This finding was also reported by arises predominantly from XFP species (see below). The
Miyawaki and Tsien 10) who showed that light between excited-state dynamics of this species was examined by
330 and 390 nm was effective for photoactivation, while irradiating samples of YFP at pH 8 at 532 nm with an Nd:
Dickson et al. §) achieved switching at 405 nm (with a YAG laser for 1 h. Measurements were made at pH 8 to
slightly different YFP construct). The YFPanion shows minimize the contribution of YFPH absorption in the near
very weak absorption in this region (Figure 1a). We therefore UV Photoconversion of the sample resulted in changes in
surmised that the dark state induced by prolonged photo-the absorption and emission spectra analogous to that
bleaching of YFP with 514 nm light might develop a new observed by CW argon ion laser irradiation (Figure 8a),
absorption band in the near UV to account for its photo- although the rate of photoconversion was slower due to the
chromic properties. A YFP solution at pH 7.2 was therefore relatively poor overlap of the 532 nm laser light with the
irradiated with a 250 mW 514 nm laser beam in a micro- YFP~ absorption band. As described earlier, these samples
cuvette and the absorption spectrum was monitored. After formed from pulsed 532 nm excitation exhibited little or no
10 min irradiation, with intermittent stirring, the 514 nm spontaneous recovery of the 514 nm absorption band and
absorption peak was reduced by 80% and a new weakthe mass spectra showed a new peak 44 Da lower than the
absorption band appeared in the UV region which peaked YFP peak (Figure 9). Following excitation at 400 nm,
at 390 nm (Figure 8a, b). Complete photobleaching was samples of photoconverted YFP showed a dramatic increase
difficult to obtain because the laser beam was narrower thanin the magnitude and lifetime of 460 nm emission compared
the sample volume and mixing during illumination may not with control samples not exposed to laser light (Figure 7a
be complete. However, the spectrum of the 100% pho- cf. 6a). The average lifetim@observed for YFPHrb* was
tobleached sample could be estimated by subtraction of an49 + 4 ps. The decay of emission monitored at 525 nm in
appropriate fraction of the starting YFP spectrum, assuming the photoconverted sample showed a decrease in the longest
the product had no discrete peak at 514 nm. This proceduremeasured time constant, 443 0.2 ns, compared with the
indicated the photobleached product(s) also had a weak5.1+ 0.1 ns decay of emission observed for the control YFP
absorption peak at 470 nm, as well as that at 390 nm which sample at pH 8. However, these measurements are distorted
was observed directly. The time course of photobleaching by reabsorption of emitted photons owing to the high
yielded an isobestic point at 454 nm (Figure 8a), suggesting fluorophore concentratior2g). At low concentrations €2
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Ficure 8: Photobleaching and photoactivation of YFP. (a) Absorption spectra YFRI#).Th a 10 mm path length microcell before and

after 5 and 10 min exposure to 250 mW of 514 nm laser light (solid lines with decreasing absorbance at 514 nm). The sample was then
subjected to a Xe flash (280 to 380 nm) to cause partial recovery in absorbance at 514 nm (dashed line). A second flash caused no further
change. (b) The same spectra magnified to show recovery in the 300 to 400 nm region. (c) Spontaneous recovery of the absorbance at 514
nm over 11 h by a bleached sample maintained in the dark (apart from weak 514 nm probing light appliedeeery minute). The
superposed fit to a single exponential corresponds to a rate constant ef 100* s1. (d) Photoactivation of bleached YFP-myosin
molecules bound to an actin filament by a Xe flash derived from the data shown in Figure 10. Superposed fit yields a rate constant of

1.3s1

100 £ 29004 | ] achieved by photobleaching. By using different filters in front
of the Xe flash lamp, a crude action spectrum was deter-
mined. Photoactivation was achieved with a 3390 nm
band-pass (Omega 365HT25 DAPI excitation filter), but light
above 395 nm was ineffective. Photoactivation was ac-
a0 28960, - companied by a reduction in the near UV absorbance, as
h : expected, but this was not coincident with the 390 nm peak,
20 nol but rather at 340 and 430 nm (Figure 8b).
e ,;\,’J', LA If the photobleached sample was kept in the dark, apart

=]
S
T
|

60 —

Intensity (A.U.)

'l

28800 28900 29000 29100 29200 from a 1 sexposure every 1 min to weak pulsed Xe light
Mass (Da) source at 514 nm light in the spectrophotometer, the
FicurRe 9: Mass spectra of YFP (solid) and YFP photobleached at absorbance recovered spontaneously over a period of several
pH 8 for 1.5 h (dashed). The intensity is normalized to the parent pours (Figure 8c). The main phase of recovery occurred with
peak for each spectrum. Photobleaching produced a secondary Peak | te constant of ¥ 104 s* to a value that corresponded
to 28% of the initial bleach. Subjecting the dark-recovered
uM) the lifetime of the YFP emission was 3.2 ns (Figure sample to a Xe flash produced no further change. Thus it
7b), in line with previous estimated)( Polarized TCSPC  appears the species that is activated by the Xe flash is the
experiments at pH 8 after photoconversion showed essentiallysame as that which shows spontaneous recovery in the dark.
identical time-resolved anisotropy dynamics at 525 nm as When the sample was treated to a second round of photo-
those observed for untreated YFP at pH 6 (data not shown).bleaching by 514 nm light from the laser and then activated
Photoactvation of Bleached StateAfter 80% photo- with a Xe lamp, a 25% recovery was again observed i.e.,
bleaching with CW 514 nm light, the YFP sample shown in 6% relative to the initial intensity. This suggests that during
Figure 8a was subjecbta 4 msflash from a Xe flash lamp  photobleaching, two product pools are formed in an ap-
focused to almost fully illuminate the sample in the mi- proximately constant ratio of about 3:1. The dominant species
crocuvette with 280 to 380 nm light. The absorbance at 514 is an irreversibly bleached species (denoted XFP), while the
nm showed an immediate (i.e. within the 1 min required to reversibly bleached (dark) species (YFPHrb) amounts to
transfer the sample to the spectrophotometer) but incompleteabout 25% of the initial YFP concentration. The partition
recovery (Figure 8a dashed line). A second flash contributedratio is not an exact constant because the YFPHrb species
little to the total observed recovery, which amounted to 24% will slowly reactivate and eventually the whole sample will
reversal of the 80% reduction in the absorbance at 514 nmbecome XFP on prolonged irradiation. Therefore the longer

at 44 Da lower than the parent peak at 29 004 Da.
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(b) (c) (d)

Ficure 10: Photobleaching and photoactivation of YFP-myosin bound to an actin filament. (a) TIRF microscope image of decorated
filament when first illuminated at 0.25 kW crilaser intensity. (b) After bleaching at 2.5 kW cfrintensity and return to 0.25 kW cr#

laser intensity. (c) 80 ms after Xe flash) @ s after Xe fash. The photoactivation time course is analyzed in Figure 8d. Buffer conditions
were as in Figure 5.

(a)

the sample is bleached with 514 nm light, the less the yield again with a rate constant of approximately 0.05 Analysis

of photorecovery. Miyawaki and Tsiedl@) reported a 21%  of the recovery kinetics yielded a rate constant for photo-
yield after photoactivation with continuous irradiation with activation of 1.3 s* (Figure 8d) while the extent of recovery
UV light (330 to 390 nm). The intensity of the light they relative to the initial filament intensity (Figure 10a) was about
used was much lower than the Xe flash lamp used here and20%. The rate constant of recovery is very close to the rate
the recovery occurred with a half-time of around 500s (i.e. constant determined for the YFPH to YFEBquilibration at

an order of magnitude faster than the spontaneous recovenpH 7.3 (Figure 2a). It therefore appears that upon UV
that we found in the dark, Figure 8c). irradiation YFPHrb is excited to YFPHrb* which then coverts

The spontaneous recovery in the 514 nm peak was to YFPH*. As indicated by the spectra in Figure 1c, YFPH*
accompanied by no detectable decrease in the 390 nm peakieturns to the ground state about 30 times faster than the
Rather there was some loss in absorbance at 430 nm bu?XCited'State deprotonation event that ylelds YFP*. Thus the
very little change was observed at 350 nm (cf. with Xe flash immediate product after the flash is predominantly YFPH,
activation). It is possible that the decrease in 350 nm Which then reequilibrates to give the fluorescent YFP
absorbance on flashing is due to photobleaching by the flashspecies with a rate constant close to that measured in the
lamp itself. On the other hand, light in the region of 350 nm PH-jump and pressure-jump experiments (L.2at pH 7.3)
is effective in photoactivation, whereas light at 430 nm is at low laser powers (0.25 kW crf). When the experiment
not. These findings lead to the conclusion that the YFPHrb Was performed under continuous 514 nm TIRF illumination
species absorbs very weakly at 350 nm so that its contributionat 2.5 kW cm?, the same phenomenon was observed,
is swamped by the 390 nm absorbance of XFP, but it is however the photoactivation rate constant was 418and
sufficient to allow activation by 350 nm light. On the other Subsequent photobleaching was 0.31 $his is consistent
hand, the 430 nm absorption band of this product, which is With photoactivation occurring via the YFPH ground-state
detectable in the difference spectrum before and after intermediate, however the reequilibration to Y&-Rllowing
spontaneous 514 nm recovery in the dark, does not lead tothe activating Xe flash has a dominant contribution through
photoactivation. It is possible that the 430 nm band is the excited-state pathway driven by 514 nm illumination (i.e.
associated with the ionized form, YF®, but excitation of the photoactivation rate constant is similar to the blinking
this species does not lead to rapid conversion (sub-ns) torate constant (Figure 5¢) monitored at the same laser power).
YFPHrb* and hence there is no efficient route back to YFP
other than the slow, spontaneous pathway.

To measure the actual rate of photoactivation, the activat- The complex photophysics of the GFP family of proteins
ing flash and subsequent monitoring of kinetics must be is a well-recognized problem that needs to be understood
performed in the same apparatus. This was readily achievedior their optimal applications in biology. The YFP class, in
in our TIRF microscopel() using YFP-myosin decorated particular, exhibit the phenomenon of emission blinking on
actin filaments as a sample. Figure 10a shows such a filamenthe seconds time scale, as well as a long-lived low fluores-
recorded immediately after illumination with 514 nm laser cence state that can be activated by near UV irradiation.
beam (5 mW at the prism; 0.25 kW crhin the evanescent  Previous studies of GFP and related proteins have identified
field). Under these conditions the YFP fluorescence was at least 3 ground-state species and have suggested intercon-
observed to bleach with a rate constant of 0.05%. s versions between them that give rise to blinking and
Increasing the laser power up to 50 mW at the prism causedswitching behaviorZ, 3, 6—9). However the ground-state
further photobleaching at 0.30% At this point the filament kinetics have not been fully rationalized in a manner that is
was no longer observed to be continuously labeled but singleconsistent with the observe&walues. We propose a revised
molecules were observed to undergo bouts of blinking, as scheme that relates protonation and photobleached states as
shown in Figure 5a,b. Reducing the laser power back to 5 shown in Scheme 3.
mW gave a very weak image (Figure 10b). When subjectto  The core cycle of this mechanism involves the ground-

a Xe flash, YFP fluorescence recovery was not immediate state (YFP <> YFPH) and excited-state (YFP < YFPH*)
(Figure 10c) but the filament image returned over a period protonation reactions, as defined by Scheme 1. In Scheme
of abou 2 s (Figure 10d) before being slowly photobleached 3, XFP represents a photobleached pool that accumulates

DISCUSSION
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Scheme 3 protonation step has &g, of about 5, but a subsequent slow
ke Kot [H7] o isomerization has an equilibrium const#&at ~ 19, to yield
. : an overall KX = 6.3; the value observed in equilibrium
XFP ¢—— YFP «—=  YFPH' ——— YFPHib I . '
K St ' titrations in 44 mM Ct , from the absorbance at 514 nm or

emission at 527 nm. At pH 7.2 the initial YFRKpecies is

a minor component (Scheme 2) and hence it is omitted from
[T & _Sche_me 3 for simplicity. YFPkwvas characterizgd by ra_pidly

p— N VFPH N — jumping the pH from 8.0 to 5.5 to reveal its maximum
k. Y absorbance at about 420 nm, compared with 390 nm for the

final YFPH state. The kinetics of step 1a (Scheme 2) are

too fast to measure by rapid-mixing and, indeed, are at the

limit of pressure-jump relaxation measurements. From the

; = oM-1 a1
through an effectively irreversible stees). However this latter W_e esﬂmatdx,la; 106_5 _and kl_a = 100 M s )
product(s) itself shows weak fluorescence and is considered Relatively few transient kinetic studies have been carried
further in Scheme 4 below. Using pH jump stopped-flow put to |nve'st|gat.e GFP protonapon rgachons. Previous pH
methods (Figure 2) we show that blinking in 527 nm Jump studies with YFP proteins yielded observed rate
emission arises from an isomerization that is coupled to the constants of about 100"sat pH 7 for the YFP-H148Q
protonation of the highly fluorescent YFRnionic state (i.e. ~ Mutant, but this was reduced to 7sin the presence of Cl
step 1). Blinking is thus a consequence of a ground-stateions @1). In the case of eGFP (S65T), most of the expected
reaction (i.e. the dominant protonated state, YFPH, does notamplitude was too fast to measure 1000 s*) when the

absorb significantly at the excitation wavelength of 514 nm). PH was rapidly perturbed in a stopped-flow appara8), (
At pH 7.2, the effective rate constarkgH*] = 0.2 s and but a transient was observed with a rate constant of 11 000

k.1 = 1 s are defined by the ground-stat& mnd the s twhen induced by laser flash photolysis of caged protons
observed rate of interconversion in a pH jump experiment. (33). In our ionic conditions, we found there was a small
The intermittent dark state can therefore be attributed to the résidual biphasic signal with eGFP on a pH jump to 7.2 with
17% YFPH that exists under these conditions. These rate constants of 230%5and 18 s*. The latter could account
parameters account for the blinking reaction at the single for the single-molecule blinking of eGFP that was just
molecule level (Figure 5 and réj. This explanation differs ~ resolved at video acquisition rat&4 35). Overall these data
from the quantum mechanical calculations of Weber et al. Provide a self-consistent explanation as to why blinking on
(30) who proposed that blinking resulted from the rapid the seconds time scale with eGFP is much less evident than

radiationless decay of an excited zwitterionic state. Neverthe-With YFP. It appears the initial protonation stéfa4 Scheme
less we show here (Figure 6) that the protonated YFPH* 2) is similar for eGFP and YFP, bL_Jt that the isomerization
state (neutral and/or zwitterion) does, indeed, have a veryis slower andKy, larger for YFP. It is the second step that
short lifetime. The radiationless decay route dominates over'esults in the increased nekdor this variant.
both 460 nm emission and the excited-state proton dissocia- The fluorescence lifetime and quantum yield of YFP (i.e.
tion to yield YFP*. In the latter respect GFP differs from the predominant species YEFhave been determined as 3.7
YFP, where the deuterons had a marked effect on the ratens and 0.61 respectively,(4). We confirmed this lifetime
constant of the upconversion event of GFP, showing proton under our experimental conditions (Figure 7b). YRRere-
transfer k-1*) was the dominant process contributing to the fore decays back to the ground state with a rate con&tant
observed kineticsk(1* + k-4) (2). In contrast, in the case of about 3x 10° s™%, and a radiative component of2 10?
of YFP, deuterons mainly affected the amplitude of the s™! (Scheme 3). The effective value for the excitation rate
upconversion process, showing thaj dominated the rate  constantksel depends on the light intensity, and the
term (Figure 6a). These results are consistent with the steadyabsorption coefficientg, at the particular wavelength. An
state properties of YFPH which showed very weak emission estimate ofksel at a particular laser power can be made as
at 527 nm compared with the YFRnion and no measurable follows. YFP* is the predominant excited-state species
emission at 460 nm. The latter can only be detected within under these conditions and therefore controls the net photo-
the first 2 ps following ultrafast excitation. bleaching rate. The rate of XFP production (the predominant
The stopped-flow studies also revealed that the ground- photobleached species) therefore reflects the concentration
state protonation reaction is a two-step process. The initial of YFP~*. It has been estimated that YFP has a quantum

k;SI /l k.; k48[/] k.4 1(581 1 k.5

Aex 514nm Aex 390nm hex 350/430nm
Dem 3270nmM Dem 460nm (v. weak) Aem ?

Scheme 4
k(\ k|>(< [H‘] kl*
XFPH* é———XFP* ¢—— YFP' <—— YFPH T——— YFPHit'
k,* k *
y 1 k3£I/| k, kel 1|k, kel 4|k,
k,[H] k,
XFPH “—=— XFP YFP ——— YFPH = YFPHib
K, k,
A, 390nm A, 470nm A, 514nm A, 390nm A, 350/430nm

Aem 460nm (weak) Aem 327nm Aem 460nm (v. weak) hem ?
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yield for photobleaching of about 8 106 and therefore
each molecule will emit on average abouf Jhotons 6,

9). The ratio of the quantum yield for fluorescence and
quantum vyield for photobleaching together with the fluores-
cence lifetime, defines the value kfto be about 200073.

At low laser powers, whelzl < 1, the observed rate of
photobleaching is approximately definediaglkes. Thus, at
0.25 kW cn1?, the observed photobleaching rate of 0.055
s tindicatesKzel = 3 x 1075 and hencegel = 6 x 10°

s L At 514 nm the relative absorption coefficients of YFP
and YFPH indicate thakse/(kse) = 50 and henceéuel =
120 st at this laser power. At all laser powers used in this
study, K3 < 1 and therefore the system is well below

McAnaney et al.

From such an analysis, the value laf[H "] at pH 7.2
must be of the order of ¥G* to account for our data. The
value of k;*[H *] compared with the photobleaching rate
constantks suggests that YFP will blink, on average, about
5 times before being bleached. This number is consistent
with experimental datesf. The excited-statekpderived from
ki*[H*] and k-;* is therefore deduced to be about 1
compared to 6.3 in the ground state. With 514 nm light at a
power of 2.5 kW cm? and with k;*[H*] = 10* s, the
steady-state solution gives fractional occupancies of YFP
(0.24), YFP™* (7 x 1079, YFPH* (7 x 107%?), YFPH (0.75)
compared with the dark distribution of YFR0.89), YFPH
(0.11). The calculation is not very sensitive to the absolute

saturation of both the singlet and potential triplet state. The values ofk-1* and k-4 but-to-their ratio, which is better

latter may become significant in confocal microscopy and
contribute to flickering on the Ius time scale in FCS
experiments at laser intensities above 100 kW2c{#).

The low quantum yield of 527 nm emissiapsf; = 0.022)

when YFPH is excited at 390 nm suggests that the ratio of

the rate constantk_4/k-1* = 30. This deduction assumes

defined by experiment. The effective conversion rate of
YFP~ to YFPH is increased from 0.2°5to 3 st (see
Supporting Information), in line with the observed blinking
rate constant (Figure 5c) and photoactivation rate constant
(4.8 s1) at this laser power. It is likely that the absorbance
of YFPH at 514 nm although weak, is not negligible and
high laser powers would also drive the deprotonation reaction

thatk—,* > k;*[H *] at pH 7.2, which seems reasonable (see a5 well, such that the overall conversion rate from YFPH to
below). The lack of deuterium isotope effect on the observed yFp- exceeds its ground-state value of I.s

excited-state proton-transfer rate constant provides direct

evidence thak—, > k_1*, and provides an estimate kf, of
about 7x 10 s, Consequently, we estimake;* = 2 x
10'°s1, Thus, as with GFP2), excitation of YFPH leads
to rapid proton dissociation, but the yield of this reaction is

In addition to the protonation cyle, there are two photo-
bleaching pathways, one of which leads irreversibly to the
XFP product(s) and accounts for around 75% of the flux
(Scheme 3). The rate constakit] controlling the other route
to the long-lived reversibly bleached state (YFPHrb) therefore

much reduced by competition with the radiationless return has to be defined to achieve 25% of the flux iky*[H *]-

to the YFPH ground state.

k* = ke/3, whenK*[H*] < 1, and hencéo* = 2 x 10

The mechanism of Scheme 1 predicts a nonlinear photo-s*. Thus photoactivation gives a recovery of about 25% of
bleaching rate because at laser powers greater than 0.25 kwhe initial [YFP]. The value oK;* is not well defined but is

cm2, the absorption of 514 nm light by YFRwill drive
the protonation reaction via the excited-state pathwayYFP
— YFP™* — YFPH* — YFPH at a rate faster than the
ground-state process (0.2%sat pH 7.2) and will result in
the build-up of YFPH above its dark equilibrium concentra-
tion (i.e. dark fractional occupancy of 0.17). This will make
the increase in the concentration of YPmonlinear with
light intensity, even at light levels well below any putative
triplet-state saturatiordf. This excited-state route accounts

for the weak dependence of the blinking rate on laser powersk—2

used in the range of 0.1 kW crato 5 kW cn1? (6, 9). At

probably close to unity. Unfortunately, the properties of
YFPHrb are difficult to define because the near UV absor-
bance and probably the weak emission at 460 nm (Figures
1d and 6d) are dominated by the XFP species. It appears
YFPHrb has weak absorption bands at 350 and 430 nm. It
is likely that YFPHrb* decays rapidly by a predominantly
radiationless process withs > k_,*, so trapping the species

in a long-lived non- or weakly fluorescence state. In the dark
YFPHTrb reverts slowly back to YFPH and YFRmited by

= 1 x 10* s™¥ This reaction is spontaneous in the
direction of YFPH (and hence YFP). Fresh YFP samples

lower laser powers the observed blinking rate is dominated Storéd in the dark show no increase in fluorescence when

by ground-state protonation and hence is independent of lase

power. As the laser power is increased, the on-times
reflecting the lifetime of the YFP state become truncated
by photoconversion to YFPH, while the off-times are less

effected by 514 nm light and are dominated by the dark rate

constank_; of 1 s™L. If it is assumed that YFPH absorption
at 514 nm is negligible (i.&ks¢l = 0), then the flux around

photon-driven protonation cycle (Scheme 1) can be solved
in the steady-state, at any given light intensity by standard

kinetic methods 36, 37). This leads to the solution defined
by eq 1 (see Supporting Information).

v =
[YFP],

|
1 1
KageKH Tk, Kaek*[H+]

K, : (1)

+ R
K3€k1* k—l

flashed with UV light. This suggest¢; < 0.1 andk; < 10°°

s, and hence YFPHrb only builds up after 514 nm
illumination. YFPHrb shows, at most, only weak absorption
at 514 nm Kse < 0.04sze¢), but this might be sufficient to
cause slow photoactivation of YFPHrb back into the main
photocycle and ultimately yield XFP. However with 350 nm
illumination, kse > ksze leading to significant flux (photo-
activation) of YFPHrb via the intermediates YFPHrb*
YFPH* — YFPH — YFP which is limited by the last step
(k-1) at 1 s*. The observation of a process at about'l s
on photoctivation (Figure 8d) provides indirect evidence that
YFPHrb is a protonated species.

In Scheme 3, XFP is introduced as a sink containing
“irreversibly bleached” YFP species. However, it is likely
to comprise a mixture of states, some of which show weak
emission. The peak absorption at 390 nm (Figure 8b)
suggests that the dominant XFP state is protonated. It is
distinct from YFPH in that femtosecond excitation of XFP
leads an intermediate with a longer lifetime to yield XFP
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(Figure 7a) and weak 460 nm emission can be detected inH148 is hydrogen-bonded to the phenolate ion. It seems
the steady-state fluorescence spectrum (Figure 1d). Thelikely that protonation of the phenolate group in YFP 10C
extent of XFP emission at longer wavelengths cannot be is rapid (step la in Scheme 2) but there is a slow rearrange-
easily determined as it is dominated by residual unbleachedment of protons within the chromophore hydrogen bond
YFP~. However, there are indications from difference spectra network, and/or the p-hydroxybenzylideneimidazolidinone
that XFP (the anion?) absorbs around 470 nm. Scheme 3ring undergoes a cistrans isomerization. The latter mech-
can therefore be extended to include the protonation cycleanism is an attractive possibility because it would be
of XFP (Scheme 4). potentially very rapid in the excited stat&dj and the protein
The nature and kinetics of this cycle are not well defined, structure may well undergo a rearrangement that traps the
other than it appears that the ground-stateip >7 and chromophore in trans isomer. This could be an explanation
XFPH is favored. It is possible that XFPH* can also be of the long-lived YFPHrb state8].
formed directly from YFPH*, but this reaction would also The role of E222 is also intriguing. Previously, it was
have to be effectively irreversible to maintain thermodynamic shown that photoconversion of wild-type GFP by 254 nm
balance. We noted that photobleached samples tended tdllumination was accompanied by decarboxylation of E222
become turbid, particularly at pH 7, suggesting the protein  (27). The photoconverted GFP had a high fluorescence,
was denaturing and aggregating. The gradual rise in thecharacteristic of the ionized state of the hydroxybenzylide-
apparent UV absorbance made it difficult to detect small neimidazolidinone ring. An E222Q GFP mutant also favored
spectral shifts associated with photoactivation (e.g. Figure the strongly fluorescent ionized stai#l). A related GFP
8b). Complete or partial unfolding of the protein may, in from Aequorea coerulescershowed weak green fluores-
itself, account for the production of XFP. In so far as cence in its native form that was much enhanced in a E222G
comparisons can be made, XFP has spectroscopic propertieswutant 42). On the other hand, we found that on intense
similar to the free hydroxybenzylideneimidazolidinone chro- pulsed 532 nm irradiation, YFP lost 44 Da in mass, consistent
mophore, which has akpof 7.9 with absorption peaks at  with decarboxylation. This transformation was accompanied
390 nm (protonated) and 450 nm (ionized), and is practically by photobleaching and conversion to the weakly fluorescent
nonfluorescent at room temperatui@8(39). Finally, we XFP state. Attempts to show that E222 was essential for YFP
found that laser light delivered in nanosecond pulses tendedfluorescence emission were ambiguous because the E222A
to decarboxylate the YFP. This would constitute an irrevers- failed to undergo chromophore maturation.
ible modification, but it cannot explain the XFP species In terms of applications of YFP as a probe in biological
generated during photobleaching with a CW laser. systems, our study highlights again the need to control pH
These studies and conclusions are broadly in line with and halide ion concentrations so as to maintain a dominant
previous literature, although the variety of GFP mutants and constant proportion of the fluorescent YFecies in
studied and variable ionic conditions make direct compari- solution. Knowledge of the ground-statk pnd protonation
sons difficult. In general, our data support the conclusions Kinetics are helpful to interpret single molecule experiments,
of Dickson et al. 6) regarding the origin of the blinking  such as the determination landing rates and membrane protein
and switching phenomena exhibited by the YFP class. In dynamics, where blinking can give rise to false conclusions.
the notation of their scheme YFP= A, YFPH = | and Similarly in FRET experiments, blinking of a YFP acceptor
YFPHrb = N. Our data suggest however that direct decay needs to be distinguished from dynamics arising from
of N* to A on photoactivation does not occur, but leads to distance and orientation changes relative to the donor. It is
I* and then | as a dark state intermediate. Although Dickson also important to control the illumination intensity because
et al. ) suggested A and | states were related by protonation at high light levels, photons themselves act as catalysts of
state, as we propose, this conclusion was questioned bythe protonation reaction. Under conditions where the net
Peterman et al.9) who found the blinking rates on the photobleaching rate exceeds 0.0%1 §.e. around 1 min half
millisecond to seconds time scale were insensitive to pH overtime), the blinking rate will be significantly accelerated.
the range of 6 to 10. However the latter study focused on Photobleaching can be used to advantage. The ability to
GFP variants with lower Ig values and laser powers were bleach YFP reversibly opens up its use as a photoactivatable
used up to 5 kW crt?, as a result the on-times were much probe within living cells, to probe reactions on the seconds
shorter than those reported by Dickson et &) and time scale (cf27, 43).
approached the temporal resolution limit of their imaging AckNOWLEDGMENT
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