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ABSTRACT: Far-red fluorescent proteins are critical for in 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 picosecond time scale red-shifts followed by nanosecond
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
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hydrogen bond conformers. Strategically tuning the chromophore environment in Time ()
TagRFP675 might stabilize the most red-shifted conformation and result in a variant
with a larger Stokes shift.
ed FPs (RFPs) with excitation and emission wavelengths still in question. We previously investigated mPlum, which has
beyond 650 nm (15380 cm™') are eagerly sought for in only a single hydrogen bond at this position."*'® Utilizing
vivo imaging because they offer the prospect of lower spectrally resolved transient grating (SRTG) spectroscopy and
autofluorescence background, lower light scattering, and higher molecular dynamics (MD) simulations on a series of point
tissue transmission relative to shorter-wavelength fluoro- mutants, we found that its red-shifted emission correlates with
phores.' ™ Accordingly, molecular engineering of new RFPs picosecond time scale switching between direct and water-
with large Stokes-shifted emission is an important topic. mediated E16—165 hydrogen-bonding interactions."* Faraji and
Hydrogen-bonding to the N-acylimine carbonyl of the Krylov explained this effect with quantum mechanics/molecular
chromophore has been observed in the most red-emitting mechanics (QM/MM) calculations revealing the electron
RFPs, including mNeptune, mCardinal, eqFP650, eqFP670, density increase at the carbonyl oxygen in S, and the relatively
mRojoA, mRouge, and mPlum.’~"" The reddest-emitting GFP- better electron accepting ability of a water-mediated hydrogen
like protein with a reported crystal structure, TagRFP675,”">"? bond relative to a direct interaction with E16."” More recent
contains an N-acylimine carbonyl with two hydrogen bonds, femtosecond time-resolved fluorescence spectra (TRFS)
neither of which is present in its predecessor mKate (Figure 1). revealed a 37 ps time scale for excited-state interconversion
One arises from a direct interaction with the Q41 side chain, between the direct and water-mediated hydrogen-bonding
while the other involves a water molecule supported by tertiary
interactions with the amide group of Q106. Received: May 28, 2016
Although hydrogen bonding to the N-acylimine carbonyl is Accepted: July 22, 2016
strongly correlated with a large Stokes shift, the mechanism is
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Figure 1. Chromophore N-acylimine region from the crystal structures
of (left panel) TagRFP675 (PDB entry 4KGF) and (right panel)
mKate (PDB entry 3BXB). Hydrogen bonds are represented as dashed
black lines; atoms are colored by atom type; water molecules are
shown as red spheres.

structures.'® 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 side chains with a group of similar size without
a hydrogen-bond donor, whereas the F62A mutation alters the
sterics, as was previously demonstrated for mPlum."* To probe
the Q41 interaction, we added this hydrogen-bonding group to
the parent mKate (ie, mKate/M41Q), and removed it from
TagRFP675 (i.e., TagRFP675/Q41M). Absorption peaks of
these variants (Table 1) fall between 16 670 and 17 090 cm™!

Table 1. Steady-State Absorption and Emission Data for
mKate and TagRFP675 Variants

absorption peak  emission peak Stokes shift

mutant Km_l cm™! (cm_1
mKate 17010 15750 1260
mKate/M41Q_ 17270 15310 1960
TagRFP675 16 670 14 810 1860
TagRFP675/F62A 16 720 15200 1520
TagRFP675/Q106M 16950 15430 1520
Tag REP675/F62A/ 17010 15 580 1430

QI106M

TagRFP675/Q41M 16950 15550 1400

(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™
increase in Stokes shift, while its removal in TagRFP675/
Q41M vyields a 460 cm™ 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 2ab for
TagRFP675 and mKate/M41Q_ correspond to the ground-
state bleach (GSB) and stimulated 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 present only 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
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Figure 2. SRTG spectra and DAS for (a) TagRFP675 and (b) mKate/
M41Q.

with biexponential kinetics with, for example, 17 and 397 ps
components for TagRFP67S, and a total spectral shift of 77
cm™', Parameters for the other RFPs are given in Table SI.
Note that 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."” 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 because of the limited
excitation bandwidth and the presence of an overlapping ESA
band, as discussed previously for mPlum.'* Global analysis
revealed the SRTG measurements are well fit by three
components with time scales ranging from a few picoseconds
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 TREFS. Time-resolved area-normalized
spectra (TRANES) of these RFPs are shown in Figure 3. These
data sets comprise spectra from fluorescence upconversion for
time delays <1 ns stitched together with spectra from time-
correlated single-photon counting for longer times (methods
are described in the 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 nanosecond time
scale blue-shifts (Figure SS 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.”’
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Figure 3. TRANES spectra constructed from femtosecond and picosecond TRFS (a) TagRFP67S from 0 to SO ps and (b) TagRFP675 from S0 ps
to S ns (c) mKate/M41Q from 0 to 50 ps and (d) mKate/M41Q from SO ps to 10 ns. Actual times for each curve can be obtained from the dots in
Figure SS. Time increases in the direction of the black arrows. The green arrows indicate isoemissive points.

For TagRFP675, TRANES show an isoemissive point near
15000 cm™" 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
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Figure 4. DAS from global analysis of TRFS for (a) TagRFP67S and

(b) mKate/M41Q.

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 S, therefore results from the
excitation of a mixed S, population. In both cases, there is a
segregation of time scales 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
nanosecond time scale blue shifts. The presence of the
isoemissive points in both FPs is a result of a segregation in
time scales. For mKate/M41Q, the 24 ps component is much
faster than the 560 ps and 3.2 ns components which constitute
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 observed in TagRFP67S.

Because the DAS of TagRFP675 and mKate/M41Q_imply
that multiple spectral forms originate in the ground state, we
performed SO ns classical MD simulations (described in the
Supporting Information) to determine if they show a small
number of acylimine hydrogen-bond structures that could
explain these spectral states. Figure Sab displays the time
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Figure 5. Fluctuations in separation (Ar) between the nitrogen atom in the side chain of Q41 and the N-acylimine oxygen of F62 for (a)
TagRFP675 and (b) mKate/M41Q. In panel c, these results are given as histograms. Fluctuations of the distance (Ar) between oxygen atoms in the
side chains of 528 and Q41 for (d) TagRFP675 and (e) mKate/M41Q. In panel 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—c) 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, 3.5 A < Ar < 4.5 A,
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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.

trajectories of the distance (Ar) between the nitrogen atom in
the Q41 side chain 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 (=5 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 $28—Q41 hydrogen bond plays an important role in
orienting the Q41 side chain for its interaction with F62. In
TagRFP675 (Figure Sd,f), this interaction converts between
three states, whereas mKate/M41Q_converts between two
states (Figure Sef). 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

3049

frequently hydrogen-bonds between F62 and Q106. The S28
and Q41 side chain dynamics, along with this mobile water
molecule, lead to a highly dynamic network in TagRFP67S.
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 $28 interacting directly
with both Q41 and R42 (Figure 6e). Figure 6 shows the
percentage of time spent in each of these conformations during
the SO ns trajectory.

The SRTG and TRF results on TagRFP67S and mKate/
M41Q_both reveal multiple picosecond/nanosecond compo-
nents, and more significantly, neither measurement reveals
risetimes. The excitation and detection conditions of the two
experiments differ and consequently prepare and probe
different mixtures of spectral forms. SRTG measurement 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 because of
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
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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 (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
TRES global analysis results, which permits a complete view of
the emitting states. For a mixture of noninterconverting
emitting states with distinct lifetimes, the spectrum of each
component can be obtained from the DAS. Because 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.”'>"

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™) in Stokes shift and a minor effect on the excited-state
time scales. These differences may be attributed to a change in
flexibility of the acylimine carbonyl given a reduction in steric
hindrance of the side chain 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 side chain (mKate, TagRFP675/
Q41M) do not show picosecond/nanosecond 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 time
scales. 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 side chain 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, temper-
ature 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. Under-
standing this effect will be critical for designing RFPs with high
fluorescence yields, especially in light of the low brightness of
most REPs with large Stokes shifts.”' Although our results
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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, 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.
Because 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 revealed
pH-dependent changes involving protonation of the p-
hydroxyphenyl group and rearrangements of the N143, N158,
and R197 side chains. 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 TagRFP67S sample will contain a small percentage
of the nonfluorescent structure. We propose that this alternate
hydroxyphenyl structure corresponds to the 3.7 ps, blue-shifted
state in Figure 7.

The dynamics of TagRFP675 are strikingly different from
those of mPlum, which shows simple two-state emission
behavior.'"® 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.'” When the mixed population of direct and
water-mediated conformers in S, is photoexcited, the direct
subpopulation relaxes (on a 37 ps time scale) to a water-
mediated state with lower energy, whereas the water-mediated
population only slightly reorganizes. In contrast, the presence
of two acylimine-side chain interactions in TagRFP675 leads to
several different hydrogen bond conformations in Sy, which
unlike in mPlum, do not convert to a dominant configuration in
S.. 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 side
chain. 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 time scale 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 subpicosecond chromophore relaxa-
tion which is not observed in the current measurements
because of insufficient time resolution, though such dynamics
were proposed to be the origin of a 160 fs time scale observed
in mPlum.'® Another important finding is that the most red-
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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 in vivo imaging.
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Methods

SRTG Spectroscopy

Transient grating measurements were performed as previously described with the JILA
MONSTR nonlinear optical platform.12 Upon irradiation with 3 excitation pulses (20 fs,
~10 nJ/beam, 50 um spot size, 20 kHz repetition rate), the spatially isolated four-wave
mixing signal is emitted in the prescribed ks=-ki+kz2+ks phase matching direction. The
excitation wavelength was chosen to maximize contrast between Ground State Bleach
(GSB) and Stimulated Emission (SE) components, which varied slightly for each mutant.
Measured excitation spectra are provided in Figure S1. The sample was refreshed with a
spinning cell to mitigate photobleaching and accumulation of laser-induced photoproducts.
The sample concentration (~50 pM; 0.15 peak optical density) and optical path length (0.5
mm) were selected to avoid protein aggregation and reabsorption of the nonlinear signal.
The spectrally-resolved homodyne signal was collected as a function of the T time delay (ki
and k2 temporally overlapped) from a range of 0 to 1.3 ns, spaced logarithmically, with a
background spectrum collected at -500 fs delay to eliminate contributions from excitation
scatter and spontaneous emission. The baseline-subtracted spectra were fit to a sum of
two Gaussians using a nonlinear least squares fitting algorithm. The SE peak center

position and amplitude was extracted at each time delay and fit to multiexponential decays.

Femtosecond TRF

Output from a home-built cavity dumped optical parametric oscillator (OPO) employing a
magnesium-doped periodically poled lithium niobate (MgO:PPLN) crystal as the gain
medium was frequency-doubled in a 2 mm-thick lithium triborate (LBO) crystal to
generate the pump pulse.3 The pulse spectrum was 310 cm'! FWHM and centered at 16670
cm1 (600 nm) for the TRF of TagRFP675 and at 17540 cm! (570 nm) for mKate/M41Q.
The excitation wavelength was tuned near the absorption maximum to wavelengths where
the laser system gave nearly identical bandwidth excitation pulses (310 cm'1 FWHM) for
the two measurements. The excitation wavelength for mKate/M41Q would 270 cm-! blue-
shifted from the absorption peak. For a room-temperature measurement, this difference in
excitation conditions is unlikely to result in measurable differences on ps/ns timescales.

The remaining infrared pulse energy was used for the gate pulse. Femtosecond time



resolution was achieved by sum frequency generation (SFG) between the fluorescence and
the gate pulse in 300 um-thick B-barium borate (BBO) crystal. The SFG signal was
spectrally filtered by a double monochromator (DH10, Horiba Jobin Yvon) and detected by
a photomultiplier (H6180-01, Hamamatsu) and a photon counter (SR400, Stanford
Research). TRF spectra (TRFS) were measured directly without the spectral
reconstruction by simultaneously controlling the phase matching angle of the BBO crystal,
the time delay of the gate pulse, and the detected SFG wavelength. The instrument
response function of the TRF setup was <200 fs (FWHM). A 200 pum-thick flow cell (Starna
Inc.) containing the protein samples (~200 uM) was shaken to avoid any photodamage
during the measurements. To avoid the scattering of the pump pulse and the second

harmonic of the gate pulse, the blue edge of the fluorescence spectra was eliminated.

Picosecond TRF and TRF Anisotropy

The OPO used for the femtosecond TRF experiments was employed for Time-Correlated
Single Photon Counting (TCSPC) to record picosecond-nanosecond TRFS. Details of the
TCSPC setup have been presented elsewhere*. The fluorescence signal was collected and
dispersed by a monochromator (SP-300i, Acton Research) and detected with an avalanche
photodiode (ID-100-50-STD, ID Quantique). The instrument response function of the
TCSPC system was 50 ps (FWHM). TCSPC time traces were obtained at every 5 nm step
size to reconstruct the picosecond TRFS. Magic angle (54.7°) detection was used to avoid

the effect of polarization on timescales of the picosecond TRF measurement.

MD Simulations

Time series trajectories were obtained with explicit solvent, all-atom simulations using the
NAMD molecular dynamics package with the CHARMMZ27 force field>-¢. The initial X-ray
crystallographic structures were obtained from the Protein Data Bank (TagRFP675 PDB
4KGF and mKate PDB 3BXB). We used CHARMM to make the amino acid substitutions in
the TagRFP675 mutants F62A, Q106M, and F62A/Q106M as well as for the mKate/M41Q
mutant. Force field parameters for the mature chromophore were adopted from the

anionic GFP chromophore developed by Reuter et al. and from CHARMMZ27 parameters for



acylimine nitrogen’. The anionic form of the chromophore in the ground state was
used. The VMD package was used to setup the system for simulations®. The initial
structure of TagRFP675 with crystallographic water molecules was solvated using VMD.
For all mutants, the box cutoff was set to 10 A, For TagRFP675, this resulted in a
simulation box of dimensions of 66 x 72 x 77 A3, with similar dimensions for the other
mutants. Each solvated system for TagRFP675 and its variants was electrically neutralized
by adding 1 Na* ion randomly in the bulk water. The final system contained about 35,000
atoms. The particle mesh Ewald method was used to treat long-range interactions with a
12 A nonbonded cutoff®. Energy minimization was performed using the conjugate gradient
and line search algorithm. The system was then heated for 90 ps with a linear gradient of
20K/6ps from 20 to 300 K. At 300 K, the system was equilibrated for 910 ps with a 2 fs
integration time step in the NVT (constant number, volume, and temperature) ensemble.
Langevin dynamics was used to maintain the temperature at 300 K. The production run

was 50 ns using NVT dynamics with 2 fs time steps.

Protein Mutagenesis, Expression, and Purification

FPs were expressed with the pBAD vector containing the corresponding genes under
control of the arabinose promoter. Point mutations were introduced with QuikChange
mutagenesis using custom designed primers (IDT). Expression procedures differed slightly
for the two primary lineages studied. For mKate and mutants, plasmids were transformed
into Top10 E. coli, grown to ODsoo=0.6 at 37 °C, followed by induction with 0.02%
arabinose for 24 hours at 30 °C. Plasmids of TagRFP675 and mutants were transformed
into the LMG194 E. coli strain, grown to ODeo0=0.6 at 37 °C, followed by induction with
0.02% arabinose for 48 hours at 18 °C. Samples were purified via 6X-His tag/Ni-NTA
chromatography and then buffer-exchanged into 15 mM pH 8.0 TRIS buffer, 100 mM KCI.
Emission spectra of each mutant were collected with a diode array spectrometer, with

DPSS laser excitation at 18797 cm1 (532 nm).

Global fitting method
Transients at each wavelength were nonlinear least-squares fitted to a sum of exponential

functions convoluted with an instrument response function, which was assumed to be a



Gaussian with a standard deviation of 70 fs determined by the cross correlation between
the gate and scattered pump pulse. Amplitudes A(4) are assumed to be wavelength-
dependent with a common set of time constants that applies across the spectra (Equation
S1):

I 0) =X;A()e T (S1)

Initial values for the amplitudes were all set to the amplitude at each wavelength at time
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Figure S1. Steady state absorption and emission spectra with SRTG excitation spectra overlaid for (a)
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Figure S3. SRTG stimulated emission band peaks vs. time determined by fitting each band to a Gaussian
function for (a) TagRFP675 and (b) mKate/M41Q, (c) TagRFP675/F62A, (d) TagRFP675/Q106M, (e)
TagRFP675/F62A/Q106M. Exponential fits are overlaid in red. Fit parameters given in Table S2.



Table S1. Parameters for the multi-exponential fits to SRTG SE band peak position to the functional form
1) =ay exp(_t/-[l) + azexp(_t/—[z)

Mutant a1 (cm1) 71 (ps) az (cm1) T2 (ps)
mKate/M41Q 30 5 52 355
TagRFP675 33 17 44 397
TagRFP675/F62A 41 7 68 159
TagRFP675/Q106M 12 4 24 219
TagRFP675/F62A/Q106M 18 24 17 537
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Figure S4. DAS for SRTG of (a) TagRFP675/F62A4, (b) TagRFP675/Q106M, (c) TagRFP675/F62A/Q106M, (d)
TagRFP675/Q41M, (e) mKate. Time constants for each component are given in Table S2.

Table S2. Time constants for DAS in Figure S4 and Figure 2 tabulated according to color. Red - slowest (t1),
green - next fastest (t2), black -fastest (t3).

1 (ps) T2 (ps) 3 (ps)
TagRFP675 434 134 19
TagRFP675/F62A 585 190 14
TagRFP675/Q106M 794 88 8
TagRFP675/F62A/Q106M 818 112 19
TagRFP675/Q41M 1224 520 88
mKate 1916 142 24
mKate/M41Q 1200 457 9
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Figure S5. Transient emission peak positions (first moments) extracted from femtosecond and picosecond
TRF spectroscopy for (a) TagRFP675 (b) mKate/M41Q.

Table S3. Fit parameters for the time evolution of the first moment of TRF measurements. Fit function is
v(t) =a, exp(_t/—[l) +a, exp(_t/—[z) + -

Mutant ai(ecm1)  ti(ps) az(cml) T2 (ps) az(cm1) 13 (ns) as (cm1) 14 (ns)
TagRFP675 23 4.5 26 44 1330 16 -3770 23
mKate/M41Q 69 0.33 2 15 -128 5.4
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Figure S6. 7. Excitation-dependent emission spectra of (top) TagRFP675 and (bottom) mKate/M41Q. For

both plots, the colors correspond to excitation at red-15310 cm, orange-15850 cm1, magenta-16420 cml,
green- 17040 cm1, blue- 18050 cm?, and black- 19190 cm1.
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