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ABSTRACT Variants of Green Fluorescent Protein (GFP) are in widespread use as genetically-
encoded labels for biological imaging. Excitation of its neutral phenolic ground state chromophore
populates an emissive anionic phenolate state via excited state proton transfer (ESPT) to E222
along a molecular wire. Computational studies indicate that ESPT fits to an electronically adiabatic

rate expression. Although reactions that operate close to the adiabatic limit can be sensitive to



environmental dipolar relaxation, little is known about the role of such relaxation during ESPT in
GFP. We present the first experimental evidence that dipolar relaxation of the protein matrix
occurs during ESPT in response to the change in charge density distribution in the excited state
GFP chromophore and is a key determinant of the reaction pathway. Using fluorescence
spectroscopy, we excited along the red edge of the neutral phenolic ground state absorption band
of several GFP variants with differing chromophore environments. Instead of resulting in a
significant red shift of the centre of spectral mass (CSM) of the emission spectra common for
biological chromophores such as tryptophan, the CSM of each GFP variant remains almost
unchanged as a function of excitation wavelength. This is consistent with each sub-population
that is selectively excited along the red edge reaching the same, fully relaxed state before emission
of a photon. The kinetics of environmental dipolar relaxation are therefore on the same sub-
nanosecond timescale as ESPT, which provides an explanation for its adiabatic nature and could

inform the rational design of novel fluorescent proteins with tailored photophysics.



Introduction

Molecular chromophores are found throughout nature. Their varied, conjugated structures mean
they absorb wavelengths from the ultraviolet B (UVB, ~260 nm)!-* across the visible to the near
infrared (NIR, ~ 1000 nm).* Some, like the Green Fluorescent Protein (GFP) chromophore, have
evolved (and been further engineered) to be efficient re-emitters of light.>® Others use the absorbed
energy to trigger chemical or structural changes,” ' but in many contexts exploit their molecular
properties to support light-independent redox'! or structural'? functions. Irrespective of their
primary function, light absorption results in a change in electron density distribution within the
chromophore, and hence a change in the magnitude and direction of its dipole moment. Such a
change will in turn elicit some sort of response from the environment, such as dipolar relaxation
of neighbouring molecules (solvent, protein side chains, etc.) to accommodate the changes in
dipole moment, which in turn can influence the reaction dynamics.!* !4

If the chromophore is fluorescent, this environmental response can influence the spectral
properties of the emitted light. In particular, if excitation occurs at increasingly longer wavelengths
along the red edge of the chromophore’s absorption band it is possible to observe a shift in the
inhomogeneous broadening of the resulting emission spectra. Although related, analysis of such
‘red edge excitation shift’ (REES) effects is distinct from the acquisition of fluorescence excitation
spectra and yields additional information. An excitation spectrum measures the intensity at a single
emission wavelength as a function of excitation wavelength. By contrast, REES analyses the shape
of the emission spectrum as a function of excitation wavelength and does so in a way that is
independent of emission intensity. Careful REES analysis can therefore elucidate rich spectral
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information on the environmental dynamics of the chromophore, including in biological



systems, !’

and is unaffected by environmental effects that might result in quenching of the
fluorescence intensity but otherwise leave the shape of the emission spectrum unchanged.

In this study, we use REES to investigate the environmental dynamics of several GFP variants.
We find a near-complete absence of a red edge shift, in stark contrast to typical biological
chromophores. These results provide direct experimental evidence that the protein matrix
undergoes sub-nanosecond dipolar relaxation that is concomitant with excited-state proton transfer
(ESPT), thereby explaining the reaction's adiabatic nature and revealing environmental dynamics
as a critical component of the proton transfer pathway.

To illustrate the REES effect, we have probed the environmental dynamics following the
photoexcitation of the amino acid tryptophan (Trp) in water'® using fluorescence spectroscopy
(Figure 1, see Supporting Information for methods). The nature of the conjugated indole moiety
of the Trp sidechain has three main implications in context: i) it is an intrinsic fluorescent reporter
in proteins, absorbing UVB (Amax ~280 nm) light and emitting in the UVA (Amax ~350 nm); ii) the
steric bulk of its sidechain compared to other canonical amino acids coupled with its ability to
contribute to both hydrophobic and H-bond interactions means it often plays a structural role; and
1i1) it can stabilize charge and unpaired electrons and is thus redox-active. Its fluorescence signal
can therefore report on both structural and functional changes in proteins. Following
photoexcitation at its absorbance maximum in water (huvrc, Figure 1, centre), although the
direction and magnitude of the Trp dipole moment changes (Figure S1a and Table S1), the solvent
dipoles are initially arranged around the resulting Frank-Condon (FC) state in a way that is still

complementary to the ground state dipole moment of Trp. Following vibrational relaxation (kv),

depending on the relative kinetics, the Trp might fluoresce from the FC state (kr1, ~v1) or the



solvent dipoles might relax (kr, dipolar relaxation) to complement the excited state dipole before

fluorescence (kr2, h1n) from the ‘relaxed’ state (R state).
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Figure 1. Red-edge excitation shift (REES) effect illustrated using the example of Trp in water.
Exciting along the red edge of the Trp absorption spectrum (left) selects for different populations
between the high and low limits of the range of interaction energies between the chromophore and
solvent dipoles (centre). This results in a change of the inhomogeneous broadening of the Trp
emission spectra (right), which can be analysed by plotting the centre of spectral mass (CSM) as a

function of excitation wavelength (Aex, right inset). See main text for full description.

In the Trp ground state, there are various subpopulations where the solvent dipoles are arranged
between the limit where they are entirely complementary to the ground state dipole (main
population) and the limit where they are entirely complementary to the excited state dipole (minor
population). Exciting Trp along the red edge of its absorption spectrum in a stepwise manner
(Figure 1, left) selects for each of these sub-populations. For the dataset in Figure 1 kr1 > kg, and
excitation close to the absorbance maximum therefore results in Trp mostly emitting from the FC

state before significant dipolar relaxation. Excitation at the longest wavelength of the red edge



only populates the R state (hvr), and emission is thus only from this state irrespective of the
relative values of kr and kr. The peak position and extent of inhomogeneous broadening in the
emission spectra vary between these two extremes in a manner that is independent of the emission
intensity (Figure 1, right). By integrating the area under each emission spectrum, the centre of
spectral mass (CSM, see equation 1 in the Supporting Information) can be determined and plot as
a function of excitation wavelength (Aex), yielding a sigmoidal relationship (Figure 1, right inset).
The nature of the sigmoidal relationship varies depending on the environmental dipolar relaxation
around the chromophore. Thus, spectroscopic access to the ensemble of interaction energies
between the Trp chromophore and its environment is available.'® This fact has been exploited to
provide insights into the structure of Trp-containing proteins and peptides using REES, including
their conformational dynamics and stability. & 17- 1923

We have used REES to elucidate the nature of the environmental response to excitation of the
neutral phenolic GFP ground state chromophore and conversion to the emissive anionic phenolate
state via ESPT.**?¢ In Aequorea victoria GFP (wildtype, AvGFP), the chromophore (CRO) is
formed by the covalent rearrangement of three contiguous residues (S65-Y66-G67, Figure 2a).?’
The chromophore lies within a helical segment that transverses the centre of the p-barrel
structure.”® The phenol hydroxyl group of the chromophore exists as two states in A4vGFP: the
major, neutral phenolic form (CRO-A state) and a minor, phenolate anionic form (CRO-B state;
Figures 2b and c).?*** Mutations®!** and environmental (e.g. pH>*) changes can change the relative
populations of the two states. The chromophore has two distinctive deprotonated emissive excited
states, the B* and the I* states. The B* state can be populated directly by excitation of the CRO-

B state (Amax ~ 475 nm) and emits at Amax ~ 503 nm.?” ¥ Alternatively, an intermediate emissive

state (I* state) can be populated indirectly by excitation of the CRO-A state (Amax ~ 395 nm), which



triggers a sub-nanosecond ESPT from the chromophore (A* state) to E222 via a molecular wire
comprising a water molecule (W22) and S205 (Figure 2a).>¢-*” This pathway results in slightly red-
shifted emission (Amax ~ 508 nm) in comparison to emission from B* state. The structural
environment of the I* state remains similar to the A state; the structure can relax to the B* state
(Figure 2b)*® but the barrier to this is relatively high and is thought to be rare on the fluorescence
lifetime.> GFP has been extensively engineered for this fluorescence to aid with imaging within

cells, but what can the same fluorescence tell us about the dipolar dynamics around the

chromophore?
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Figure 2. a) GFP chromophore and its dipole moments for AvGFP. The water (W22) and residues

(S205, E222) involved in the ESPT ‘wire’ are highlighted. The directions and relative amplitudes



(arrow length) of the dipole moments have been calculated for the chromophore (Table S1) and
are indicated for neutral ground (A, red) and excited (A*, blue) states, and the anionic excited state
(B*, yellow). b) Jablonski diagram showing direct (B—>B*) and indirect (A—>A*—1*) population
of the fluorescent, anionic excited state. Relative energy levels are determined for AVGFP37 and
could vary between GFP variants; colour coding the same as panel (a). c-e) Absorption (orange)
and emission (blue) spectra of the three GFP variants measured: AvGFP (c¢), stGFP H148C (d),

and mAmetrine (e). The range of REES excitation wavelengths are highlighted (light orange).

Results
Here, we have focused on AvGFP and two variants engineered from AvGFP (Figure Slc). The

sfGFP H148C variant is an engineered version of the “superfolder” GFP*’ with the H148C
mutation to promote formation of CRO-OH.***! The spectral properties of sftGFP H148C confirm
that the CRO-A (Amax 398 nm) dominates over the CRO-B (Amax 497 nm; Figure 2d). The second
variant, mAmetrine,*? is also an extensively engineered version of AvGFP (Figure S1c) that almost
exclusively populates the CRO-A ground state (single Amax at 406 nm) and has a large effective
Stokes shift owing to a chromophore environment that includes n-r stacking interactions with the
chromophore and hence a negligible CRO-B absorption (Figure 2¢).

The fluorescence REES data were acquired by exciting the A band of the GFP variants from 400
to 440 nm (from 404 to 460 nm for mAmetrine) by 2 nm steps and collecting emission spectrum
after each excitation wavelength from 495 to 630 nm (from 490 to 670 nm for mAmetrine). An
equivalent dataset was collected with buffer which was then subtracted from the GFP data to
correct for the water Raman peak. The data were collected in triplicates at 20 and 50 °C, maintained
by a temperature-controlled cuvette. For each buffer-corrected spectrum, the CSM was calculated

according to Eq. 1.
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For each excitation wavelength the mean and standard error of the CSM was then calculated
from the triplicates of such values. By acquiring REES data for GFP variants with a dominant A
band in its absorption spectrum and a large Stokes shift (Figures 2¢-¢), we maximise the extent of
the red edge we access before the excitation light interferes with the emission signal and hence
maximise the coverage of environmental sub-populations of the CRO-A state. This enabled us to
make inferences about the environmental dipolar relaxation dynamics during ESPT.In sharp
contrast to Trp in water (Figure 1), an almost negligible REES effect is observed for each of the
GFP variants measured (Figure 3). For AvGFP, there is a < 1 nm red shift around 508-509 nm in
the emission profile measured at two different temperatures (20 and 50 °C; Figure 3a), with the
observed REES effect at each temperature smaller still (Figure 3a inset). A similar trend is apparent
for the AvGFP CSM, which shows an essentially flat profile as a function of Aex when plotted on
the same scale as the Trp data (Figure 3b). REES effects are expected to reduce at higher
temperatures because the rate of dipolar relaxation (kr) will be greater, and hence emission from
the R state is likely to dominate.* Aside from the slight red shift in emission wavelength noted
above, any changes in the REES profile with temperature are negligible (Figure S2a), which
suggests that emission is predominantly from the R state at both temperatures. At both
temperatures, the CSM ultimately blue shifts slightly (Figure S2) at the far red edge,?” when signal
from the B state begins to contribute to the emission signal (Figure S3). To investigate the origin
of the flat REES profile, we calculated the dipole moments of the AVGFP chromophore (Figures
2a and Table S1; see Supporting Information for methods). Although there is only a small change
in magnitude and direction between the A and A* states, consistent with what has been measured
experimentally,** there is a significant change in direction between the protonated and excited

anionic states. (The dipole moment for the CRO anionic excited state was calculated for B*.



Although the protonated E222 near I* might partially influence the dipole, we believe that the
values calculated for B* serve as a reasonable approximation.) In principle, therefore, significant
relaxation of the environmental dipoles is possible within the emissive state on its fluorescence
lifetime (3.1 ns for AVGFP,* which is similar to that of Trp, ~ 2.8 ns*%).

Relatively extensive mutation of the amino acids around the GFP chromophore (Figure Sic),
despite significant impact on the absorption spectrum (Figures 2¢-e), has little impact on the REES
profile (Figures 3b, S2b-c and S4). With regards to sfGFP H148C, the change in the chromophore
environment appears to impact the excited state dipole moment, with a larger change in direction
of the dipole moment between the A and A* states in sftGFP H148C compared to AvGFP and a
change of similar magnitude to AvGFP between the protonated and deprotonated excited states
(Figure S1b and Table S1). Despite this, the REES data show a similarly flat profile until a blue
shift at the far-red edge, which overlaps with the CRO-B state excitation (Figures 3b and S2b).
The same is true of mAmetrine. The large Stokes shift means we can excite mAmetrine further
along the red edge of the absorption spectrum compared to AvGFP. Interestingly, we still observe
a blue shift in the CSM at the far-red edge despite there being no evidence of an absorption band
for the B state, which suggests fluorescence is sensitive to the residual B state population;
otherwise, the REES profile is flat (Figures 3b and S2c). In all GFP datasets, the small (~1 nm)
spectral shift is larger between the two temperatures than due to red-edge excitation (Fig. 3b and

S3), which emphasises how small the REES effects are for GFP when the CRO-A is excited.
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Figure 3. a) Normalised emission spectra from AvGFP acquired in aqueous solution following
excitation along the red edge of its A band (400-432 nm) at 20 °C (blue) and 50 °C (red). A small
red shift in the emission peak is evident with the increase in temperature (see also inset). b)
Average CSM plotted as a function of excitation wavelength (Aex) for AvGFP, sfGFP-H148C, and
mAmetrine at 20 °C (blue) and 50 °C (red); see in-panel legend for data labels; error bars represent
one standard deviation. The GFP CSM data (black axes) are plot on the same scale as the
equivalent data for Trp (grey data and axes) for comparison. ¢) Red edge of the absorption
spectrum of AVGFP (orange), overlaid with the average integrated emission intensity of the
emission spectrum at each corresponding excitation wavelength (blue) normalized to the emission

integral of the series at Aex = 400 nm.

Photoselection of the emissive I* state does not change in GFP as excitation progresses along
the red edge of the CRO-A band. A REES study has been conducted previously for the anionic
chromophore of enhanced green fluorescent protein (EGFP),*’” an engineered variant of 4vGFP
with a dominant B absorption band and small Stokes shift.*** Scanning only ~25 nm along the
red edge of the EGFP B band results in a REES that is significantly larger (~4 nm) than the < 1

nm REES we observe here scanning >40 nm along the red edge of the A bands of AvGFP, sfGFP-
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H148C, and mAmetrine (Figure 3b and S2). This suggests that, when populating the fluorescent,
anionic excited state of the chromophore directly (B—>B*, Figure 2b), a small but significant range
of sub-populations of the environmental dipoles are accessible in the ground state even when
exciting only partially along the red edge. If it were practical to do so, we would expect a similar
REES effect for the variants measured here. By contrast, exciting along the red edge of the A band
populates the fluorescent, anionic excited state indirectly (A—>A*—I*, Figure 2b) via ESPT.
Significant REES effects have been observed previously for emissive states that are populated

5051 energy®! and proton>? transfer, including

following excited state reactions, including electron,
in proteins.>? For example, photoselection of polar, emissive charge-transfer (CT) states at the red
edge is possible under conditions where the CT / environment dipolar interactions are equivalent
to the R state. This has previously manifested as enhanced population at the red edge of emissive
CT states (measured as an increase of emission intensity)*® or suppression of emissive states that
are in competition with a photoselected CT state.”> We have seen already that inhomogeneous
broadening of the emission spectra changes little along the red edge of the CRO-A band for several
GFP variants (Figures 3a-b, S2, and S4), but what of the emission quantum yield? To quantify the
emission intensity and hence the relative yield of the I* state, we integrated under the raw emission
spectra at each excitation wavelength. To account for variations in the baseline, each spectrum of
the triplicate series at each Aex was normalized to the maximal integral at Aex = 400 nm and then
averaged. Comparing this yield at a given wavelength to that expected from the absorption
efficiency at the same excitation wavelength (Figure 3c) reveals that, unlike the literature examples

discussed above, there is no change in photoselection of the emissive I* state of GFP when

populating it via ESPT along the red edge of the A band.
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Figure 4. Different subpopulations of the neutral ground state (A, blue) with varying interaction
energies between chromophore and environment dipole moments can, in principle, be excited by
scanning across the Aex along the red edge. The rate of dipolar relaxation (kr) is, however, directly
proportional to the sub-nanosecond rate of ESPT (kespr) between the neutral excited state (A*,
red) and the emissive anionic excited state (I*, black). All emission (kr) therefore takes place from
the relaxed, R state (c.f. Figure 1) regardless of Aex, hence a flat REES profile. The B state side of

the Jablonski diagram is cropped for clarity.

Discussion
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The data presented herein are consistent with environmental dipolar relaxation occurring during
ESPT (Figure 4). The most likely explanation for why neither any REES effect nor photoselection
of the I* state are observed for any GFP variant tested when exciting along the red edge of the A
state is that the dipole moments of the residues in the chromophore environment have fully relaxed
around the I* dipole by the time a photon is emitted, irrespective of which environmental sub-
population of the A ground state is selected upon excitation.'® In other words, kr > kr (Figure 4)
and all emission occurs from the dipolar relaxed, R, state of I*. Reactions where charges are
transferred can be very sensitive to environmental dipolar effects if they operate close to the
adiabatic limit, where there is strong interaction between reactant and product states on a common
potential energy surface. Indeed, under such conditions reaction rates can be directly proportional
to dipolar relaxation rates in the environment.>* In GFP, ESPT along the proton wire from the

chromophore to E222 occurs on the picosecond timescale® >*

and fits to an electronically adiabatic
rate expression,® 37 which suggests kr ~ kespr. Rather than by the intrinsic barrier to proton
motion, therefore, the rate of ESPT in GFP appears to be governed by the ability of the surrounding
dipolar environment to reorganize in response to the altered charge distribution of the excited state
intermediates of the chromophore, as previously discussed for electron transfer reactions.>® This
provides an experimental explanation for why ESPT in GFP is adiabatic.

Upon excitation, the chromophore pKa is reduced by about 11.5 units.*® We therefore propose
that rapid formation of this superacid chromophore forces the protein environment to respond, and
could explain why the first proton transfer step in ESPT appears to be from S205 to E222 (i.e., in
the environment) and not between the chromophore and the W22 water.3* 3 The superacid /

dipolar relaxed state could correspond to the Ip* state proposed by Di Donato et al.,’® which is

proposed to contain a transient, low-barrier hydrogen bond (LBHB) within both the chromophore
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/ water and the S205 / E222 donor-acceptor pairs of the proton wire.”” A LBHB places the
transferring proton midway between donor and acceptor, with the energy minima of reactants and
products being almost degenerate. This means the zero-point energy must be above the adiabatic
electronic potential energy barrier and is thus likely to be sensitive to environmental dipolar effects
that trigger the S205 to E222 proton transfer.

For various reasons, however, including the need for very short donor / acceptor distances, the

3961 and photoreceptor proteins®? have been

existence and catalytic utility of LBHBs in enzymes
called into question. Aside from this, the adiabatic ESPT we find in GFP is also consistent with
the reported existence of proton tunnelling during this reaction.”>>® Tunnelling has a similar
requirement to LBHBs for degenerate zero point energies between the proton donor and acceptor.®?
This often necessitates environmental reorganisation — which could be, at least in part, what we’re
observing here — but once the zero point energies are degenerate, tunnelling can nonetheless occur
at more typical donor / acceptor distances than those invoked for LBHBs. An adiabatic mechanism

could also potentially help facilitate the exciton formation recently proposed between

chromophores in GFP dimers.*

Conclusions

There is mounting evidence that the asynchronous, concerted ESPT mechanism in GFP is very
sensitive to slight modifications in its potential energy surface and requires structural realignment
to become favourable and promote proton tunnelling.’>% 6> Consistent with this sensitivity, for
the first time we present experimental evidence that dipolar relaxation of the protein matrix during

ESPT is also a key determinant of the reaction pathway and explains why it fits to an electronically
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adiabatic rate expression. This dipolar relaxation is likely to occur following vibrational relaxation
and to be concomitant with structural realignment, which together will serve to promote tunnelling.
Its adiabatic nature is potentially consistent with the quantum dynamics proposed for the
population of, and coupling between, the emissive states of GFP. There are also practical
implications of this result for the design and use of light-activated proteins for bioimaging and
optogenetics. In cases like GFP where the emission spectrum is essentially invariant irrespective
of where along the red edge the chromophore is excited, the entire red edge could be excited at
once using a broadband source, which would result in enhanced fluorescence at the same emission
wavelengths. Moreover, understanding the intimate coupling between the protein matrix and an
ultrafast chemical reaction provides a new perspective on how proteins can utilize environmental
dynamics to guide reactions along a specific potential energy surface. This insight could inform
the rational design of novel fluorescent proteins with tailored photophysics or the engineering of
artificial enzymes or photoreceptors where controlling ultrafast charge transfer events is

paramount.

Experimental Section

See Supporting Information.

ASSOCIATED CONTENT
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Supporting Information. Detailed experimental methods — including: protein expression and
purification; spectroscopy; REES data analysis; electronic dipole calculations — and supporting

figures and tables.
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