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ABSTRACT

Polarized time resolved fluorescence measurements are used to characterise the structure of the two-photon tensor in the
enhanced green fluorescent protein (EGFP) and predict the “hidden” degree of hexadecapole transition dipole alignment
{auo) created by two-photon absorption (TPA). We employ a new method for the accurate STED measurement of the
evolution of {au0) by analysing the saturation dynamics of the orthogonally polarized components of two-photon excited
EGFP fluorescence as a function of the time delay between the 800 nm pump and 570 nm dump pulses. The relaxation of
{(aa0) by homo-FRET is found to be considerably greater than that for the fluorescence anisotropy which directly
measures the quadrupolar transition dipole moment alignment {@z0). Our results indicate that higher order dipole moment
correlation measurements promise to be a sensitive probe of resonance energy transfer dynamics.

Keywords: Two-photon, molecular alignment, FRET, rotational diffusion, Stimulated Emission Depletion, STED,
fluorescent protein.

1. INTRODUCTION

In recent years, stimulated emission depletion (STED) from electronically excited states has found wide application as a
means of achieving sub-wavelength image resolution in fluorescence microscopy'. STED, however, has its origins in
high resolution spectroscopy with the ability to access high lying vibrational levels in molecular ground states that could
not be probed by conventional absorption techniques®. STED has also been applied to time resolved spectroscopy? and in
the study of ultrafast vibrational relaxation dynamics within ground and excited electronic states*. In parallel to these
developments, we have shown that polarized time-resolved STED can be used to circumvent single-photon electric
dipole selection rules® and allow the investigation of molecular orientation dynamics that are inaccessible to single
photon spectroscopies®!!. Here we review the use of this latter property of STED to observe hitherto “hidden”
hexadecapolar energy transfer dynamics arising from homo-FRET in two-photon excited enhanced green fluorescent
protein (EGFP).
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1.1 Orientational Distribution Function

Short pulsed polarized laser excitation gives rise to an initial anisotropic distribution of molecular frame orientations in
the laboratory frame of reference. In linearly polarized single- and multi-photon absorption, the excitation process has
cylindrical symmetry about the polarization vector of the light'>!# which defines the laboratory frame Z-axis. Emission
from the excited population is characterised by a rearrangement of electronic charge in the molecular frame giving rise to
an emission transition dipole moment. The probability of finding an emission transition dipole moment oriented between

the polar angles @ and 8+ 86, @ and @+ S¢ can be expressed in terms of a spherical harmonic expansion'>~!7

Py (6,8,1=0)=3(Cy,(0))Y,, (6,9) (1

K0

The expansion coefficients {(Ckq(0)) define the moments of the distribution. As the excitation process has cylindrical
symmetry about Z with an isotropic ground state population, this symmetry is transferred to the excited state distribution

function and only even rank moments with Q) =0 terms are allowed. As a result, the expansion can be reduced to an

expansion in terms of Legendre polynomials of rank K,

PEX(x,t=0)=;+Zij) 2K+1<aK0(0)>PK(x), x=cos0 )

K>0

where {ako(0)) are the normalized moments of the distribution

(@xe (0))=(Cxo (0))/{Cun (0)) )

The excited state (transition dipole) population distribution is given by
Ny (x,8)= Ny (£) Py () 4)

where N, (t) is the total excited state population present at time ¢ For single-photon excitation from an isotropic

ground state distribution, the expansion terminates at K=2. With two-photon excitation, the expansion contains both
quadrupolar (K=2, (a20)) and hexadecapolar (K=4, (o)) degrees of transition dipole alignment. The fluorescence

anisotropy from the excited population is directly proportional to {eaz0)'?,

R(t)=(a, (1))/5 )

Electric dipole selection rules do not allow the contribution of moments greater than K=2 in spontaneous emission!>!6!18

and the direct observation of {auo) is not possible. For isotropic solutions, in the case of small step single axis symmetric

rotational diffusion with diffusion coefficient D, the moments of P, (x ,t) evolve according to'>1%20,

(a0 () =@y, (0))exp[ DK (K +1) ¢] 6)
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The time dependent orientational distribution function for an even ordered array of transition dipoles is therefore,

Poc(x0) =2+ 2 (1+(-)" ) 2 o, (0)>exp(r_t] P (x) )

K>0 Ko
where, Ty =1/6D, 17,,=1/20D=0.37,,,"--7,, = 67,,/ K (K +1) (8)

Knowledge of one correlation function should provide complete information on the evolution of all other moments of the
distribution. This relationship had not been tested experimentally until the development and application of six wave

1.2! and Meech and co-workers?? in which non-centrosymmetric order, characterized by

mixing techniques by Charra et a
K=1 (dipolar alignment or orientation) and K=3 (octupolar alignment), is created and probed by six wave nonlinear
optical mixing with pump and probe fields at ® and 2. If molecular motion is no longer diffusive (e.g. co-operative),
Equation (8) no longer applies and the time evolution of moments in addition to {(a20) will provide new information and

test dynamical theories?.

1.2 Depolarization Dynamics and Resonance Energy Transfer

Fluorescence depolarization can also result following resonance energy transfer’*26. In the case of transfer between
identical molecules (homo-FRET), migration of the initial excitation to surrounding molecules leads to a partial (time-
dependent) randomization of the emission dipole moment alignment in the laboratory frame. Homo-FRET fluorescence
depolarization has been investigated in Langmuir-Blodgett films?’ and between rigidly held® and rotationally

29,30

diffusing*”*" molecules in isotropic fluid media. To date we are unaware of any measurement or theoretical modeling of
FRET depolarization (homo- or hetero-transfer) other than {az0). Given the intrinsic and greater sensitivity of (auo) to
small step angular averaging as compared to {ano) (see Equation (8)), it is reasonable to expect that the degree of
hexadecapolar depolarization due to energy migration will be more pronounced, affording the possibility of detecting
and potentially quantifying energy transfer dynamics at lower concentrations (greater intermolecular distances) than
permitted by conventional fluorescence anisotropy measurements. Theoretical treatments of time dependent fluorescence
depolarization due to resonance energy transfer (homo-FRET) in the presence of molecular rotation have been advanced

by a number of groups®>*!. For EGFP, where the intrinsic rate of rotational depolarization is slow, the fluorescence

anisotropy has been successfully modelled assuming independent molecular reorientation and FRET depolarization®,
3 12
R(f)= R(O)exp(—t/z‘zo)exp(—(CRo /375)(¢/z,.) ) , ©)

where C is the concentration (in mM) of EGFP and Ry is the Forster radius (in nm) for homo-transfer. From
spectroscopic measurements a value for Ro for homo-transfer in EGFP of 4.65 nm has been reported?, however fits to
R(?) data using Equation (9) yielded a significantly larger value of 7.3(£0.1) nm*°. In order to accurately determine the
structure of the two-photon transition tensor in EGFP, both time resolved linear and circularly polarized anisotropy

33-35

decays are needed’. These were recorded using time correlated single photon counting at a concentration of 1 uM
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(see Figure 1(a)) where, from Equation (9), the contribution from homo-FRET to the EGFP anisotropy decay is seen to
be negligible (3x107 % ns™!' for Ro=4.65 and 1.3x102% ns™! for Ry= 7.3 nm).

(@) (b)
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0_5_- - — Rotational Diffusion 19.5 ns
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0.0 : . . , . . .
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Figure 1(a). The fluorescence anisotropy decay of a 1 uM solution of EGFP in phosphate-buffered saline (PBS) following
linearly polarized two-photon excitation at 800nm. (b) Fits to simulated data using Equation (9) to observe the effect of

homo-FRET on the anisotropy decay time.

In our laboratory, time resolved STED measurements made using a streak camera system require EGFP concentrations
in the region of 40 uM™». At these concentrations, the measured fluorescence anisotropy decay, whilst yielding a
comparable initial anisotropy to that at 1 uM (0.54 £ 0.01) had a shorter correlation time of 17.3(£0.9) ns. The faster
decay indicates the presence of homo-FRET depolarization but was still well fitted by a single correlation time. To
investigate this further, we simulated fluorescence anisotropy decays in MATLAB (The Mathworks)!!, based on
Equation (9), for a 40 uM solution of EGFP using the average fluorescence lifetime of 2.75 ns** an intrinsic rotational
correlation time of 19.5 ns and an initial fluorescence anisotropy of 0.552, taking values of Ry from 1 nm to 10 nm. All
decays were well fitted by a single exponential. A second order polynomial fit to the data points (see Figure 1b) indicates
that the 40 uM correlation time of 17.3(+0.9) ns we observe corresponds to Ro = 7(£1) nm. Homo-FRET is thus an active
depolarization mechanism for the quadrupolar transition dipole moment alignment and, in addition to molecular rotation,

can also be expected to influence the relaxation of the hexadecapolar alignment prepared by two-photon excitation.

2. TWO-PHOTON EXCITED STED
A schematic Jablonski diagram illustrating the principles of STED following TPA in EGFP is shown in Figure 2(a). TPA
at 800nm of a 200fs laser pulse (pump) is followed by rapid radiationless relaxation (tic) to lower vibrational levels of

the S; singlet state. Application of a time delayed (4f) dump pulse leads to the preferential photo-de-selection of
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molecules whose transition dipole moments are closely aligned to the dump polarization. As a result there is an abrupt
change in the fluorescence anisotropy in addition to the polarized and total fluorescence intensities. The efficiency of
STED is, in addition to the STED cross section and orientational factors, dependent on the depopulation rate (1/¢vis) of
the terminating vibrational levels in Sy compared to the duration of the dump pulse (¢p). If #p is shorter or comparable to
tvi, re-pumping of S; becomes more marked with increasing dump energy and the degrees of population depletion and

fluorescence depolarization are seen to saturate®®. Typical results for EGFP are shown in Figure 3.

(a) A = (b) Fluorescence
S, hic  PUMP DUMP P :
=t At N 800 nm — v
5, n oL DUMP F]‘:'I ﬁ
A" | Fstep /
PUMP DUMP !"[l] Streak Camera
Analysing Polariser IL.oy—L. (0
# T s il -
I, +21,0
o p At
: VIB
Si—

Figure 2: (a) Spontaneous and STED induced photophysical pathways following near infrared TPA (pump pulse). Following
linearly polarized TPA there is rapid relaxation (tic sub-ps) to low lying vibrational levels of Si. At an experimentally
variable time At a linearly polarized dump pulse is applied which removes population from Si. (b) The time resolved
intensities for fluorescence polarized parallel (V) and perpendicular (H) to the excitation pulse are recorded by imaging the
depletion region onto the entrance slit of a streak camera. From: T. A. Masters, N. Robinson, R. J. Marsh, D. A. Armoogum,
T. S Blacker B. Larijani, and A. J. Bain. J. Chem. Phys. 148, 134312 (2018): used in accordance with the Creative
Commons Attribution (CC BY) license.

2.1 STED Depletion Theory
In our experiments, the picosecond timescale of STED is significantly shorter than both the molecular reorientation and
fluorescence lifetimes of EGFP and these contributions to the depletion dynamics can be neglected. With the sole

approximation of a constant dump intensity over a time duration ¢, the rate equations for induced transitions between

the excited state and the (initially unpopulated) upper vibrational levels of the ground state (see Figure 2(a)) immediately

following the application of the dump pulse ¢ =At +#p is given by,
Ny (x,At + tD) =N, (At)PEX (x,At)x Gounp
exp(= (1, /ty +28%° +4)2) [T b
Goump = 2d [ﬁ(éxp(d)—l)+d(exp(d)+l):| (12)

d= \/(tD t) +487x*
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The STED observables are thus,
F, =1—UG,,UM,,NEX(x,At /_[ Ny (x,40) dx}
%
F! = [ j Gouna N px (3, A8) x*dx / [ Ny (x,41) x }
o [jGDUMPNEX(x ar)(1-x? /jNEX (x,41)(1-x )dx}
AR = R(At)—%[ _[1 Gponap NV px (%,48) (337 — 1) dx / ‘[ Gpunr N ix (x,At)dx]

(13)

The integrals in Equation (13) were calculated using Mathematica (Wolfram Research). Figure 3 shows simulations of
these as a function of S for values of #p/tvip ranging from 50 and 0.02 for a two-photon excited population with an initial
anisotropy and hexadecapolar alignment of 4/7 and 8/21 respectively. Population depletion and depolarization are both

maximized with increasing fo/tvis; F,, F, and F) are seen to saturate in the region where § > 6 with close to 100%

depletion achieved when tp/tvis = 50. The maximum degree of population depletion attainable decreases as tp/tvis is
reduced. When #p and #y1s are equal this is approximately 0.68. When tyis >> #p, the population removed as the dump
pulse is applied becomes bottlenecked in the upper ground state vibrational levels and the maximum degree of
population depletion that is attainable tends to 0.5. This corresponds to the limit observed in the continuous wave optical
pumping of a two-level system in the absence of spontaneous emission®®, The change in fluorescence anisotropy shows a
high degree of sensitivity to the degree of excited state re-pumping. When #p/fyig = 50, the change in fluorescence
anisotropy closely follows that observed in the limit of no excited state re-pumping. As #p/tvip decreases, the anisotropy
no longer rises with increasing § but reaches a plateau and then decreases. When #p/tyzg = 10, the maximum anisotropy

change that can be induced is 0.29 (§=11.62). When ¢, /¢, =1, this reduces to approximately 0.047 ($= 1.68). At lower

VIB
values of tp/tvis, this form of the induced anisotropy is retained with a lower peak in AR occurring at a lower value of S
(to/tvie =0.02 AR=3.29x102 & S=1.14) with AR tending towards zero thereafter. With a population bottleneck in the
lower level and in the absence of orientational relaxation, re-pumping of the excited state simply replaces the molecular

transition dipole moment orientations that are initially removed as the dump pulse is applied.
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Figure 3: Simulation of F,, AR, F) and F)' against dump energy (§ = g7 E e/ ARV, ) for a population of two-

photon excited molecules with an initial cos?8 orientational distribution ({ot20(At=0)) = (4/7)\5, {ouo(At=0)) = 8/21), as a
function of tp/tvip (the dump pulse width to ground state relaxation time ratio). From, T. A. Masters, N. Robinson, R. J.
Marsh, D. A. Armoogum, T. S Blacker, B. Larijani, and A. J. Bain, J. Chem. Phys. 148, 134312 (2018): used in accordance

with the Creative Commons Attribution (CC BY) license.

2.2 Hexadecapolar alignment measurement by STED
Simulations of the four STED observables with {auo) as the only variable parameter are shown in Figure 4. It can be seen

(Figure 4(c)) that F) shows negligible {(auo) dependence at low and high values of § with a very slight variation in the
turn over region. With increasing (a4o) in the high § limit, FJ and F, are reduced whilst the degree of STED
depolarization AR increases. The measurement of F) has a considerably lower degree of experimental uncertainty than
AR and given the prior determination of #p/tyis, from F) and knowledge of R(4#), analysis of F, data should be the

most accurate means of determining (au0). Measurement and analysis of Ii{f) and In(f) are also independent of any
experimental g-factor arising from a polarization bias in fluorescence detection or (small) differences in the collection

times of the two datasets.
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Figure 4: A simulation of the dependence of STED fluorescence observables on the degree of initial hexadecapolar (K = 4)
alignment with #p/fyzs = 7 and an initial quadrupolar alignment (0t20(0))/N'’5 = 0.54. From, T. A. Masters, N. Robinson, R. J.
Marsh, D. A. Armoogum, T. S Blacker, B. Larijani, and A. J. Bain, J. Chem. Phys. 148, 134312 (2018): used in accordance
with the Creative Commons Attribution (CC BY) license.

3. EXPERIMENTAL
The experimental apparatus utilised to measure time resolved STED dynamics has been described in detail previously!!.
Two-photon excitation of a 40 uM solution of recombinant EGFP in phosphate-buffered saline (PBS) at 800 nm was
achieved using the partial output (55 nJ, 140 (FWHM) pulses at 250 kHz) of a regeneratively amplified Ti:Sapphire laser
(Coherent Mira 900F, Coherent RegA 9000). Depletion pulses were derived from an optical parametric amplifier (OPA,
Coherent 9400). The ca. 200 fs (FWHM) output pulses of the OPA (561-626 nm, maximum energy 300 nJ) were
temporally stretched using holographic grating pair (2400 grooves/mm, Optometrics LLC) to around S5ps in the

determination of { quo)'!.

3.1 STED data analysis
We model the depletion curves using Equations (16) to (19), inputting {(a20(47)) and {ao(4?)) which characterise

P, (x,At) , and tp/tvig ,which in turn, governs Gpume. In addition, it is necessary to determine the scaling parameter Sp
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which connects the dump pulse energy (Epump) to the saturation parameter S'!. The pre-dump orientational distribution

at time At following excitation can be calculated from,

At(ns)

P,y (x,40)=— {1+ [054]ex[ s ](3x2—1)+<a40(At)>%(35x4—30x2+3)} (14)

where 0.54 is the measured initial anisotropy in the absence of the dump pulse and 17.3 ns is the corresponding decay

time. In the case of F) measurements, where the variation in {ouo(4#) makes a negligible contribution to the depletion

curve, we can safely approximate the un-dumped orientational distribution by,

17.3 0.3x17.3

P, (x,4t) = %l:l+§[0.54]exp[— M](3x2 ~1)+ [0.381]exp[—M]§(35x4 ~30x7 + 3)} (15)

where 0.381 is the predicted value for (oo(0)) based on the two-photon polarization measurements performed
previously®3. We also assume the relationship between 70 and 720 set out in Equation (8). In generating model curves to

fitto F, lfl , {040(A7)) becomes a fitting parameter in its own right,

At (ns) 5 3 4 )
= — = — 16
P, (x,41) = {1+ [0.54] exp [ s ](3x 1)+(a, (4r)) . (35x*—30x*+3) (16)
Model saturation curves were generated using Mathematica (Wolfram Research). For any given combination of At, Se,
{00(49)) and tp/tvip, model data points were calculated for § = Epump/Sp. Custom written Python scripts performed least-
squares fitting of the model curves to the experimental data. The best fitting curves were judged as those that minimised

the sum of the residuals weighted by the experimental uncertainties on the data points.

4. RESULTS

The hexadecapolar alignment measurements yielded values for {auo) for pump probe delay times spanning 200 ps to 3
ns, shown in Figure 5. The data can be fitted to a single exponential decay with a correlation time of 3.388 ns. This is
considerably shorter than that predicted for pure rotational diffusion (5.19 ns) and that obtained assuming the zo: 720
relationship (Equation (8)) holds in the presence of rotational diffusion and Homo-FRET. We can estimate the K=2 and

K=4 homo-FRET rates from the difference between the measured and pure rotational diffusion rates,

H e (1 / Z_Mmsured ) (1 / z_Rammm ) (17)

This gives intrinsic Homo-FRET rates for K=2 and K=4 dipole alignment depolarization of 6(+3)x10° s and 1.2(0.3)
x10% 57! respectively, a ratio of ca. 19:1 as opposed to 10/3:1 for pure rotational diffusion. The hexadecapolar transition

dipole alignment appears considerably more sensitive to homo-FRET than the fluorescence anisotropy. The form of
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hexadecapolar dipole relaxation in the presence of homo-FRET has yet to be derived theoretically. With the assumption
that, as in Equation (9), the overall correlation function can be described by the product of the correlation function for
rotational diffusion together with that for energy migration®®, the hexadecapolar dipole alignment dynamics would take

the form,

R,(K =4)’

/
e (/7 )"’ (18)

<a40 (At)> = <a40 (ar= 0)>exp(—10t/3‘r20 )exp| —C
where Ro(K=4) corresponds to the apparent Forster radius for hexadecapolar depolarization. A least squares fit to the
data taking 720 = 19.5 ns and zr = 2.75 ns yields an initial value for {au0(0)) of 0.39(+£0.2) and a value for Ro(K=4) of
15(£1) nm. The increase in the apparent Forster radius for homo-FRET over the value of 7 nm obtained above and in
previous work®® for fluorescence depolarization is a necessary consequence arising from the need to account for the
increased degree of homo-FRET depolarization in (cuo(4?)) as is evident from Figure 5. Setting {a40(0)) at 0.381 as we
previously predicted for an emission dipole moment direction of 5.5° relative to the transition tensor axis® yields a

similar value for Ro(K=4) of 15.0(£0.5) nm.
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Figure 5 (a) Hexadecapolar transition dipole alignment as a function of pump-dump separation. The data can be fitted to a
single exponential decay of 3.388 ns, faster than the predicted decay for pure rotational diffusion (5.85 ns) and a single
exponential decay of 5.19 ns assuming the relationship between wo and 720 (Equation 8) holds in the presence of homo-
FRET. (b) A fit to the data using Equation (18) yields {au0 (0)) = 0.39(£0.02) and Ro(K=4) =15.5(£1.3) nm. The vertical line
indicates the uncertainty in {aao (0)). From: T. A. Masters, N. Robinson, R. J. Marsh, D. A. Armoogum, T. S Blacker B.
Larijani, and A. J. Bain. J. Chem. Phys. 148, 134312 (2018): used in accordance with the Creative Commons Attribution
(CC BY) license.

Proc. of SPIE Vol. 10672 106720Y-10

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 5/15/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



5. CONCLUSIONS
The hexadecapolar transition dipole alignment dynamics, to the best of our knowledge, are the first measurement of
higher order (rank K>2) dipole moment correlations in resonance energy transfer. The increased sensitivity of the
hexadecapolar alignment to depolarization over that reported by the fluorescence anisotropy is marked. Our results point

to the perhaps not unexpected departure from the small step rotational diffusion relationship that exists between K=2 and

K=4 dipole relaxation. We expect that the ability to probe higher order dipole alignment transfer in hetero-FRET would

34,35

also provide a useful adjunct to current time resolved polarization techniques®**> yielding new information and a clearer

insight into resonance energy transfer dynamics.
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