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Abstract

Far-red fluorescent proteins are critical for /7 vivo imaging applications, but the relative
importance of structure versus dynamics in generating large Stokes-shifted emission is unclear.
The unusually red-shifted emission of TagRFP675, a derivative of mKate, has been attributed to
the multiple hydrogen bonds with the chromophore N-acylimine carbonyl. We characterized
TagRFP675 and point mutants designed to perturb these hydrogen bonds with spectrally-resolved
transient grating and time-resolved fluorescence (TRF) spectroscopies supported by molecular
dynamics simulations. TRF results for TagRFP675 and the mKate/M41Q variant show ps
timescale red-shifts followed by ns time blue-shifts. Global analysis of the TRF spectra reveals
spectrally-distinct emitting states that do not interconvert during the S; lifetime. These dynamics
originate from photoexcitation of a mixed ground state population of acylimine hydrogen bond
conformers. Strategically tuning the chromophore environment in TagRFP675 might stabilize the
most red-shifted conformation and result in a variant with a larger Stokes shift.
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Red FPs (RFPs) with excitation and emission wavelengths beyond 650 nm (15380 cm™1) are
eagerly sought for /n vivo imaging because they offer the prospect of lower autofluorescence
background, lower light scattering, and higher tissue transmission relative to shorter-
wavelength fluorophores.1# Accordingly, molecular engineering of new RFPs with large
Stokes-shifted emission is an important topic. Hydrogen-bonding to the A-acylimine
carbonyl of the chromophore has been observed in the most red-emitting RFPs, including
mNeptune, mCardinal, eqFP650, eqFP670, mRojoA, mRouge, and mPlum.>-11 The reddest-
emitting GFP-like protein with a reported crystal structure, TagRFP675,%, 12-13 contains an
N-acylimine carbonyl with two hydrogen bonds, neither of which is present in its
predecessor mKate (Figure 1). One arises from a direct interaction with the Q41 sidechain,
while the other involves a water molecule supported by tertiary interactions with the amide
group of Q106.

Although hydrogen bonding to the N-acylimine carbonyl is strongly correlated with a large
Stokes shift, the mechanism is still in question. We previously investigated mPlum, which
has only a single hydrogen bond at this position. 14.15-16 Utilizing Spectrally-Resolved
Transient Grating (SRTG) spectroscopy and Molecular Dynamics (MD) simulations on a
series of point mutants, we found that its red-shifted emission correlates with ps-timescale
switching between direct and water-mediated E16-165 hydrogen-bonding interactions.14
Faraji and Krylov explained this effect with QM/MM calculations revealing the electron
density increase at the carbonyl oxygen in Sq, and the relatively better electron accepting
ability of a water-mediated hydrogen bond relative to a direct interaction with E16.17 More
recent femtosecond time-resolved fluorescence spectra (TRFS) revealed a 37 ps timescale
for excited-state interconversion between the direct and water-mediated hydrogen-bonding
structures.1® We now report the excited-state dynamics of TagRFP675 investigated with
SRTG and TRFS measurements and MD simulations. The fluorescence dynamics are
explained in terms of heterogeneous emission resulting from distinct acylimine hydrogen-
bonding structures.

One set of TagRFP675 mutants was designed to perturb the water-mediated hydrogen bond
between Q106 and F62. The Q106M mutation disrupts the interaction by replacing one of
the participating sidechains with a group of similar size without a hydrogen-bond donor,
whereas the F62A mutation alters the sterics, as was previously demonstrated for mPlum.14
To probe the Q41 interaction, we added this hydrogen-bonding group to the parent mKate
(/.. mKate/M41Q), and removed it from TagRFP675 (/.e. TagRFP675/Q41M). Absorption
peaks of these variants (Table 1) fall between 16670-17090 cm~ (585-600 nm). As
expected, disruption of the water-mediated hydrogen bond network by single or double point
mutations leads to blue-shifted emission in the TagFP675/F62A, Q106M, and F62A/Q106M
variants. Addition of a hydrogen bond at the N-acylimine carbonyl in mKate/M41Q leads to
a 700 cm~1 increase in Stokes shift, while its removal in TagRFP675/Q41M yields a 460
cm™1 decrease.

SRTG measurements were employed to characterize ground and excited state dynamics of
the RFPs. The transient spectral features shown in the contour plots of Figure 2a and 2b for
TagRFP675 and mKate/M41Q correspond to the Ground State Bleach (GSB) and Stimulated
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Emission (SE) responses. SRTG spectra of the other RFPs (Figure S2) show a similar
bimodal shape, except for TagRFP675/Q41M and mKate, where the SE contribution is only
present as a shoulder on the GSB peak. The SE contribution was fitted to a Gaussian
function, and the peak frequency versus time shows a red-shift with biexponential kinetics
with, for example 17 ps and 397 ps components for TagRFP675, and a total spectral shift of
77 cm~L. Parameters for the other RFPs are given in Table S1. Notethat SRTG differs from
transient absorption in that the third-order optical response is detected in quadrature and as a
consequence SRTG signals are positive and time evolution of the intensity is twice as fast.1®
Time constants reported in Figure 2 and Tables S1 and S2 are corrected accordingly. This
transient red-shift is consistent with excited-state solvation dynamics, although the
magnitude of the observed shift is much smaller than the total Stokes shift due to the limited
excitation bandwidth and the presence of an overlapping ESA band as discussed previously
for mPlum.14 Global analysis revealed the SRTG are well fit by three components with
timescales ranging from a few ps to almost 2 ns (Figures 2 and S3 and Table S2). The
amplitudes of all Decay Associated Spectra (DAS) components extend over both the GSB
and SE bands, indicating that the transitions are largely overlapped. In all cases, amplitudes
of the DAS are positive at all wavelengths, indicating that only decay components and no
risetimes are observed. The SE peak shifts are therefore not due to a spectral red-shift as
expected from conventional solvation dynamics, but instead are caused by the lifetime
decays of multiple spectral forms.

To further evaluate the dynamics of TagRFP675 and mKate/M41Q we employed TRFS.
Time-Resolved Area-Normalized Spectra (TRANES) of these RFPs are shown in Figure 3.
These data sets are comprised of spectra from fluorescence upconversion for time delays < 1
ns stitched together with spectra from time-correlated single photon counting for longer
times (methods described in Supporting Information). Although TRFS often reveal transient
red-shifts associated with solvation dynamics, these RFPs show atypical behavior. The total
spectral shifts are only a small proportion of their total Stokes shifts, and, most unusually,
the time-evolution of the first moments show initial red-shifts followed by ns timescale blue-
shifts (Figure S5 and fit parameters collected in Table S3). Although neither RFP shows an
isoemissive point at all times, both show an isoemissive point for part of the experimental
time window. This spectral behavior is a hallmark of a system with a small number of
discrete emitting states.29 For TagRFP675, TRANES show an isoemissive point near 15000
cm1 at times less than ~100 ps (Figure 3a), whereas mKate/M41Q (Figure 3c) shows
isoemissive behavior at very short times, < 1 ps.

The DAS of TagRFP675 from global analysis fitting of the TRFS (Figure 4a) consists of
four components, whereas mKate/M41Q (Figure 4b) shows three components. For both
RFPs, the components are decays at all wavelengths, which means that no population
redistribution occurs, and the mixture of spectral forms in Sq therefore results from the
excitation of a mixed Sq population. In both cases, there is a segregation of timescales
between the fastest dynamics and the two longest components, which are of the largest
amplitudes. Also, in both FPs, the longest lifetime is not associated with the most red-shifted
state, which explains the origin of the ns-timescale blue shifts. The presence of the
isoemissive points in both FPs is a result of a segregation in timescales. For mKate/M41Q),
the 24 ps component is much faster than the 560 ps and 3.2 ns components which constitute
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the majority of the emission decay. At early times, this system appears to be nearly two-
state, and therefore shows an isoemissive point. Similar behavior is observedin TagRFP675.

Since the DAS of TagRFP675 and mKate/M41Q imply that multiple spectral forms originate
in the ground state, we performed 50 ns classical MD simulations (described in Supporting
Information) to determine if they show a small number of acylimine hydrogen-bond
structures that could explain these spectral states. Figure 5a,b display the time trajectories of
the distance (Ar), between the nitrogen atom in the Q41 sidechain and the N-acylimine
carbonyl oxygen of F62 for both RFPs. Both variants largely maintain a conformation with a
direct hydrogen bond (~3.5 A), with rare excursions into a water-mediated structure (~4.5 A)
or non-hydrogen-bonded state (35 A). The interaction between F62 and Q106, which is the
other immediate interaction, showed contrasting behavior for the two FPs. In TagRFP675,
the water molecule is mobile and moves into a water-mediated hydrogen bond with Q41.
However, in mKate/M41Q, the Q106-F62 hydrogen bond is more stable, and this water
molecule never leaves. Neither RFP shows a direct F62-Q106 hydrogen bond during the 50
ns trajectories.

The S28-Q41 hydrogen bond plays an important role in orienting the Q41 sidechain for its
interaction with F62. In TagRFP675 (Figure 5d,f), this interaction converts between three
states, whereas mKate/M41Q converts between two states (Figure 5e,f). For the dominant
configuration in TagRFP675 (Figure 6a), S28 hydrogen bonds with Q41. In another
orientation, it hydrogen bonds to R42, resulting in two structures. In one, the Q41 amino
group interacts with S28 via a water-mediated hydrogen bond (Figure 6b) while the other is
a water-mediated hydrogen bond with the carbonyl (Figure 6c¢). Both structures result in an
extended network: F62-Q41-water-S28-R42 involving a water molecule that more frequently
hydrogen-bonds between F62 and Q106. The S28 and Q41 sidechain dynamics, along with
this mobile water molecule, lead to a highly dynamic network in TagRFP675. Only two
structures are observed for mKate/M41Q. In both, a water molecule is found between F62
and Q106. The dominant structure contains a direct S28-Q41 carbonyl interaction (Figure
6d), whereas another contains S28 interacting directly with both Q41 and R42 (Figure 6g).
Figure 6 shows the percentage of time spent in each of these conformations during the 50 ns
trajectory.

The SRTG and TRF results on TagRFP675 and mKate/M41Q both reveal multiple ps/ns
components, and more significantly, neither measurement reveals rise-times. The excitation
and detection conditions of the two experiments differ, and consequently prepare and probe
different mixtures of spectral forms. SRTG was performed with large bandwidth pulse
spectra in which excitation and detection spans the red-edge of the absorption and part of the
emission spectra (Figure S1). The excitation spectrum therefore creates a hole in the
absorption spectrum. Because the system is inhomogeneously broadened due to the multiple
ground-state spectral components, the SE band does not significantly red shift, and the GSB
component does not significantly blue-shift. In contrast, TRF was performed with narrow-
band excitation spectra near the peak absorption wavelength and wide-band, spectrally-
resolved detection. Nevertheless, results from both measurements consistently point to the
parallel decay of an optically excited set of states. Additional support for the presence of
multiple ground states is provided by steady-state fluorescence measurements on both FPs
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(Supporting Information Figure S6) showing that the emission peak wavelength varies as
excitation wavelength is tuned across the absorption band.®

Our model of the fluorescence dynamics is based on the TRFS global analysis results, which
permits a complete view of the emitting states. For a mixture of non-interconverting emitting
states with distinct lifetimes, the spectrum of each component can be obtained from the
DAS. Since the analysis reveals well-separated decay time constants, we expect that the
DAS components correspond to distinct spectral states. The peak energy and relative weight
of each component is taken from the DAS, assuming equal excitation probabilities. The
resulting diagrams (Figure 7a,b) depict the photoexcitation of a mixture of ground states,
creating a set of four emitting states in the case of TagRFP675 and three states for mKate/
M41Q. The >500 ps components represent the predominant emitting states of each FP, and
are consistent with the measured fluorescence lifetimes.?: 12-13

Next, we consider possible structural origins of these spectral forms. The SRTG and steady-
state spectra show that perturbation of the water-mediated hydrogen bond between Q106 and
the acylimine in the TagRFP675/F62A, Q106M, and F62A/Q106M mutants leads to a
moderate decrease (~300 cm™1) in Stokes shift and a minor effect on the excited-state
timescales. These differences may be attributed to a change in flexibility of the acylimine
carbonyl given a reduction in steric hindrance of the sidechain in the F62A mutation and loss
of the water-mediated hydrogen bond in the Q106M mutation. The SRTG data also reveal
that variants lacking a direct hydrogen bond to the Q41 sidechain (mKate, TagRFP675/
Q41M) do not show ps/ns dynamics. In contrast, the presence of a hydrogen-bond donor to
the acylimine in mKate/M41Q leads to a dramatically larger Stokes shift on par with
TagRFP675 and similar excited-state timescales. It seems likely that the Q41-S28 interaction
both indirectly modulates the hydrogen bond strength of Q41-F62 and modulates the
flexibility of an extended network that interconverts between states. These results indicate
that the direct hydrogen bond with the Q41 sidechain along with an extended hydrogen bond
network has the largest impact on the Stokes shift of TagRFP675. We therefore suggest that
the spectral forms identified in the DAS originate from distinct structures of the F62-Q41-
S28 hydrogen-bonding network such as those illustrated in Figure 6. It is tempting to make
specific assignments of these spectral forms to structures by relying on the amplitudes of the
DAS spectra from TRF and the populations from the ground-state MD simulation. However,
these assignments are likely to be inaccurate because at least the photoexcitation probability
for each spectral form under the excitation wavelength and bandwidth needs to be taken into
account. To produce reliable assignments, temperature and excitation wavelength-dependent
TRF measurements are necessary and will be the subject of future research.

It is remarkable that small changes in hydrogen-bonding result in a 100-fold variation in
excited-state lifetime. Understanding this effect will be critical for designing RFPs with high
fluorescence yields, especially in light of the low brightness of most RFPs with large Stokes
shifts.21 Although our results emphasize the importance of the acylimine region for the
Stokes shift, hydrogen-bonding to the chromophore p-hydroxyphenyl group also impacts the
fluorescence properties. We also examined these interactions in our MD simulations of
TagRFP675, mKate/M41Q, and mKate and find they are very similar. In all three FPs, the
phenolate interacts predominantly with E141 via two water-mediated hydrogen bonds,
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though interaction with N143 to a minor extent is also observed. Three movies showing
hydrogen bonds in the phenolate and acylimine regions are provided in the Supporting
Information. Since the dynamics are very similar for three RFPs with widely varying Stokes
shift, it appears that interactions of the phenolate do not play a major role in the Stokes shift,
but instead their role is to stabilize the fluorescent cis-conformation of the chromophore. A
previous study of TagRFP675 reveal pH-dependent changes involving protonation of the p-
hydroxyphenyl group and rearrangements of the N143, N158, and R197 sidechains.
Furthermore, the fluorescence blue-shifts and the intensity decreases several-fold when the
pH is decreased, with a midpoint near pH 5.5.% For the pH 8.0 buffer employed in the
current study (which differs from that used in ref. 9), the TagRFP675 sample will contain a
small percentage of the non-fluorescent structure. We propose that this alternate
hydroxypheny! structure corresponds to the 3.7 ps, blue-shifted state in Fig 7.

The dynamics of TagRFP675 are strikingly different from those of mPlum, which shows
simple two-state emission behavior.18 QM/MM calculations on mPlum show that the partial
charge of the acylimine oxygen increases upon electronic excitation, and that the S; energy
of the water-mediated hydrogen bonded state is below that of the direct hydrogen-bonded
state.1” When the mixed population of direct and water-mediated conformers in Sg is
photoexcited, the direct sub-population relaxes (on a 37 ps timescale) to a water-mediated
state with lower energy, whereas the water-mediated population only slightlyre organizes. In
contrast, the presence of two acylimine-sidechain interactions in TagRFP675 leads to several
different hydrogen bond conformations in Sy, which unlike in mPlum, do not convert to a
dominant configuration in S1. Another point of contrast is that the most frequent
reconfiguration of the hydrogen bond network observed in MD does not involve immediate
hydrogen bonding to the acylimine, but rather the secondary set of interactions with the Q41
sidechain. These hydrogen bond rearrangements could impact the electronic energies by
influencing the orientation of the Q41 hydrogen-bond donating groups to the acylimine
carbonyl, in turn modulating the electron-accepting capability of the donor groups.

In conclusion, our central finding is that the presence of two acylimine hydrogen-bonding
interactions in TagRFP675 and mKate/M41Q leads to a heterogeneous system with multiple
emitting forms that do not interconvert on the timescale of the S; lifetime. The absence of a
continuous solvation process with amplitude of red-shift comparable to the total Stokes shift
of TagRFP675 implies that the environment is fairly rigid, and only permits energetically
significant relaxation along degrees of freedom involving the hydrogen bonds near the
acylimine. We suggest that the majority of the Stokes shift in TagRFP675 and mKate/M41Q
occurs via sub-ps chromophore relaxation which is not observed in the current
measurements due to insufficient time resolution, though such dynamics were proposed to
be the origin of a 160 fs timescale observed in mPlum.18 Another important finding is that
the most red-shifted component (530 ps lifetime) in the DAS of TagRFP675 peaks at 680
nm. Strategically tuning the chromophore environment to stabilize the conformation
corresponding to this spectral form would yield an improved longer wavelength emitting
RFP for /n vivoimaging.
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Figure 4.

DAS from global analysis of TRFS for (a) TagRFP675 and (b) mKate/M41Q.
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Fluctuations in separation (A7) between the nitrogen atom in the sidechain of Q41 and the N-
acylimine oxygen of F62 for (a) TagRFP675 and (b) mKate/M41Q. In (c), these results are

given as histograms. Fluctuations of the distance (Ar) between oxygen atoms in the

sidechains of S28 and Q41 for (d) TagRFP675 and (e) mKate/M41Q. In (f), these results are
given as histograms, with data sorted into 50 bins over the plotted range.
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Figure 6.
Configurations of hydrogen bond network in acylimine region from MD for TagRFP675 (a-

¢) and for mKate/M41Q (d,e). Percentages were calculated based on the O-O distance
between S28 and Q41. The three states in TagRFP675 correspond to Ar<3.5 A, 3.5A
<Ar<4.5 A and Ar 24.5 A. In mKate/M41Q, the two states correspond to Ar<3.5 A and Ar
>35A.
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Figure 7.
Level diagrams describing photophysics of TagRFP675 and mKate/M41Q. Initial

photoexcitation from a distribution of conformers in S, creates excited-state populations
with a distribution of conformers. Relative populations are noted.
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Steady state absorption and emission data for mKate and TagRFP675 variants.

Table 1

Absorption Peak  Emission Peak  Stokes Shift

Mutant (cm™) (cm™) (em™)
mKate 17010 15750 1260
mKate/M41Q 17270 15310 1960
TagRFP675 16670 14810 1860
TagRFP675/F62A 16720 15200 1520
TagRFP675/Q106M 16950 15430 1520
Tag RFP675/F62A/Q106M 17010 15580 1430
TagRFP675/Q41M 16950 15550 1400
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