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Ultrafast internal conversion dynamics of bilirubin
bound to UnaG and its N57A mutant†

Xiaodan Cao, a Changcheng Zhang,d Ziheng Gao,d Yangyi Liu,a Yuzheng Zhao,d

Yi Yang, d Jinquan Chen, *ae Ralph Jimenez *bc and Jianhua Xu ae

Fluorescent proteins (FPs) have become fundamental tools for live cell imaging. Most FPs currently used

are members of the green fluorescent protein super-family, but new fluorophores such as bilin-FPs are

being developed and optimized. In particular, the UnaG FP incorporates bilirubin (BR) as a chromophore,

enhancing its fluorescence quantum yield by three orders of magnitude relative to that in solution. To

investigate the mechanism of this dramatic enhancement and provide a basis for further engineering of

UnaG and other tetrapyrrole-based fluorophores, we performed picosecond fluorescence and

femtosecond transient absorption measurements of BR bound to UnaG and its N57A site-directed

mutant. The dynamics of wt-UnaG, which has a fluorescence QY of 0.51, are largely homogeneous,

showing an excited state relaxation of B200 ps, and a 2.2 ns excited-state lifetime decay with a kinetic

isotope effect (KIE) of 1.1 for D2O vs. H2O buffer. In contrast, for UnaG N57A (fluorescence QY 0.01) the

results show a large spectral inhomogeneity with excited state decay timescales of 47 and 200 ps and a

KIE of 1.4. The non-radiative deactivation of the excited state is limited by proton transfer. The loss of

direct hydrogen bonds to the endo-vinyl dipyrrinone moiety of BR leads to high flexibility and structural

heterogeneity of UnaG N57A, as seen in the X-ray crystal structure.

Introduction

Bilirubin (BR) is a linear tetrapyrrole chromophore which is
produced in vertebrates by the degradation of heme, only
differing by one double bond in the methylene bridge from its
metabolic precursor, biliverdin (BV). Bilin-FPs such as UnaG,
Sandercyanin, miRFPs, and smURFP are an emerging class of
fluorophores due to their genetic encodability, potential for
high brightness, photoswitching, and the far-red emission of
BV.1–5 In solvents at 300 K, BR does not fluoresce significantly
(fluorescence quantum yields (QY) B 10�4).6 However, the
BR-UnaG holoprotein (henceforth referred to as UnaG),2 has a

much higher QY (0.51) than is typical for other bilin-FPs, whose
QY range from 0.016–0.18.3–5 This 15.6 kDa protein contains a
single BR in a nearly planar conformation with direct and water-
mediated hydrogen-bonds to the both dipyrrinone moiety and
propionates. The Asn57 sidechain stabilizes this conformation
with hydrogen-bonding interactions to the endo-vinyl dipyrri-
none moiety and the C-ring propionate (Scheme 1 left). The
UnaG N57A point mutant, in which BR fluorescence is nearly
quenched (QY 0.01), lacks all direct hydrogen-bonds in the endo-
vinyl dipyrrinone moiety (Scheme 1 right) and shows a much
larger torsion angle of the dipyrrinone A–B rings. Thus it appears
that chromophore planarity and/or rigidity are key factors in
enhancing the QY.

Although ultrafast time-resolved measurements of BR in
proteins have not been reported yet, several studies report the
characterization of BR bound to human serum albumin and in
organic solvents.7–10 Fluorescence up-conversion measurements
by Zeitz and Gillbro provided the most direct measure of the BR
excited state kinetics in solvents, revealing picosecond decay
timescales.9 They suggest that deactivation in the internally
H-bonded BR in CHCl3 is highly efficient due to a conical inter-
section (CI) near the Franck–Condon region, or due to excited-state
proton transfer (ESPT). The latter mechanism is predicted by a
recent theoretical study.11 Although ESPT can generate new
products that yield dual emission with large Stokes shift or
red-shifted emission as observed in GFP,12–14 it also can become
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an excited-state deactivation channel by routing population
through a conical intersection, especially for pyrroles.15,16 For
bilin-FPs, ESPT is the usual deactivation pathway from the
excited state to ground state.3,17–20 As for BV, femtosecond
spectroscopy of the chromophore in solution has not yet been
reported, but investigations of BV-containing near-IR FPs engineered
from bacteriophytochromes (Bphs) and cyanobacterial phyto-
chromes (Cphs) have been extensively investigated, revealing
excited state dynamics with ESPT and/or isomerization and a
diverse range of excited state lifetimes, twist motions, hydrogen
bonding interactions, spectral heterogeneities and fluorescence
quantum yields.3,17–20

Here, we present the first femtosecond transient absorption
and picosecond fluorescence measurements on the highly
fluorescent wild-type UnaG and the quenched N57A mutant
to reveal the photocycle of the bound BR chromophore, including
spectral properties, proton transfer process, and the sidechain
interactions. We discover that direct hydrogen bonds to BR ring A
and B provided by N57 and T61 sidechains in wt-UnaG inhibit
deactivation of the initial populated bright state to the less
emissive intermediate states and ultimately lead to the high
fluorescence QY. Our results may facilitate engineering of
brighter and more functional BR-based FPs.

Experimental methods
Sample preparation

The proteins (wild type UnaG and UnaG N57A mutant) are
provided by Prof. Yi Yang’s group base on the method reported
by Kumagai et al.2 Bilirubin (Sigma-Aldrich, 98% purity) was
dissolved in DMSO as stock solution (2 mM). The bilirubin/
UnaG complex were prepared at 2 : 1 molar ratio in Tris buffer
(50 mM Tris–HCl and 150 mM NaCl, pH 7.4), and then purified
with PD G-25 columns (GE Healthcare) to remove free bilirubin
and DMSO.

Spectroscopy measurements

Steady-state absorption spectra and fluorescence spectra were
recorded on a UV-Vis spectrophotometer (TU1901, Beijing
Purkinje General Instrument Co. Ltd) and FluoroMax-4 spectro-
fluorometer (Horiba, Jobin Yvon), respectively. Transient absorption
(TA) spectra over the 350 to 720 nm spectral range were acquired on
a transient absorption spectrometer (Helios-EOS fire, Ultrafast
System), and 1 kHz Ti:sapphire amplifier system with 120 fs time
resolution. The 490 nm pump pulse energy was limited to 100 nJ.

Fluorescence lifetimes were measured on a home-built time-
correlated single photon counting (TCSPC) system. The excitation
pulse was provided by a picosecond super-continuum fiber laser
(SC400-pp-4, Fianium, UK) with a repetition rate of 20 MHz, and
the fluorescence was recorded by a TCSPCmodule (PicoHarp 300,
PicoQuant) and a MCP-PMT (R3809U-50, Hamamatsu). A mono-
chromator (7ISW151, Sofn Instruments) was used to select the
emission wavelength.

Results and discussion
Wild type UnaG

UV-Vis absorption and emission spectra of wild type UnaG
(henceforth we denote as wt-UnaG) in Tris buffer (50 mM
Tris–HCl with 150 mM NaCl, pH 7.4) show peaks around
496 nm and 530 nm respectively (Fig. 1A), which is consistent
with previous results.2 Isotropic fluorescence decay at 530 nm
from time-correlated single photon counting (TCSPC) measure-
ments with 80 ps time resolution reveals a single exponential
decay with 2.2 ns time constant (Fig. 1B and Table 1). TCSPC
anisotropy measurements on wt-UnaG in buffer (Fig. S1, ESI†
green dots) reveal a B11 ns decay. This timescale is consistent
with overall rotational tumbling of the protein, as confirmed by
the increase in time constant to B84 ns in a higher viscosity
buffer (with 50% glycerol, Fig. S1, ESI† pink dots). The overall
tumbling time of similar-sized proteins is reported to beB10 ns

Scheme 1 Chromophore binding-site interactions with BR in wt-UnaG and UnaG N57A (PDB ID: 4I3B, 4I3D).

Fig. 1 Spectral properties of wt-UnaG in Tris buffer. (A) Absorption and
emission spectra. (B) Isotropic time resolved fluorescence from TCSPC
measurement (490 nm excitation and 530 nm detection). (C) Broadband
transient absorption spectra and (D) corresponding EADS from global fitting.
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for myoglobin (16.7 kDa) and 8.7 ns for lysozyme (14.3 kDa),21–23

indicating that wt-UnaG (19 kDa with affinity tags for purification)
is monomeric under these conditions.

Broadband femtosecond transient absorption (TA) measure-
ments with 120 fs time resolution (Fig. 1C) show a stimulated
emission (SE) band around 550 nm, an excited-state absorption
(ESA) band around 425 nm, and a ground state bleach (GSB)
band near 500 nm. These bands decay without any change of
the peak positions (Fig. S2, ESI†). Global analysis followed
by singular value decomposition (SVD) process was performed
in Surface Xplorer software (Ultrafast Systems, Inc.). One com-
ponent with a time constant of 1.9 ns fits well with the principal
SVD kinetics, but two components with time constants of 2.0 ns
and 0.2 ns (Table S1, ESI†) produce an even better fit, where the
0.2 ns component only shows a small negative band with a peak
around 500 nm in the decay-associated spectra (DAS, Fig. S3,
ESI†). The 2.0 ns component from global analysis likely corre-
sponds to the 2.2 ns lifetime from time-resolved fluorescence,
representing the decay of the BR excited state. Both TA and
TCPSC decays at 550 nm are well fitted by single exponential
decay, whereas TA signal at 504 nm and TCSPC signal at 500 nm
requires two exponentials fits (Fig. S4 and Tables S2, S3, ESI†).
This implies that the 0.2 ns component only appears on the blue
side of the SE band and it is likely due to a spectral narrowing of
the SE band, which indicates excited state structural relaxation
of BR in protein environment. Evolution-associated difference
spectra (EADS) with a sequential model (Fig. 1D) show the two
components have similar spectra. The EADS method has often
been used to analyze the dynamics of protein photocycles.17–20,24

The first EADS corresponds to the time-zero difference spectrum,
which evolves into the second EADS with time constant t1, and so
on. In this analysis, an overall loss of GSB, ESA and SE features
corresponds to excited state decay, whereas spectral evolution
without loss of excited state population is attributed to the
relaxation process in the excited state. In addition, the global
analysis indicates that no long-lived species are formed in
wt-UnaG (i.e. no isomerization occurs). The single exponential
decay of the excited state population and the TA results indicate
that wt-UnaG is spectrally homogenous.

To examine the possibility of ESPT in wt-UnaG, experiments
were performed in D2O Tris buffer. Fluorescence and TCSPC
measurements show increased fluorescence intensities (QYs
from 0.51 to 0.56) and longer lifetimes (from 2.2 ns to 2.4 ns) in
90% D2O Tris buffer compared to H2O Tris buffer (Fig. 2 and
Table 1). Calculations of the radiative and non-radiative rates
(method in ESI†) demonstrate that the increase in excited-state
lifetime and QY in D2O Tris buffer is due to the decrease in the
non-radiative rate while the radiative rate is constant. A control
experiment was performed with addition of 6.7% glycerol in

H2O Tris buffer (Fig. 2 purple lines), which has the same
viscosity as D2O Tris buffer, showing the increased lifetime is
not due to viscosity effects. Moreover, TA measurements of
wt-UnaG in D2O buffer showed similar increase in lifetimes as
seen in TCSPC (Fig. S3B, S5 and S6, ESI†). As the structure of BR
in protein is unchanged due to the identical absorption and
emission spectra, and the increase in QY and lifetime is due to
the decrease in non-radiative decay rate, we believe it should be
assigned to a proton-motion mediated process since it is a
common non-radiative decay pathway for bilin’s excited states.
However, this process in wt-UnaG is not a dominant non-
radiative pathway, so the KIE is rather small in wt-UnaG.

The photophysical model for wt-UnaG is straightforward as
illustrated in Scheme 2. The BR chromophore shows a single
exponential decay of excited state, and the radiative decay with
a rate of 2.3 � 108 s�1 (tRAD = 4.3 ns) is the main channel that
accounts for 51% of the excited state decay. The structural
relaxation in the excited state shows a relatively long timescale
of 200 ps. The small KIE of 1.1 in wt-UnaG demonstrates that
ESPT is a minor contribution to the deactivation of BR’s excited
state. The high QY, long excited state lifetime, small KIE and

Table 1 wt-UnaG TCSPC time constants

Buffer QY TCSPC lifetime (ns) kEXC (s�1) kRAD (s�1) kNR (s�1)

H2O Tris buffer 0.51 2.21 (w2 = 1.17) 4.5 � 108 2.3 � 108 2.2 � 108

D2O Tris buffer 0.56 2.41 (w2 = 1.19) 4.1 � 108 2.3 � 108 1.8 � 108

H2O Tris with 6.7% glycerol 0.51 2.20 (w2 = 1.20) 4.5 � 108 2.3 � 108 2.2 � 108

Fig. 2 Isotope effects of wt-UnaG. (A) Emission spectra of wt-UnaG in
H2O Tris buffer, D2O Tris buffer and H2O Tris buffer with 6.7% glycerol.
(B) Time-resolved fluorescence decays of wt-UnaG in the same three
buffers (excitation at 496 nm and detection at 530 nm). Fitting results are
listed in Table 1.

Scheme 2 Excited state dynamics model for BR in wt-UnaG.
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absence of isomerization indicate that the binding site in
wt-UnaG provides a rigid environment for BR.

The UnaG N57A mutant

UnaG N57A shows a broader absorption in the red edge (Fig. 3A
blue solid line) and a red-shifted as well as much broader
emission (Fig. 3A green solid line, with a peak around 542 nm)
compared to wt-UnaG (Fig. 3A dashed lines). Isotropic fluores-
cence decay from TCSPC measurements reveal a much faster
decay with multi-exponential of 50, 190 and 930 ps time constant
(Fig. 3B and Table 2). TCSPC anisotropy measurements on UnaG
N57A in Tris buffer (Fig. S7, ESI† blue dots) reveal the same decay
timescale seen for wt-UnaG, suggesting that it is also monomeric.

Compared to wt-UnaG, femtosecond TA measurements of
UnaG N57A with 120 fs time resolution within a 1 ns time
window shows a similar ESA peak around 425 nm and a GSB
peak around 500 nm as in wt-UnaG, but a different SE feature
around 560 nm (Fig. 3C). The peaks of SE band red-shift from
557 nm to 580 nm in the first 30 picoseconds, and then blue
shift to B570 nm on longer timescales (Fig. S8, ESI†). The SE
kinetics at 560 nm are much faster than the GSB recovery at
502 nm (Fig. S9, ESI†), thus pointing to the presence of
intermediate states before repopulation of the ground state.
Global analysis was carried out to determine the number of
excited states and EADS analysis with a sequential model was
performed to visualize the evolution of the excited and inter-
mediate states of the system. Four components are required in
the global analysis, with lifetimes of 370 fs, 4.3 ps, 47 ps and
200 ps (Table S4, ESI†), and the corresponding EADS was shown
in Fig. 3D. The first EADS (pink) with 370 fs shows an ESA band
around 430 nm, a GSB band around 500 nm and a SE band
around 553 nm. It interconverts into the second EADS (yellow)
without loss of GSB and ESA but with a red shift of the SE band
to 565 nm. The second EADS interconverts into the third EADS
(cyan) with a lifetime of 4.3 ps, also without loss of GSB but

further red shift of SE band to 582 nm. The third EADS (cyan)
decays with a lifetime of 47 ps and shows an overall loss of GSB
and ESA, and the fourth EADS (purple) shows a minor excited
state decay with a lifetime of 200 ps and SE peaks around
568 nm. Since the spectra of the 370 fs and 4.3 ps components
do not show loss of GSB features, they are likely to be the result
of excited-state structural relaxation of BR. On the other hand,
the 47 ps and 200 ps time scales, which closely correspond to
time constants from TCSPC, represent the loss of excited state
population.

The excited state dynamics of UnaG N57A shows a few
unusual features. First, the 200 ps component of the EADS, has
a more blue-shifted SE peak than the 47 ps EADS component. It is
difficult to reconcile a typical excited state relaxation process with
the observed blue shifted emission of the longest lifetime com-
ponent. Furthermore, a 47 ps rise time was not observed in any of
the kinetics. Thus, the species with a 200 ps lifetime is not
produced on the 47 ps timescale of the third component. We
therefore infer that these two excited-state components reflect pre-
existing ground state species, likely originating from structural
heterogeneity in the ground state (discussed below). This spectral
inhomogeneity is also clear in the DAS (Fig. S10, ESI†) which show
different amplitudes andmaxima of the SE, GSB and ESA bands. A
similar case was reported for BV in RpBphP2 which shows a
biexponential excited state decay with 43 ps and 170 ps time
constants, arising from structural heterogeneity in the Pr ground
state.17 Moreover, this structural heterogeneity of PCB in cyano-
bacterial phytochrome Cph1 is also widely observed with time-
resolved spectroscopy.25–27

A second observation is that EADS reveal the contribution of
SE relative to GSB decreases at long times (Fig. 3D), which
indicates that BR converts to dark states during the excited-
state relaxation. Similar dynamics were noted for BR in organic
solvents, where it is seen that BR is highly fluorescent near the
Franck–Condon region, with a 350 fs lifetime, but it then
converts to dark intermediates on an ultrafast timescale, then
finally decays to the ground state in 15 ps.10,22 Similarly, state A
in UnaG N57A with 370 fs lifetime can be attributed to a bright
state near the Franck–Condon region, and the subsequent
states show progressively less emission (smaller amplitude SE
features). In addition, although an upcoming ESA band com-
pensating the SE amplitude could also cause the decrease in SE,
the rise of an ESA band is usually accompanied by formation of
new species such as isomerization. However, no formation of
long-lived species is observed that bring about new ESA bands.

Steady state emission, TCSPC and TAmeasurements on UnaG
N57A in D2O Tris buffer revealed significant isotope effects,
including a 1.62-fold increase in fluorescence intensity (Fig. 4A)
and slower fluorescence decay timescales (Fig. 4B and Table 2).
The control experiment in 6.7% glycerol/Tris buffer (Fig. 2 purple
lines) showed that this increase is not mainly due to viscosity
effects. TA measurements in 80% D2O Tris buffer (Fig. S12, ESI†)
show clear effects at some wavelengths. For example, the kinetic
trace at 502 nm of the GSB band (Fig. 4C) shows a half-life of
46 ps in H2O Tris buffer and 73 ps in 80% D2O Tris buffer
(1.59 fold). However, kinetic trace at 560 nm of the SE band

Fig. 3 Spectral properties of UnaG N57A in Tris buffer. (A) Absorption and
emission spectra of UnaG N57A (solid lines) and compared to wt-UnaG
(dashed lines). (B) Isotropic time resolved fluorescence from TCSPC
measurement (490 nm excitation and 540 nm detection). (C) Broadband
transient absorption spectra and (D) corresponding EADS from global
fitting.
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doesn’t show significant KIE effect (Fig. 4D). Global fitting results
(Table S4, ESI†) show that the 0.37 ps and 4.3 ps components are
nearly the same for H2O and D2O, whereas the 47 ps and 200 ps
components increase to 69 ps (1.47 fold) and 280 ps (1.4 fold)
respectively. This increase is consistent with TCSPC measure-
ments (Table 2). These results demonstrate that proton transfer is
rate-limiting in the decay of the excited state but not for structural
relaxation within the excited state. Thus, a KIE is observed in the
GSB kinetics but not in the SE kinetics. This is because the SE
signal from TA measurement is predominantly from the bright
states A (46%) and B (42%) that do not participate in ESPT,
whereas states C and D which do participate in ESPT are only
weakly emissive. Moreover, the significant KIE observed in
TCSPC measurements originates from the lowest excited states
(C and D) while the ultrafast dynamics is beyond the experi-
mental time resolution.

The photophysical model for N57A (Scheme 3) requires the
consideration of heterogeneous excited-state kinetics, which we
represent with two populations with fractions F and 1 � F.
Excitation of BR reaches a highly fluorescent state A near the
Franck–Condon region, which relaxes to state B with on a 370 fs
timescale. State B, with a red shift of 15 nm, is less emissive and
it relax to the lowest excited state C or D on a 4.3 ps time scale.
States C and D, with peak around 582 nm and 568 nm, are even
less emissive than their precursors, and relax to the ground
state with 47 ps and 200 ps timescales, respectively. The rate of
proton transfer limits the deactivation of states C and D to the

ground state. As suggested by Toh et al. for BV in bacteriophyto-
chromes,17 the reverse proton transfer rate in the ground state
(not shown) is likely to be very fast and therefore no ground-
state intermediates are accumulated or observed.

Chromophore binding-site interactions

To understand the molecular origins of the differences in
excited state dynamics between wt-UnaG and N57A, the crystal
structures were examined. Since the two propionates of BR are
not in the same plane with the pyrrole rings and the p-electron
conjugation does not extend to the two propionates, we focus
on the four pyrrole rings.

The structure of wt-UnaG (Fig. 5, green) shows three direct
hydrogen bonds to the endo-vinyl dipyrrinone moiety provided
by N57 and T61 sidechains, one water-mediated hydrogen bond
to ring D carbonyl, and two p–p interactions between ring D
and R112, ring B and R132 respectively, interacting with BR.
The sidechain of T61 provides a hydrogen bond to the BR ring A
carbonyl with an average distance of 2.6 Å, and N57 interacts
with the nitrogen of the pyrrole ring A and B with average
distances of 2.9 Å and 3.0 Å (Table S7, ESI†). Spectroscopic
studies of BV in bacteriophytochromes have shown that the
strength of hydrogen bonding to the pyrrole ring carbonyl
determines excited-state lifetime, Lumi-R quantum yield and
spectral heterogeneity.24 The presence of these interactions in
wt-UnaG most likely explains the long lifetime, spectral homo-
geneity and absence of photoisomerization. At the other end of
the BR chromophore, the structure shows a single water-mediated
hydrogen bond to the carbonyl group of ring D, and the distance
for a possible p–p interaction between ring D and R112 is 3.4 Å.
The B200 ps relaxation process observed in wt-UnaG can be
assigned to the structural distortion of ring D instead of a more

Table 2 UnaG N57A TCSPC time constants

Buffer QY t1 (ns) t2 (ns) t3 (ns)
P

aiti ðnsÞ w2

H2O Tris buffer 0.010 0.05 (76%) 0.19 (21%) 0.93 (3%) 0.11 1.10
D2O Tris buffer 0.016 0.07 (73%) 0.28 (23%) 1.17 (4%) 0.16 1.25
H2O Tris with 6.7% glycerol 0.011 0.05 (76%) 0.20 (21%) 0.94 (3%) 0.11 1.10

Fig. 4 Isotope effects on dynamics of UnaG N57A. (A) Emission spectra of
UnaG N57A in H2O Tris buffer, D2O Tris buffer and H2O Tris buffer with
6.7% glycerol. (B) Time-resolved fluorescence decays of UnaG N57A in the
same three buffers (excitation at 496 nm and detection at 540 nm). Fitting
results are listed in Table 2. (C) Normalized TA kinetics of UnaG N57A at
502 nm (GSB) and (D) at 560 nm (SE) in H2O-Tris buffer and D2O-Tris
buffer. Fitting results are listed in Table S5 (ESI†).

Scheme 3 Excited state dynamics model for BR in UnaG N57A. A is a
bright state, and the later are darker states. C and D are conformers that
exist in ground state due to structural heterogeneity. The values of
k1 = (0.37 ps)�1 and k2 = (4.3 ps)�1 are the same in both cases, but k3 =
(47 ps)�1 and k4 = (200 ps)�1 are different. Decays to the ground state are
rate-limited by proton transfer.
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rigid ring A. Moreover, we conjecture that mutations that provide
strong hydrogen bonding to the ring D carbonyl could result in an
even higher fluorescence QY. As pyrroles are known to deprotonate
in the excited state,15,16 the ESPT process in wt-UnaG most likely
occurs through a hydrogen bond from the nitrogen of ring A or B
to N57 subsequent to a structural distortion of the chromophore
and/or binding site perhaps propagating from ring D.

In UnaG N57A (Fig. 5, magenta) with quenched fluorescence
(QY 0.01), the point mutation removes two direct hydrogen
bonds to the nitrogen of pyrrole rings A and B, and also leads to
the rearrangement of nearby residues that results in the loss
of the hydrogen bond between T61 and ring A carbonyl. These
direct hydrogen bonds are replaced with water-mediated
hydrogen-bonds. Moreover, the p–p interaction between ring
B and R132 is also lost. These modifications increase the overall
flexibility of BR and permit a much larger torsion angle of the
dipyrrinone A–B rings. The spectral inhomogeneity, including a
broader absorption at the red edge and broader emission
spectra compared to wt-UnaG, likely originate from the distinct
ground state subpopulations as seen in the diversity of torsional
angles and hydrogen bond interactions within the four subunits
from the crystal structure (Fig. S11 and Tables S6, S7, ESI†). We
suggest that spectral state C with 47 ps lifetime and red-shifted
emission originates from a subpopulation with large torsional
angles and weak hydrogen bonding. In the absence of direct
side-chain to BR hydrogen bonding to hinder the twist motion,

proton transfer from the nitrogen of ring A or B to hydrogen
bonded waters is more easily triggered by the distortion of ring
A. In contrast, we suggest that state D with 200 ps lifetime and
blue-shifted emission arises from a subpopulation with smaller
torsional angles that more closely resemble the conformation
of BR in wt-UnaG. Temperature-dependent studies would be
informative for a deeper investigation of these dynamics.

Comparison to ultrafast dynamics of other bilin-based
fluorescent proteins

As our study represents the first ultrafast spectroscopy investi-
gations of a natural BR-binding protein, we place our results in
the context of investigations of other bilin-based FPs in which
the competition between fluorescence, proton-transfer, and
photoisomerization has been considered. The photophysical
consequences of the high flexibility and structural heterogeneity
of UnaG N57A are similar to what has been observed in other
bilin-based FPs.17,24,28 For example, the RpBphP2 also showed
bi-exponential excited state decay of 43 and 170 ps which arises
from structural heterogeneity of BV in the Pr ground state.17 A
Pr ground state heterogeneity that results in spectral hetero-
geneity is also reported in Cph1D which has distinct reaction
rates in the excited states of PCB.25 Wild-type SaBphP1 showed
spectral heterogeneity attributed to different hydrogen bond
isoforms in the absence of hydrogen bonding to the carbonyl
group of ring D of BV chromophore, while its T289 mutant is
less heterogeneous when a hydrogen bond is introduced at this
position.24,26

ESPT is frequently invoked as an excited-state deactivation
pathway in bilin-FPs.3,17–20 For example, iRFPs that are derived
from BphPs showed increased QY and excited state lifetimes in
D2O buffer (KIE as high as 1.8), suggesting that ESPT is still the
dominant nonradiative pathway even though these proteins
have been engineered for higher fluorescence QYs (as high as
13%) for use as genetically-encoded fluorophores.19,20 The
dynamics of wt-UnaG resembles those of the iRFPs in that
the binding site effectively restricts bilin chromophore photo-
isomerization, but the reduced KIE in wt-UnaG and concomitant
restriction of the proton transfer process results in a significantly
larger fluorescence QY.

Conclusions

We find the rigid environment for BR in wt-UnaG provided by
direct sidechain–chromophore interactions results in the high-
est QY (0.51) and longest excited state lifetime (2.2 ns) than
other bilin-based FPs, where ESPT is a minor deactivation
pathway. In contrast, the N57A point mutation leading to the
loss of all direct hydrogen bonds to endo-vinyl dipyrrinone
moiety of BR and their replacement with hydrogen-bonding
to water results in increased flexibility and structural hetero-
geneity with excited state lifetimes of 47 and 200 ps. This
flexibility permits conversion to less emissive states and also
enables proton transfer. Strategies for enhancing the fluorescence of
BR-based FPs should focus on providing a more rigid environment

Fig. 5 Structures of wt-UnaG (PDB 4I3B) and UnaG N57A (PDB 4I3D).
Direct hydrogen bonds to the four pyrrole rings are shown with dashed
lines, p–p interactions between ring D-Arg112, ring B-Arg132 are shown
with van der Waals surfaces by mesh, waters within 3 Å of BR are shown by
spheres.
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by introducing direct hydrogen bonds to fix the excited-state
chromophore and its hydrogen-bonding network near configura-
tions with strong Franck–Condon overlap with the ground state.
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