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ABSTRACT: The development of bright fluorescent proteins (FPs) emitting beyond 600
nm continues to be of interest both from a fundamental perspective in understanding
protein-chromophore interactions and from a practical perspective as these FPs would be
valuable for cellular imaging. We previously reported ultrafast spectral observations of the
excited-state dynamics in mPlum resulting from interconversion between direct hydrogen
bonding and water-mediated hydrogen bonding between the chromophore acylimine
carbonyl and the Glu16 side chain. Here, we report temperature-dependent steady-state
and time-resolved fluorescence measurements of mPlum and its E16H variant, which does
not contain a side-chain permitting hydrogen bonding with the acylimine carbonyl.
Lowering the temperature of the system freezes interconversion between the hydrogen-bonding states, thus revealing the spectral
signatures of the two states. Analysis of the temperature-dependent spectra assuming Boltzmann populations of the two states yields
a 205 cm−1 energy difference. This value agrees with the predictions from a quantum mechanics/molecular mechanics study of
mPlum (198 cm−1). This study demonstrates the first use of cryogenic spectroscopy to quantify the energetics and timescales of FP
chromophore structural states that were only previously obtained from computational methods and further confirms the importance
of acylimine hydrogen-bonding dynamics to the fluorescence spectral shifts of red FPs.

1. INTRODUCTION
The discovery of fluorescent proteins (FPs) in the 1960s, their
heterologous expression in the 1990s, and their subsequent
development into a diverse color palette has revolutionized
biological research by allowing the visualization of an immense
range of cellular dynamics including gene expression, protein
localization and trafficking down to the single molecule and
sub-diffraction-limited spatial regime, and protein−protein
interaction.1−5 The chromophore of an FP is formed by an
autocatalytic reaction from the expressed polypeptide
sequence, which together with numerous protein interactions
determines the photophysical characteristics of the FP such as
absorption and fluorescence spectra, brightness, and photo-
stability.6 Red fluorescent proteins (RFPs) are particularly
useful as markers for live cell imaging because hemoglobin and
other endogenous chromophores in mammalian tissues
strongly absorb light at wavelengths below 600 nm.3,7,8

However, there remains a lack of fluorophores available in
the far-red region (fluorescence beyond 600 nm). Since most
red-shifted emitting RFPs have quantum yields lower than
widely used green FPs (GFPs), a substantial amount of
research has focused on improving their performance.9−12

Studies of the excited-state dynamics can provide insight to
guide the development of new RFPs by revealing the structural
factors involved in the Stokes shift and nonradiative processes.
In general, the complex structure and dynamics of proteins

lead to a combination of spectral congestion and molecular
motions over many orders of magnitude in time, which makes
it difficult to clearly assign their excited-state processes with

either frequency- or time-resolved spectroscopy. Many studies
rely on theoretical calculations for the interpretation of excited-
state processes,13−21 but this is challenging due to the
limitations in the accuracy and range of timescales accessible
to quantum mechanical (QM) calculations on such large
systems. Low-temperature fluorescence spectroscopy is one
approach for simplifying the dynamics of complex systems.
Fluorescence spectroscopy exclusively observes excited-state
processes, providing an advantage over absorption-based
spectroscopies which probe an amalgam of the ground- and
excited-state dynamics that are usually difficult to disentangle.
At low temperatures, the conformational space can be reduced
by narrowing the Boltzmann distribution, potentially allowing
the observation of specific conformational structures. Fur-
thermore, thermally activated nuclear motions are slower,
which facilitates a clearer observation of dynamics. The motion
of water molecules is restricted below its freezing temperature,
thereby greatly limiting the rate of reactions involving water
(e.g., solvation and water-mediated hydrogen bonding). In
particular, dynamical transition of biological macromolecules at
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around 220 K has been observed, and its origin has been the
subject of intense discussion.22−30

The DsRed family of proteins, which are RFPs derived from
Discosoma striata, share a common chromophore including a
long π-conjugated system, extended by an N-acylimine group
leading to a red-shifted fluorescence compared to GFPs.31 Like
all RFPs, the chromophores within the DsRed family are
stabilized by multiple interactions with the surrounding amino
acids, which affect the flexibility and homogeneity of its
structure. The mPlum RFP shows the largest Stokes shift (59
nm) in this family (Figure 1).32−34 Experimental and

theoretical investigations of mPlum support the existence of
two distinct conformations of the chromophore to side-chain
hydrogen-bonding interactions, involving the acylimine car-
bonyl group, in the electronic ground state. These con-
formations shown in Figure 2 are distinguished as direct

hydrogen bond (DHB) and water-mediated hydrogen bond
(WMHB) interactions between the Glu16 side chain and the
chromophore acylimine carbonyl oxygen.19,21 Our previous
research reported that the large Stokes shift of mPlum, directly
observed by femtosecond time-resolved fluorescence (TF)
spectroscopy, is a result of the ultrafast excited-state
interconversion from the DHB to WMHB form on a timescale
of ∼37 ps at room temperature.35 Although the experiment
also showed the magnitude of the excited-state spectral shift,
the energy levels of the two conformers were not revealed by
the measurement.
In this study, time-resolved and steady-state fluorescence

spectroscopies at cryogenic temperatures were performed

using a closed-cycle cryostat with liquid helium. We analyzed
the temperature-dependent fluorescence spectra using the
Boltzmann distribution and identified the spectral character-
istics of the two conformers. Temperature dependence of the
energy levels and populations of the two conformers were
resolved with steady-state spectroscopy, while the intercon-
version dynamics was measured with TF spectroscopy.

2. MATERIALS AND METHODS

We used previously reported methods21 to prepare mPlum and
its E16H mutant, which lacks the acylimine hydrogen bond
donor from position 16, dissolved in a pH 8.0 Tris buffer. For
low-temperature experiments, a continuous flow liquid helium
cryostat (Janis, ST-100) was used in the temperature range
20−295 K with an interval of 10 K. The sample (∼200 μM)
was loaded between uncoated fused silica plates of 100 μm
beam pathlength to obtain good thermal contact.36 For a full
set of measurements, temperature was first lowered to 20 K
and maintained for a long time (>3 h) until two fluorescence
spectra taken in 1 h interval show no change. The spectra were
measured while increasing the temperature in 10 K step size
with a waiting time of 15 min at each temperature, which was
enough to reach equilibrium as verified by the waiting time
dependence (Figure S1). The buffer solution with protein
becomes opaque when it was frozen. The stationary
fluorescence and TF spectra were measured in opaque state
without adding any cryoprotectants to avoid any possible
alteration of the sample.
The light source was a home-built cavity-dumped femto-

second optical parametric oscillator based on a periodically
poled stoichiometric lithium tantalate crystal.35 An excitation
wavelength of 555 nm was used for both mPlum and the E16H
variant because their excitation spectra are quite similar as
shown in Figure 1. The excitation pulses at 555 nm were
obtained by the second harmonic generation of the
fundamental light (1110 nm, 1 MHz, 40 fs) with a 2 mm
thick lithium triborate crystal. The excitation pulse energy was
0.5 nJ, and the excitation beam was loosely focused to a
diameter of 1 mm to prevent photodamage. The excitation
spectra were measured before and after the experiment to
check photodamage (Figure S2). In addition, the TF spectra at
room temperature were measured before and after the full
temperature cycle (Figure S3) to ensure that the sample is
intact. The polarization of the excitation pulse was set at the
magic angle (54.7°) with respect to the detection axis to
eliminate the effect of reorientational dynamics on the
measurement. The fluorescence signal was collected by a
25.4 mm parabolic mirror and dispersed using a mono-
chromator (Acton Research, SP-300) with a 150 grooves/mm
grating. The steady-state fluorescence spectra were detected
using a charge-coupled device (Andor, DV 420). The TF
spectra were measured by the time-correlated single photon
counting (TCSPC) method. A hybrid photodetector
(HPM100-07, Becker and Hickl GmbH) was used as a
detector for the TCSPC, and the instrumental response
function of the TCSPC setup was 80 ps [(fwhm) full width at
half-maximum].

3. RESULTS AND DISCUSSION

3.1. Temperature-Dependent Steady-State Spectra.
Steady-state fluorescence and excitation spectra of mPlum and
the E16H variant are shown in Figure 1. Although the

Figure 1. Excitation (dashed lines) and fluorescence (solid lines)
spectra of mPlum (red) and E16H mutant (blue) at room
temperature. For the excitation spectra, the fluorescence was detected
at the maximum intensity of each spectrum. The excitation
wavelength (555 nm) of the fluorescence spectra is indicated by the
red arrow.

Figure 2. Two conformations of mPlum distinguished as DHB and
WMHB interactions between the Glu16 side chain and the
chromophore acylimine carbonyl oxygen. The water molecule inside
the red circle mediates the hydrogen bonding (mPlum PDB code:
2QLG).
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fluorescence maximum of mPlum is red-shifted by 30 nm from
that of its E16H mutant at 620 nm, their excitation spectra are
quite similar. The additional 30 nm red shift of mPlum was
accounted for mainly by the conformational change from the
DHB to WMHB form in the excited state. Temperature-
dependent steady-state fluorescence spectra of mPlum and the
E16H mutant following photoexcitation at 555 nm for both
RFPs, normalized by their intensity or integrated area at each
temperature, are shown in Figure 3. The fluorescence spectral

widths of both RFPs narrow as the temperature decreases. The
first moments of the fluorescence spectra as a function of
temperature (Figure S4 in the Supporting Information) show
that mPlum exhibits a spectral blue shift of 300 cm−1 as the
temperature decreases from 295 to 50 K, whereas the E16H
mutant exhibits a blue shift of less than 50 cm−1 down to 100
K and then a 50 cm−1 red shift as the temperature is further
lowered. Interestingly, the area-normalized fluorescence
spectra of mPlum as a function of temperature show an
isoemissive point at 15,400 cm−1 (Figure S5) in the
temperature range 240−80 K.37 Although spectral analysis
based on the isoemissive point was originally proposed for
time-resolved area-normalized emission spectra,37 it can be
applied to more general circumstances. When the fluorescence
spectra at different temperatures consist of two emitters, an
isoemissive point should also be observed, provided the
spectrum of each component is invariant upon temperature
change. The spectral shifts and observation of the clear
isoemissive point strongly suggest that mPlum exists as two
emissive forms with temperature-dependent populations,
whereas the E16H variant exists as a single emitting form at
all temperatures.
As reported previously,11 mPlum forms a DHB or WMHB

between the Glu16 side chain and N-acylimine of the
chromophore. Below the freezing point of the aqueous buffer,
the transition from the DHB to WMHB form is unfavorable

because water molecules cannot move freely in the solid phase.
In fact, dynamical transition of biological macromolecules at
around 220 K has been observed, and it was reported that
water molecules close to the protein exhibit two distinct
relaxations.22,28,30 Therefore, the fluorescence spectra below
∼240 K may represent the ground-state populations of the two
forms without the transition from DHB to WMHB form in the
S1 state because the transition does not occur or occurs slowly
compared to the fluorescence lifetime. In contrast, the
fluorescence spectrum of the E16H mutant hardly changes
with temperature because it exists as a single emitting form.
The temperature-dependent steady-state spectra in Figure 3

were analyzed by global analyses in two different ways; a global
analysis based on exponential fits with respect to 1/T, which
provides decay associated spectra (DAS) and a model
nonlinear least square fit. For the former, it is assumed that
the fluorescence intensity (i.e., population) of each species is
determined solely by the Boltzmann distribution in the ground
state and that the spectral shape of each form is independent of
temperature. The fluorescence spectra below 240 K were used
because the dynamics from DHB to WMHB form affects the
fluorescence intensity at higher temperatures. The fluorescence
spectrum at a given temperature is the sum of the spectrum of
each species weighted by a Boltzmann factor

I T A E kT( , ) ( )exp /
i

i i∑ω ω= [−Δ ]
(1)

where Ai(ω) is the fluorescence spectrum of a i-th species. In
an analogy to the global analysis of time-resolved spectra, the
temperature-dependent spectra can be fitted globally by taking
1/T as an independent variable. The global analysis in this way
gives the fluorescence spectra associated with constants k/ΔE,
which we call the energy-associated spectra (EAS) and the
temperature constant, respectively.
The temperature-dependent steady-state fluorescence spec-

tra of mPlum can be fitted well by two EAS shown in Figure 4.
The integrated fluorescence intensity changes significantly with
temperature because transmission, reflection, and scattering
from the sample vary as the temperature is lowered. The area-
normalized fluorescence spectra were used to attain the energy
dependence while excluding temperature dependence of the

Figure 3. Temperature-dependent steady-state fluorescence spectra of
(a) mPlum and (b) E16H variant. The spectrum at each temperature
is normalized to the maximum intensity in the top contour plots, and
it is normalized to the integrated intensity in the bottom. The dashed
line in (a) is 240 K, below which the conformational change from
DHB to WMHB is blocked. The EAS analysis used the data below
240 K. In the bottom, the temperature decreases from 295 K (red) to
20 K (blue) by 10 K decrement.

Figure 4. EAS of mPlum obtained from the global fit of the
temperature-dependent fluorescence spectra. The temperature
constants of the black and red lines are 3.0 and 0.00217 K−1,
respectively.
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integrated intensity. The EAS with a temperature constant of
3.0 K−1 (black line) represents the spectrum in the low-
temperature limit. Because the spectra are normalized for this
analysis, the temperature constant should be a large value
(infinity) for an ideal two emitter case. The EAS with a
temperature constant of 0.00217 K−1, which corresponds to
the energy difference of 319 cm−1, shows a positive (negative)
contribution at the low (high) energy side of the fluorescence
spectrum. That is, the EAS (0.00217 K−1) denotes increase of
the high energy side of the spectrum and decrease of the low
energy side of the spectrum as the temperature decreases
(increase of 1/T). Therefore, the lower energy species (DHB)
in the ground state, whose population increases at lower
temperatures, emits at higher frequency than the higher energy
species (WMHB), and the energy difference between the two
species in the ground state is 319 cm−1, which is in reasonable
agreement with the value of 198 cm−1 determined previously
by quantum mechanics/molecular mechanics (QM/MM)
simulation.19

Although the above global analysis is unbiased as no explicit
model is assumed, the temperature dependence of each
fluorescence spectrum cannot be incorporated. Thus, we fitted
globally the temperature-dependent steady-state spectra of
mPlum with two model functions that represent the DHB and
WMHB forms. The global analysis was first performed on the
E16H mutant in which only one emissive form exists. To
accommodate the vibronic structure, which can be more
clearly discerned at low temperatures, two lognormal functions
are used. A lognormal function is
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where A is the maximum intensity, ν0 is the peak position, Δ is
the width parameter, and γ is the asymmetry parameter. The
full width at half-maximum (fwhm) is Δ·sinh(γ)/γ. Con-
sequently, four lognormal functions are required to properly fit
the fluorescence spectra of mPlum where two emitting species
are present. The nonlinear least square fits were performed
using the Marquardt algorithm,38 and we applied a series of
constraints during the fits to make the nonlinear least square
fits robust. The energy gap of the two vibronic bands, the ratio
of the integrated area of the two vibronic bands, and the
asymmetry parameters of each band were fixed. The
asymmetry parameters were obtained from the fits of the
fluorescence spectrum at room temperature. The fwhm of each
band is assumed to decay exponentially with 1/T to reflect the
narrowing of the width as the temperature decreases.
Global fit results at a few representative temperatures are

shown in Figure 5 (see Figures S6 and S7 for other
temperatures), and the peak positions and widths versus 1/T
are shown in Figure 6. The peak positions of the two vibronic
bands of the E16H mutant are invariant with the temperature
change, although their widths narrow significantly. Surpris-
ingly, however, the peak positions of mPlum are also practically
invariant with the temperature change, even though the
fluorescence spectrum of mPlum changes significantly with
temperature. This is a strong indication that the temperature
dependence of the mPlum arises largely from the change of the

equilibrium between the DHB and WMHB forms. For the
E16H mutant, the fluorescence band peaks at 16110 cm−1, and
the energy difference between the two vibrational bands is
1450 cm−1 at all temperatures. For mPlum, the fluorescence
bands corresponding to the DHB and WMHB forms peak at
15,850 and 14,440 cm−1, respectively. The vibrational
sidebands appear at 1410 and 1400 cm−1 below and match
well with that of the E16H mutant. These vibrational
progressions are likely to originate from the carbon−carbon

Figure 5. Global fits by a sum of lognormal functions for the
temperature-dependent fluorescence spectra of (a−c) mPlum at 295,
180, and 20 K and (d) E16H mutant at 295 K. In the global fits, each
chemical species is represented by two lognormal functions because of
the vibrational progression. For mPlum, the pink and blue colors
represent the fluorescence of the DHB and WMHB forms,
respectively.

Figure 6. (a,c) Center frequencies and (b,d) widths of the lognormal
functions for (a,b) mPlum and (c,d) E16H variant obtained from the
global fits in Figure 4. For mPlum, the red and blue colors correspond
to the DHB and WMHB forms, respectively. Filled circles and stars
are the data corresponding to the high- and low-frequency
components of the vibrational progression, respectively, and the
lines are guide for the eye.
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double bond stretching modes as the CC stretching modes
in polyenes and aromatic molecules are around 1400−1600
cm−1.39,40 The spectral widths narrow by about 300 cm−1 for
the E16H mutant and the DHB form of mPlum, while they
narrow by about 500 cm−1 for the WMHB form of mPlum as
the temperature decreases from 295 to 20 K. The larger
decrease of the spectral width of WMHB is expected because
of its more flexible structure leading to larger inhomogeneity at
room temperature.
The integrated intensities of the two bands of mPlum are

shown in Figure 7. Because the dynamics from the DHB to

WMHB form occurs slower than the measurement time
window below 240 K (vide infra), the area of the fluorescence
spectrum represents the ground--state population in this
temperature range. By assuming a Boltzmann distribution of
the two conformer populations, an exponential fit versus 1/T
gives the energy difference of 205 cm−1, which matches well
with the previous report (198 cm−1).19 Together with the
invariance of the peak position versus temperature, this
corroborates our conclusion that mPlum exists as two forms,
DHB and WMHB, subject to the equilibrium in the ground
state, and transition from DHB to WMHB occurs in the S1
state at temperatures above ∼240 K.
The unbiased fitting using EAS analysis gives 318 cm−1 as

the energy gap between the two forms, while the log−normal
function fit gives 205 cm−1. Although the latter matches better
with the previous reported theoretical calculation, both
analyses can be regarded to show good agreement with theory,
considering uncertainty of the QM/MM calculation results.
3.2. Time-Resolved Fluorescence Spectra. The temper-

ature-dependent TF spectra of mPlum may provide a detailed
dynamical information at low temperature. The TF spectra of
mPlum and its E16H mutant at several temperatures are
shown in the Supporting Information (Figures S8 and S9).
Figure 8 shows the first and second moments, which represent
the average frequency and width of a spectrum, respectively, of
the TF spectra of mPlum at several temperatures. The first
moments decrease with time at all temperatures indicating red
shifts of the fluorescence spectra with time. In particular, the
red shift is accelerated abruptly at 275 K and above. Time
constants from single-exponential fits of the first moments are
given in Table 1. Correspondingly, the second moments also
decrease with time at all temperatures, though by a very small

magnitude, and the decrease is accelerated at temperatures
above 275 K.

The global analysis of the TF spectra at each temperature
gives two DAS, with 70−320 and 800−1300 ps time constants.
The DAS at a few representative temperatures are shown in
Figure 9, and their time constants are listed in Table 1. The
slow component should correspond to the fluorescence
lifetime of mPlum. Because mPlum exists mostly as the DHB
form at 20 K, the 1.3 ns time constant is the lifetime of the
DHB form at 20 K. Analogously, the 800 ps time constant at
room temperature, which is similar to the value reported
previously by the fluorescence up-conversion experiment (610
ps),11 represents the lifetime of the WMHB form at room
temperature. The two fluorescence bands are not distinguish-
able by the global fitting because of their similar lifetimes. The
fast component should reflect the red shift of the fluorescence
spectrum as a function of time; positive (decay) amplitude at
high-frequency and negative (rise) amplitude at low-frequency
regions. In fact, temperature dependences of the time
constants of the first moment (Figure 8a) and the fast
component parallel each other. In our previous report where
the femtosecond fluorescence upconversion method was
employed to record the TF spectra, the time constant for
the transition from DHB to WMHB at room temperature was
determined to be 37 ps.11 Due to the lower time resolution

Figure 7. Fluorescence band areas of the DHB (red) and WMHB
(blue) forms obtained from the global fits of mPlum in Figure 4 at the
temperature range of 20−240 K. The lines are the single exponential
fits versus 1/T, which gives a temperature constant of 0.00338 K−1

(205 cm−1).

Figure 8. Variations of the (a) first moment and (b) second moment
of the TF spectra vs time for mPlum at a few representative
temperatures.

Table 1. Time Constants of the First Moments (τfm) and the
DAS (τ1 and τ2) of the TF spectra of mPlum

temp.
(K) 295 285 275 260 230 180 100 20

τfm (ps) 110 140 150 320 420 450 470 450
τ1 (ps) 70 70 80 130 160 240 260 320
τ2 (ps) 800 830 860 880 970 1130 1290 1300
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(∼80 ps) of the current work, the dynamics are only partially
resolved at 295 K.
Because the WMHB form emits at a lower frequency, the

transition from DHB to WMHB should give rise to a red shift
of the spectrum. In addition, the transition should be
decelerated at lower temperatures because the motion of
water molecules should be suppressed. Considering the
temperature dependence of the time constants, it is tempting
to assign the fast component of the DAS as the transition time
from the DHB to WMHB form. Based on the observations
described below, however, we concluded that above ∼240 K,
the fast component arises mostly from the transition from
DHB to WMHB, and below 240 K, it reflects dynamic Stokes
shift due to relaxation processes including vibration relaxation
and motions of slow solvent and protein backbone.
If the spectral red shift below 240 K originates from the

DHB to WMHB transition, the fluorescence of WMHB form
should be observed at times longer than the transition time in
the TF spectra. However, the slow DAS at temperatures below
240 K is blue-shifted compared to those at higher temperatures
appearing near the fluorescence of the DHB form. Note that
the DHB form is dominant at low temperatures. The TF
spectra at long times (Figure S8) also clearly show this blue
shift below ∼240 K. The time constants of the DAS (Figure
S10) and the first moment (Figure S11) of the TF spectra of
mPlum hardly change regardless of the excitation wavelength
at all temperatures, which is consistent with the conclusion that
the fast DAS cannot be accounted for by the DHB to WMHB
transition. The invariance of the TF spectra under the
excitation wavelength also indicates that the absorption spectra
of the two forms are very similar. The DHB to WMHB
transition is expected to be fast above the freezing temperature,
to occur slowly in the 240−273 K regime, and to be blocked
within the measurement time window at temperatures below
240 K. In the temperature-dependent experiment, there was a
waiting time of 15 min for the temperature drop of every 10 K
until the spectrum does not change. During this time, the
equilibrium between the two forms is established although the
sample is frozen. The water molecules inside the protein are

somewhat mobile and can cause slow structural change even at
temperatures below the freezing point.29

A notable feature in the TF spectra is that the first and
second moments increase past 1 ns at temperatures above 273
K. Because the time constant is longer than the lifetimes of the
DHB and WMHB forms, we assume an additional ground-
state conformation that has a longer lifetime. We performed a
global analysis using >500 ps data to investigate this possibility
(Figure S12). An additional slower 1.5 ns DAS that is blue-
shifted by 110 cm−1 from the slow DAS is obtained, whose
contribution is less than 5%. Although the fluorescence
intensity and ratio are too small for further analysis, several
possibilities can be suggested for this species. The band was
observed only above 273 K when the fluorescence of the main
component almost disappeared after several nanoseconds. If
the species is assumed to exist in the ground state, the energy
level should be much higher than DHB and WMHB species,
and the spectrum appears several nanoseconds later due to the
long lifetime of 1.5 ns. The energy of this long-lifetime species
is estimated to lie ∼600 cm−1 above the DHB form from the
band areas if the Boltzmann distribution is assumed in the
ground state. Another possibility is that it may also be
originated from structure-changing dynamics in the excited
state arising from the WMHB form. The dynamics occurs only
above the melting temperature, which indicates that the
dynamics is related to the mobility of protein, the motion of
hydrogen atom, or isomerization.
For the analyses in Section 3.1 to be valid, the relative

fluorescence intensities of the two forms should represent their
populations in the ground state. If the two forms have different
temperature-dependent nonradiative decay rates, the analyses
may not be accurate. We calculated the average lifetimes using
the population ratio obtained by the global analysis (Figure 7),
assuming that the lifetime of each conformer is the same at all
temperatures. The calculated and measured values (τ2 of DAS
in Table 1) shown in Figure S13 match well indicating that
their lifetimes do not vary much as a function of temperature.

4. CONCLUSIONS
Steady-state and time-resolved fluorescence spectroscopy was
carried out on an RFP mPlum and its E16H mutant over a
wide range of temperature from 295 K down to 20 K. The
results provide a new insight on the populations and their
dynamics of large and complex molecules such as proteins that
have multiple conformational isomers. The energetics of each
conformer can be obtained by analyzing the temperature-
dependent spectra through the Boltzmann distribution.
Spectroscopy and dynamics can be observed more clearly by
restricting solvent motion and reducing conformational space
at low temperatures.
Combined with the result reported previously (ref 11), the

conclusions of this work can be summarized with a schematic
in Figure 10. There are two major forms of mPlum, DHB, and
WMHB forms. Upon photoexcitation, the transition from
DHB to WMHB in the S1 state occurs in 37 ps at room
temperature, which is the major aspect contributing to the
large Stokes shift of mPlum. The transition, however, is
blocked at temperatures below 240 K, and therefore
fluorescence spectrum reflects the populations of the two
forms in the ground state determined by the Boltzmann
distribution. The energy difference between the two forms in
the ground state determined by the temperature-dependent
steady-state fluorescence spectra is 205 cm−1. At 20 K, mPlum

Figure 9. DAS from the global analysis of the TF spectra of mPlum at
(a) 295, (b) 275, (c) 180, and (d) 20 K. The time constants of the
DAS are listed in Table 1.
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exists as the DHB form almost exclusively, which has a lifetime
of 1.3 ns. In addition to the two major forms, a minor (<5%)
emissive state having a lifetime of 1.5 ns is observed. This
species can be a structural isomer, or it could be a reaction
product in the excited state arising from the WMHB form as it
is observed only above the melting temperature.
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