J. Am. Chem. S0d.998,120, 13023-13027 13023

Quantum Control of Population Transfer in Green Fluorescent Protein
by Using Chirped Femtosecond Pulses

Christopher J. Bardeen, Vladislav V. Yakovlev,* Jeff A. Squier$ and Kent R. Wilson*

Contribution from the Department of Chemistry and Biochemistry and Department of Electrical and
Computer Engineering, Upeérsity of California, San Diego, La Jolla, California 93093-0339

Receied July 13, 1998

Abstract: We demonstrate that the methods of quantum control can be applied successfully to very large
molecules in room temperature liquid solution. Chirped femtosecond pulses are used to excite a green fluorescent
protein mutant in both buffered aqueous solution and solid acrylamide gel. At high energy densities, the
fluorescence shows a strong chirp dependence, with positively chirped pulses transferring almost 50% more
population to the excited state than negatively chirped pulses. By measuring the photobleaching rate in the gel
as a function of pulse chirp, we find that the data are consistent with the bleaching of the protein being due
to a thermal mechanism rather than to an excited-state photoreaction.

Introduction population transfet; 6 control wave packet dynamiés? and

) ._obtain information about vibrational dynamics in four-wave-
Pulsed nuclear magnetic resonance (NMR) Spectroscopy iSpixing experimentd®11 The usefulness of chirped pulses has

arguably the most powerful spectroscopic tool of the present gen ‘gemonstrated not only for atoms and small molecules in
day ch_gmlst. Much of _the power of thl_s _technlque results from o gas phase, but also for large organic molecules in room-
the ability c_)f the experimenter to exquisitely qontrol the shapes temperature liquid&? A natural question arises as to whether
of the radio frequency pulses used to excite and probe thehere s a limit to the size of the molecular system that may be
sample. Long ago it was realized that in principle similar pulse «.qntrolled” before the many degrees of freedom wash out
shaping techniques could benefit optical spectroscopy, andgftects due to the coherent phase structure of the light field.
pioneering experiments showed both the promise and the In this paper we show that molecules at least as large as a

S o ) .
limitations (.)f the optical NMR analogy: Wh".e the use Of. . protein can be manipulated by using chirped pulses. Intense
shaped optical pulses as routl_ne spectroscopic probes is stil Inchirped femtosecond pulses are used to control the fluorescence
the_ future, recent _advances_ in ultrafast laser technolo_gy andoutput of a particular mutant of the green fluorescent protein
optical pulse shaping techniques have led to renewed mterest(GFP)_ This mutant, specifically S65G/S72A/T203Y, which we

'_thgeﬁé‘:ge k(:o:\;/\tj:gspglieasn Jgr;tggnrt?glﬂ'pk:gag?]nagfamorlsgg:ﬁﬁ' shall refer to as the Yellow Fluorescent Protein (YFP) since its
’ q : DEG P emission is actually yellow, is a 27 kdalton protein that is of

nantly theoretical exercise, but is rapidly becoming an experi- interest for its applications in protein tagging and biological

mental r'eal|ty3. . . . imaging!® By varying the chirp of the exciting pulse, we
The simplest way to shape an optical pulse is to modify itS gemonstrate that the fluorescence signal can by varied by almost
coherent pha}se structure or “chirp” by using optical elements 5oy at high photon flux. By immobilizing the protein in a
such as gratings, prisms, or bulk material. A short pulse has 416y5 gel and measuring the photobleaching dynamics as a
many frequency components, and putting chirp on the pulse fnction of chirp, we find that the photobleaching dynamics
delays some of those components with respect to others in thegre consistent with a thermal process on the ground state, rather
time domain. A positively chirped pulse has low frequencies
leading and high frequencies trailing, while a negatively chirped W (zé) g/l%lirr:ger,PJH S.;l(gagzdlhci)iséfé;gﬁgiigﬁran, A.; Goswami, D.; Warren,
pulse has the opposite frequency ordering. For a zero chirp orV: =.<J. “hem Fhys : -
transform-limited pulse, all the frequencies arrive at the same Leff)lggé“gg’z%'ég"ggg_en’ C.J: Wang, Q. Shank, C.Chem Phys
time. Note that we can modify the phase structure of the laser (6) Assion A.; Baumert, T.; Helbing, J.; Seyfried, V.; GerberGhem
pulse, and thus its temporal properties, without changing Phys Let;|1996 259k485|%—494. che. 1. ‘ , _
observables such as pulse energy or the power spectrum. Suc i|(57c))r:<oK R _Béc\g\?ve?]\{neg’r‘ \,Q .Vwﬁm%’”‘]'hK,r\j“.‘S\?ér;]' l?"%iisggf M.
chirped or shaped light pulses have been used to optimize|ett 1995 74 3360-3363. I T ’
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Figure 2. Absorption (dot-dashed line) and emission (dashed line)
§ spectra of the T203Y mutant of the green fluorescent protein (YFP),
§ \ along with the pulse spectrum (solid line).

[
w

Time the appropriate pulse chirp, according to Kasha’s rule the

Figure 1. Schematic of the pumpdump sequence of photon interac- population on_the higher excned_ state would quickly relax_ to
tions that leads to the dependence of the excited state population onth® lowest excited state and contribute to the fluorescence signal
the pulse chirp. The upper part of the figure shows the two electronic @S if nothing had happened. In other words, chirp-dependent
states of the molecule, with nuclear degrees of freedom represented agXcited-state absorption would be expected to have little effect
harmonic potentials. As the initially excited population slides down on the total fluorescence signal, unlike chirp-dependent stimu-
the potential energy surface, a negatively chirped pulse, represented inated emission, which depletes the fluorescent state permanently.
frequency and time in the lower part of the figure, can dump it back to

the ground state. A positively chirped pulse (not shown) discriminates Experimental Section

against this process, and population is trapped on the excited state. . . . .
The laser system used in these experiments is described elséwhere.

than an excited-state reaction. Thus we demonstrate that theBriefly, the output of a regeneratively amplified kilohertz Ti:Sapphire
techniques of quantum control are applicable to large biological [aSer system is used to pump an optical parametric amplifier (OPA)

systems, e.g. the YFP, and that we can use these techniques t8perating in the near-infrared. By tuning a birefringent filter in the
learn abé)ui ti’le behavior of such systems amplifier cavity, we shift the output pulses to shorter wavelengths,

A - - . . around 780 nm, which in turn allows the OPA to operate at shorter
A brief explanation of the effect Of_(_:h'rped pulses in exciting wavelengths. The output of the OPA is frequency doubled in a BBO
fluorescence from one-photon transitions is as follows. The full ¢rystal and the resulting second harmonic is tunable between 530 and

structure of the pulse can be viewed in a two-dimensional 650 nm4A typical pulse spectrum at 530 nm, along with the excitation
representation, such as the Wigner plot shown in Figure 1, whereand emission spectrum of YFP, is shown in Figure 2. The output pulse
one axis is optical frequency and the other is time. For instance, passes through approximately 20 cm of BK7 optical glass, and the
a positively chirped pulse has a positive slope in such a plot, resulting positive chirp is then compensated by double passing the beam
with frequency increasing as a function of time. When such a in a pair of 300 line/mm gratings. By changing the separation of the

pulse interacts with a molecular system, it excites population 9ratings, we can adjust the linear chirp over a wide rafigéie pulses
onto the excited state. This initial population is generally are measured by using a noncollinear polarization frequency resolved

nonstationary, since it is in a nonequilibrium position on the optical gating (FROG) techniqué.” The two beams in an autocorr-
ited Y, ial fq d P idl | elator are focused inta 1 mmthick piece of fused silica. The
excited state potential energy surface, and rapidly relaxes to polarization rotation of the probe beam due to the nonlinear Kerr effect

lower energies due to solvent reorganization and internal jnquced by the pump beam is detected and spectrally resolved in a
relaxation. If a lower energy photon then interacts with this monochromator coupled to a CCD detector. The resulting data sets
relaxing or fully relaxed population, it can stimulate emission are analyzed by using a standard FROG retrieval algorithm. When the
and put the molecule back on the ground state. Figure 1 showsgrating separation is set so that the linear dispersion of the BK7 is
a schematic of this “pumpdump” process for a negatively exactly canceled by the gratings, the retrieved intensity fwhm is 50 fs,
chirped pulse, where low frequencies trail high and such a Iim_ited by cubic phase d_istortio_n. Thus the sr_lortest pulse has no Iir_lear
process is favored. A positively chirped pulse, with the opposite chirp, but d_oe_s have residual hlgh(_ar order chirp tgrms a_md is not strictly
frequency ordering, discriminates against this process andtransform-llmlted. As the separation of the gratings is changed, the

maximizes the amount of population left on the excited state linear term dominates over the higher order terms and the pulse
Pop " lengthens symmetrically, as expected. For instance,'at +5000

It is this dependence of the excited-state population on chirp, e “the pulse width is approximately 300 fs, as determined by FROG
as measured by the total fluorescence signal, that we observeneasurements.

in YFP. This decrease in spontaneous emission with negative Concentrated YFP is obtained in a pH 7.5 buffered solution and
chirp is accompanied by an increase in stimulated emission duediluted to a concentration of 1,6g/uL with use of pH 7.5 HEPES

to the “dump” part of the pulselt should be emphasized that  (N-[2-hydroxyethyl]piperazine¥'-[2-ethanesulfonic acid]) buffered so-
this analysis assumes that only two electronic states, the groundution. A small amount of this solution is placed in a 20t path

and first excited state, are spectroscopically coupled. In a |arge|ength, rectangular' glass capillary tube and this is the .sample for the
organic molecule, sequential absorption to a higher lying excited fluorescence experiments. For the photobleaching experiments, the YFP
state may be possible. But while it is difficult to rule out such (14) Wilson, K. R.; Yakovlev, V. V.J. Opt Soc Am B 1997, 14, 444—
excited-state absorptions in the absence of detailed spectroscopie4?i5) Treacy, E. BIEEE] Quantum Electron196q 5, 454-458

data, their pr_edu_:ted effect on the chirp d(_apendence_ of the (16) Trebino, R.; Kane, D. . Opt. Soc A 1993 10, 11011111,
fluorescence is different from that of sequential absorption and  (17) kohler, B.: Yakovlev, V. V.; Wilson, K. R.; Squier, J.; DeLong,
emission. Even if the excited-state absorption was enhanced byK. W.; Trebino, R.Opt Lett 1995 20, 483-485.
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Figure 3. Dependence of the fluorgsce_nce of th? YFP on the p_ulse Figure 4. Chirp dependence of the measured fluorescence of the YFP
energy, showing the onset of saturation, i.e., a deviation from the linear at several different pulse energies (photon fluxes): 0.7 nJx5104

behavior indicated by the dashed line, at a pulse energy correspondingphotons/cm) triangles; 2.7 nJ (2.4 10% photons/cr), circles; and
to a photon flux of approximately 5 10 photons/cra 25 nJ (2.2x ’1016 phot(;ns/crﬁ squares ' '

is immobilized in an polyacrylamide gel matdk Typically, 9 uL of Figure 4 shows the change in the fluorescence signal of the
the dilute YFP solution was mixed with 10L of 40% (19:1) YFP in solution as a function of pulse chirp at various pul§e
acrylamide:bisacrylamide solution (Accugel, National Diagnostics) and €nergies, from the linear to the saturated regime. The first
1 uL of 1% ammonium persulfate solution and the mixture was placed important point is how the chirp behavior depends on pulse
in the capillary tube, which is then dipped into a 4% solution of TEMED energy. For the lowest energy pulses, we see that there is little
(N,N,N',N'-tetramethylethylenediamine) and distilled water. The small or no dependence of the fluorescence on chirp. In the low-
amount of TEMED soaked up by the capillary catalyzes the gel energy, linear-response regime, with a photon flux of G0
polymerization and leads to a solid sample containing YFP molecules photons/crd, the pump-dump sequence of photon interactions
whose spectrgl characteristics are similar to those of the protein in described in the Introduction has a low probability and the
aqueous solutioff i i relative ordering of the frequency components does not matter.
Both the fluorescence and photobleaching experiments are done byIn this regime, a YFP molecule on average only absorbs a single

focusing the excitation beam, with a diameter of 4 mm and a maximum hoton. and rarelv interacts with a second. At higher pulse
energy of 25 nJ, into the sample by using a 10 cm focal length lens. P ’ Yyl Wi : '9 pu

Assuming diffraction-limited focusing, the maximum peak intensity SN€rgies, the pumpdump sequence becomes more likely, and
in the sample is thus 1.7 101 W/cn?. The maximum energy density ~ the asymmetry with chirp begins to appear. At the highest pulse
per pulse is approximately 0.9 mJ/gntorresponding to a photon energies, where we are well into the saturated regime, there is
density of 2.2x 10 photons/crA The fluorescence perpendicular to  a dramatic change in the fluorescence output of the YFP as we
the excitation beam is collected with a:2@bjective lens and imaged  change the chirp, with positively chirped pulses resulting in 50%
onto a photomultiplier tube. No attempt is made to spatially resolve more fluorescence than negatively chirped pulses of the same
the emission. To prevent laser scatter from affecting these measure-energy. Note that this chirp dependence is consistent with a
ments, a cutoff filter at 590 nm is used in combination with a 589 Nm g4 ,ration process dominated by absorption and emission, rather

interference filter (3 nm bandwidth) so that only a narrow part of the - s :

YFP’s long wavelength fluorescence is detected by the PMT. Measure- ';]han by Ia bSOI’F;;[IOH and e;;CI'[?d statebabsorptlpn. ThteS? d?tﬁ.snow
ments of the long wavelength portion of the fluorescence spectrum . OW pulse conerence €tlects can become important at higher
with a CCD show no change in the spectral shape when the chirp of mtensmes Where ml_Jlt'ple photon 'nteracnons_ bec‘?me more
the exciting pulse is changed, implying that we are observing only fully likely. As low intensities, the phase of the pulse is unimportant,
relaxed fluorescence. Both the fluorescence signal and the excitationas predicted by the BrumeShapiro Emperor’s New Clothes

power are monitored with use of lock-in detection. Theoren¥® This theorem simply states that interference effects
(which are due to pulse phase terms) require at least two photons
Results and Discussion interacting with the sample and has been used to show that

guantum control of population distributions cannot be obtained

The dependence of the fluorescence output on pulse energyin the low-power, one-photon limit, no matter what the shape
for pulses of zero linear chirp is shown in Figure 3. The of the pulse.
departure from a linear dependence at a pulse energy of about One point worthy of discussion is the dip in the high-energy
5 nJ, corresponding to a photon flux ofs4 10" photons/crf, fluorescence data at slight negative chirps. This dip is reproduc-
signals the onset of saturation. Note that the peak intensity of ible and recent theoretical watksuggests that it results from
the femtosecond pulse corresponding to this photon flux (3.1 excited-state dynamics. Consider Figure 1: if the excited state
x 10" W/cn¥) is well above that at which saturation would be  wave packet dynamics are much faster than any pulse dynamics,
expected with continuous excitation, but since the sample only then the molecule is essentially a two-state system and whether
experiences this intensity for a short time, we do not invert the a pump-dump process is possible depends only on the sign of
entire population. The saturation observed in these experimentsthe chirp. In other words, the fluorescence dependence on chirp
is due instead to the pummlump processes discussed in the should look like a step function centered at zero chirp. If, on
Introduction, which in turn depend on the details of the pulse the other hand, the excited-state relaxation is not instantaneous,
spectrum and chirp. then there will be an optimum negative chirp that can follow
the motion of this nonequilibrium population as it relaxes. Such

(18) Dickson, R. M.; Norris, D. J.; Tzeng, Y. L.; Moerner, W.Etience
1996 274, 966—969. (20) Brumer, P.; Shapiro, MChem Phys 1989 139, 221-228.

(19) Dickson, R. M.; Cubitt, A. B.; Tsien, R. Y.; Moerner, W. Hature (21) (a) Cao, J.; Bardeen, C. J.; Wilson, K.RChem Phys Submitted
1997 388 355-358. for publication. (b) Fainberg, B. Ol. Chem. Physl998 109, 4523-4532.
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Figure 5. (a) Observed decays of fluorescence signal from YFP in a
gel matrix irradiated by positively (dashed line) and negatively (solid
line) chirped pulses. (b) Same as in part a, but with the decays
normalized to the average fluorescence signal.

a chirp will result in a minimum of fluorescence, which is what
we observe in Figure 4 agt' = —1200 f%. Absolute confirma-
tion that this is the optimal “dump” chirp would be provided

Bardeen et al.

purposes of comparison in Figure 5b. To within the experimental
accuracy, they are identical.

The fact that the photobleaching rates are identical for positive
and negative chirps strongly implies that excited-state photo-
bleaching plays a minor role. This conclusion is supported by
the results of other workers who found no indication of excited-
state reactions with £or triplet quenchers for a different GFP
mutant?* The isolation of the GFP chromophore in its protein
matrix may preclude it from encountering environmental
reactants during its residency on the excited state, and this same
protein matrix may also provide a mechanism for ground state
photobleaching. While positively and negatively chirped pulses
leave different amounts of population on the excited state, as
measured by the fluorescence, we expect that both pulses deposit
similar amounts of heat in the sample. This is because whether
a molecule falls back to the ground state via spontaneous or
stimulated emission, in either case it has undergone a Stokes
shift that has left a significant amount of heat in the sample.
Thus we would not expect to see a chirp effect if the
photobleaching is due to a thermally activated reaction on the
ground state, as suggested by Moerner and co-wotRdisis
analysis assumes that most of the relaxation (and concomitant
heat deposition) occurs within the chirped pulse width. For small
negative chirps, Figure 4 suggests that it may be possible to
dump the excited-state population before it has completely
relaxed. In this case it might be possible to observe an effect
on the photobleaching rate, since less heat would be left in the
sample.

The exact mechanism of GFP photobleaching is not well-

by a measurement of the stimulated emission collinear with the Understood, and in general may involve a number of ground-

excitation pulsé. Although there is an optimal chirp for
minimizing fluorescence, the maximum of the fluorescence is
basically constant for any positive chirp greater thah000

fs2. This robust quality of positively chirped pulses to maximize

population inversion has previously been observed both experi-

mentally and theoreticall§}2-2223Note that both of these chirps
correspond to pulses that are still relatively short, with durations
on the order of 100 fs or less.

The fact that we can change the excited state population o
the YFP by modifying the pulse chirp, without changing the

and excited-state reactioffsln any event, the lack of any chirp
dependence in the observed photobleaching rate of the YFP in
the gel suggests that the mechanism of photodestruction, for
excitation at 545 nm at least, is not due to excited-state
photochemistry. From Figure 2 we see that 545 nm is in the
low-energy wing of the absorption spectrum, and it is possible
that excitation at shorter wavelengths, which results in excited-
state populations with more excess energy, might result in some

fexcited-state chemistry. Tuning the OPA as far to the blue as

possible (530 nm) yielded no discernible chirp effect, however.

energy or spectral content, suggests that we might also be able

to modify a photochemical reaction rate in this way. If there is

a photobleaching reaction that occurs on the excited state of
e

the molecule, then a pulse that leaves more molecules on th

excited state will accelerate the photobleaching process. Thus

the rate of photoreaction for a positively chirped pulse should

be greater than that for a negatively chirped pulse, since the
latter pulse leaves less population on the excited state. We tes

this idea on YFP by immobilizing it in a gel matrix and

monitoring the rate of decay of the fluorescence as it is irradiated
by a pulse with a given chirp. Using a pulse centered at 545

nm leads to a difference in fluorescence signal of a factor of 2
when positive as opposed to negative chirp is used. Since
positively chirped pulse leaves a factor of 2 times more

population on the excited state than does a negatively chirped
pulse, the total number of molecules should decay more quickly

under irradiation by a positively chirped pulse. The decay of

the fluorescence takes place on a time scale of seconds and th

two curves, corresponding to linear chirps 6#800 2, are

shown in Figure 5a. The curves have been normalized for

(22) Cao, J.; Bardeen, C. J.; Wilson, K. Rhys Rev. Lett 1998 80,
1406-14009.
(23) Ruhman, S.; Kosloff, R]. Opt Soc B 199Q 7, 1748-1752.

a

Conclusions

Only a few years ago, quantum control was largely a
theoretical concept, applied only to small, isolated molecular
systems in the gas phad&he data presented here clearly show
that quantum control techniques may be applied to molecules
falt least as large as proteins in complicated environments such
as room temperature liquids. By changing the chirp of the
excitation pulse, the electronic state population transfer in a large
protein can be controlled in a manner similar to that which has
been demonstrated in smaller molecules. Application of chirped
pulses to the photobleaching of YFP has also provided clues to
the mechanism of photobleaching, suggesting that it is thermal
in origin and is an unavoidable consequence of laser heating.
This work demonstrates that the techniques of quantum control
may be used not only to control molecules, but also to obtain
useful information about their dynamics. Recent advances in

Giltrafast pulse shaping technol@§y?® should make it possible

(24) Swaminathan, R.; Hoang, C. P.; Verkman, AB&phys J. 1997,
72, 1900-1907.

(25) Brejc, K.; Sixma, T. K.; Kitts, P. A.; Kain, S. R.; Tsien, R. Y.;
Ormo, M.; Remington, S. Proc. Natl. Acad Sci U.SA. 1997, 94, 2306-
2311.
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