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echanism of light harvesting in UV
photoreceptor UVR8†

Xiankun Li,ab Zheyun Liu,a Haisheng Ren, cd Mainak Kundu,a Lijuan Wang,a

Jiali Gao *cef and Dongping Zhong *ab

Photosynthetic pigments form light-harvesting networks to enable nearly perfect quantum efficiency in

photosynthesis via excitation energy transfer. However, similar light-harvesting mechanisms have not

been reported in light sensing processes in other classes of photoreceptors during light-mediated

signaling. Here, based on our earlier report, we mapped out a striking energy-transfer network

composed of 26 structural tryptophan residues in the plant UV-B photoreceptor UVR8. The spectra of

the tryptophan chromophores are tuned by the protein environments, funneling all excitation energy to

a cluster of four tryptophan residues, a pyramid center, where the excitation-induced monomerization is

initiated for cell signaling. With extensive site-directed mutagenesis, various time-resolved fluorescence

techniques, and combined QM/MM simulations, we determined the energy-transfer rates for all donor–

acceptor pairs, revealing the time scales from tens of picoseconds to nanoseconds. The overall light

harvesting quantum efficiency by the pyramid center is significantly increased to 73%, compared to

a direct excitation probability of 35%. UVR8 is the only photoreceptor discovered so far using a natural

amino-acid tryptophan without utilizing extrinsic chromophores to form a network to carry out both

light harvesting and light perception for biological functions.
Introduction

Sunlight is essential to living organisms both as the energy
source for photosynthesis and as an environmental signal for
biological functions. For the former, different photosynthetic
organisms have evolved various light-harvesting complexes,
including chlorosomes,1 phycobilisomes,2 FMO complexes,3

light-harvesting complex I (LHCI)4 and light-harvesting complex
II (LHCII).5 These antenna complexes contain multiple spatially
arranged photosynthetic pigments, which can absorb photon
energy and then transmit the excitation energy to reaction
centers for energy conversion, ensuring the efficiency of
photosynthesis. For light-triggered signaling, living systems use
emistry and Biochemistry, Programs of

hemistry, The Ohio State University,

8@osu.edu

, School of Physics and Astronomy, School

hanghai Jiao Tong University, Shanghai

uting Institute, University of Minnesota,

jialigao.org

niversity, Chengdu 610065, China

gy, Peking University Shenzhen Graduate

y, Shenzhen Bay Laboratory, Shenzhen

ESI) available: Methods, Fig. S1–S8, and
9c

f Chemistry 2020
a variety of photoreceptors for the initial sensing of different
regions of the solar spectrum, mediating critical biological
processes of vision, circadian rhythm, photomorphogenesis
and ultraviolet (UV) protection.6–10 In contrast with photosyn-
thetic complexes, most photoreceptors contain only one chro-
mophore, and thus, both the photon absorption and the
subsequent photoreactions that lead to protein conformational
changes occur at the same site without excitation energy
transfer. Interestingly, a recently discovered plant UV-B (280–
315 nm) photoreceptor, UVR8 (UV RESISTANCE LOCUS 8), is
unique among all photoreceptor proteins, in which there is no
external chromophore present, but multiple tryptophan resi-
dues in the protein sequence are believed to be its chromo-
phores. UVR8 potentially provides the rst example of
photoreceptors that use highly organized light-harvesting
networks.10

UVR8 forms a homodimer whose interface is decorated with
multiple inter-subunit salt-bridges and hydrogen-bonding
interactions in the ground or “dark” state.10–12 Upon absorp-
tion of UV-B irradiation, the UVR8 dimers spontaneously
dissociate into monomers, which bind the key signaling protein
Constitutively Photomorphogenic 1 (COP1) to trigger various
protective mechanisms against UV damage.10–23 The high-
resolution X-ray structure of Arabidopsis thaliana UVR8 has
been solved in the dimeric form (Fig. 1a and b), revealing a 7-
blade beta-propeller architecture of each monomer.11,12 Unlike
other visible and infrared photoreceptors, UVR8 does not
Chem. Sci., 2020, 11, 12553–12569 | 12553
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Fig. 1 UVR8 light-harvesting tryptophan and steady-state spectra. (a) A side view of UVR8 dimer with 3 groups of W residues highlighted in
different colors: 6Wd, blue; 3Wp, dark yellow; and 4Wc, dark red. (b) A top view of onemonomer shows symmetrical locations of 6Wd and relative
positions of 3Wp/4Wc. W94b is from the other monomer. (c) Normalized absorption and emission spectra for UVR8 WT and 3 mutants. (d) The
absorption spectra show differences beyond 300 nmwavelength. (e) Normalized absorption and emission spectra for Wd, Wp andWc separately.
Note the different excitation wavelengths for selected Wd (290 nm), Wp (310 nm) and Wc (315 nm) only. (f) A close view of the absorption-
emission overlap region. (g) Spectral overlap integrals for energy transfer.
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contain any external chromophores and utilizes the UV-
absorbing natural amino acid tryptophan (Trp or W) to
perceive UV-B. Each UVR8 monomer has 14 tryptophan resi-
dues, which, except one tryptophan in the exible C-terminal
region (not included in the X-ray structure), can be classied
into 3 distinct groups (Fig. 1a and b): pyramid center Trp (Wc, 4
of the 13), peripheral Trp (Wp, 3 of the 13) and distal Trp (Wd, 6
of the 13). One UVR8 dimer has two symmetry-related pyramid
12554 | Chem. Sci., 2020, 11, 12553–12569
centers (4Wc); each is formed by van derWaals clustering of 3Wc

(W285, W233 and W337) from one monomer and a fourth Wc

(W94) from the opposing monomer. There are also three
peripheral Trp residues, 3Wp (W198, W250 and W302), at the
dimer interface surrounding the pyramid 4Wc. Furthermore, six
Trp residues, 6Wd, are buried in the middle of the beta-
propellers and form a highly symmetrical ring with another
tyrosine residue (Fig. 1b). Among these tryptophan residues,
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Fluorescence lifetimes of 6Wd. (a) Fluorescence transients at fs
time resolution of mono-6Wd. (b) Fluorescence transients of mono-
6Wd measured by ps-resolved TCSPC. Note the fluorescence wave-
lengths labeled. (c) Amplitude percentages of 0.5 ns and 2.7 ns life-
times at different fluorescence wavelengths. (d) Lifetime-associated
spectra of 0.5 ns (6Wd1) and 2.7 ns (6Wd2) time constants.
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only two pyramid center Trp (W285 and W233) of the Wc

pyramid are critical to the light-induced monomer-
ization.11,12,24–30 Previously, we found a fast uorescence
quenching reaction in�150 picoseconds among Trp residues of
the pyramid cluster, likely using excitation energy on Wc to
initiate dimer dissociation.28 One key question is whether or not
other tryptophan residues form a light-harvesting network to
transmit excitation energy to the pyramid center (4Wc),
enhancing UVR8 quantum yield for sensitive detection of the
relatively low intensity of UV-B radiation. Previously, we re-
ported a Trp-to-Trp energy transfer observation,28 which was
soon supported by other theoretical results.29,30 However, there
is no direct experimental evidence of light harvesting; the time
scales and scheme of the excitation energy transfer process are
completely unknown.

In this work, we rst designed tens of UVR8 mutants to
remove certain tryptophan residues to isolate the system into
three Trp spectral groups. We next used three different time-
resolved uorescence spectroscopy methods to completely
measure the energy-transfer dynamics in various UVR8
mutants. Then, we applied combined quantummechanical and
molecular mechanical (QM/MM) simulations and Förster reso-
nance energy transfer (FRET) theory to determine the energy
transfer rates, providing further insights into the experimental
data. These observations exclude a coherent energy-transfer
behavior, as observed in photosynthesis, which is attributed
to the large distances between the donors and acceptors in
UVR8. Combining all experimental and theoretical results, we
revealed a remarkable light-harvesting network in the soluble
photoreceptor UVR8, which signicantly increases the overall
light-sensing efficiency.

Results and discussion
Unique spectra of the three tryptophan groups

Since excitation energy ows downhill, we rst investigated the
possible resonance energy transfer (RET) direction by obtaining
the spectra of 3 Trp groups from mutagenesis studies (mutants
summarized in Table S1†). We can knockout either the pyramid
center (mutant W233/285/337/94F or 6Wd + 3Wp) or the
peripheral outlier (mutant W198/250/302F or 6Wd + 4Wc) by
replacing tryptophan with phenylalanine (Phe or F) residues to
measure clean spectra of the three Trp groups. However,
replacement of all seven interfacial tryptophan residues (3Wp/
4Wc) to F leads to severe inclusion body formation with no
functional protein yield, probably due to protein misfolding.
We identied that the W302F mutant is the cause for this
problem. We then used W94/233/285/337/198/250F or 6Wd +
W302 as a starting point and replaced the W302 position with
all other 18 natural amino acids, but still failed to obtain any
well-folded mutant. By further mutating an arginine (Arg or R)
residue R286 involved in interfacial salt-bridges to a neutral
alanine (Ala or A) residue and W302 to histidine (His or H),
a well-folded monomeric protein (mono-6Wd) could be puried
with all 3Wp/4Wc removed. Since previous FTIR experiments
have suggested that the UVR8 dimer and monomer conforma-
tions have similar overall tertiary structure,31 the local
This journal is © The Royal Society of Chemistry 2020
environments of buried distal tryptophan residues in the
monomer mutant should be the same as those in dimers.

Fig. 1c shows the absorption and emission spectra of UVR8
WT and 3 mutants with certain tryptophan group(s) removed.
Although absorption spectra of different protein samples have
similar overall shapes with the peak at 282 nm and a shoulder at
290 nm, signicant differences were observed in the red region
beyond 300 nm (Fig. 1d). For WT and 6Wd + 4Wc, in which the
Trp pyramid center is intact, the absorption spectra extend to
above 320 nm, which may result from the exciton couplings
among the 4 closely packed Wc.11,32 For 6Wd + 3Wp, although
absorbance in the red tail region is much lower than WT due to
mutation of the pyramid center, the spectrum still extends to
Chem. Sci., 2020, 11, 12553–12569 | 12555
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315 nm. In contrast, the mutant mono-6Wd, by mutating all
interfacial 3Wp/4Wc, has negligible absorbance beyond 310 nm,
indicating that Wd exhibits the bluest absorption among the 3
groups.

From the absorption spectra of the protein samples,
absorption spectra of 3 groups of tryptophan residues were
readily obtained by spectral subtraction (Fig. 1e). The spectrum
data indicate that light with wavelength beyond 310 nm can be
used to selectively pumpWp/Wc without excitingWd. We further
measured the emission spectra at 3 different excitation wave-
lengths (290 nm, 300 nm and 310 nm) with mutants containing
6Wd and various Wp. As shown in Fig. S1,† the emission spectra
gradually red shi as the excitation is moved to longer wave-
lengths, due to the change of excitation ratios of Wp to Wd at
various wavelengths. Spectra at 310 nm excitation exhibit
a similar shape for all 6Wd + Wp mutants (Fig. S1h†), suggesting
that 3Wp have nearly the same emission spectra. Absorption of
4Wc is further red shied, with a red tail extending to above
325 nm. Thus, 315 nm light can be used to selectively excite 4Wc

in UVR8 WT or 6Wd + 4Wc to obtain clean Wc uorescence;
310 nm excitation in 6Wd + 3Wp provides Wp emission; 290 nm
light was applied to mono-6Wd to acquire the Wd spectrum.

Emission spectra of the 3 groups of tryptophan are dramat-
ically different (Fig. 1e): Wd shows a very blue emission with
Fig. 3 Fluorescence decay transients (lex ¼ 290 nm) from 305 nm to 38
nanosecond-resolved time correlated single photon counting (TCSPC).
4Wc/250/302F (6Wd +W198). (d) 4Wc/198F (6Wd +W250/302). (e) 4Wc/2
(h) 6Wd + 4Wc. (i) WT.

12556 | Chem. Sci., 2020, 11, 12553–12569
a peak at 320 nm; Wp has a uorescence spectrum with
a maximum at 340 nm (6Wd not excited at 310 nm); Wc exhibits
the reddest emission (peak at 350 nm) among the 3 groups (only
Wc excited at 315 nm). From our previous extensive studies of
tryptophan uorescence in proteins, Wd emission at 320 nm is
unusually blue-shied and typically from highly buried trypto-
phan, consistent with Wd locations in the middle of beta-
propellers without water molecules within 5 Å. We also
noticed that the Wd emission spectrum is structured and thus
cannot be tted with a lognormal function33 that ts typically
Trp uorescence spectra. A structured emission spectrum was
also observed for a highly buried Trp in azurin.34 In contrast, Wp

and Wc, located at the dimer interface, display redder emission
compared to Wd. Water molecules and possibly nearby charged
residues stabilize the tryptophan 1La excited state, which has
a large dipole moment.35

As shown in Fig. 1f, there are overlapping regions between
absorption and emission spectra of 3 Trp groups, leading to
possible RET. The tryptophan spectra in Fig. 1e reveal an
energetic ordering that favors excitation-energy ow from 6Wd

to 3Wp/4Wc and from 3Wp to 4Wc. As shown in Fig. 1g, the
spectral overlap integrals (J, eqn (6)) for Wd-to-Wp, Wd-to-Wc

and Wp-to-Wc RET are 1.38 � 10�16 cm3 M�1, 2.67 � 10�16 cm3

M�1 and 7.21 � 10�17 cm3 M�1, respectively, whereas J values
0 nm (5 nm intervals) for UVR8 WT and 8 mutants measured with sub-
(a) 4Wc/198/250F (6Wd + W302). (b) 4Wc/198/302F (6Wd + W250). (c)
50F (6Wd +W198/302). (f) 4Wc/302F (6Wd +W198/250). (g) 6Wd + 3Wp.

This journal is © The Royal Society of Chemistry 2020
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for the corresponding backward transfer are 1.01 � 10�17 cm3

M�1, 4.08 � 10�18 cm3 M�1 and 9.26 � 10�18 cm3 M�1,
respectively, which are much smaller than those for the forward
transfer. Thus, the backward RET is negligible and the excita-
tion energy is transferred in one direction from the 6Wd ring to
the interface Trp, where the energy is then funneled to the
critical 4Wc center. Also, the intra-group J values between 6Wd

or 3Wp are much smaller than those between inter-groups.
Photosynthesis light harvesting oen uses a variety of
pigments with different spectra to govern energy-transfer
direction.36 Here, UVR8 contains only one type of chromo-
phore, the amino acid tryptophan, with spectral tuning by local
environments to create a driving force for excitation energy
ow.
Resonance energy transfer from distal Wd ring to interfacial
Wp and Wc

We next experimentally studied RET dynamics from 6Wd to the
dimer interface by determining lifetime changes of Wd with and
without the Wp/Wc energy acceptors. First, we need to deter-
mine the lifetimes of mono-6Wd and related emission spectra
without RET. Fig. 2a shows femtosecond-resolved uorescence
transients of mono-6Wd, which have two lifetimes without RET
and show no ultrafast component. Combining the fs- and ps-
resolved (Fig. 2a and b) data, the two lifetimes of 6Wd were
determined to be 500 ps and 2.7 ns, with amplitude percentages
of 29% and 71%, respectively, at the emission peak of 320 nm.
Fig. 4 Time scales from a global fitting and lifetime-associated spectra.
4Wc/250/302F (6Wd +W198). (d) 4Wc/198F (6Wd +W250/302). (e) 4Wc/2
(h) 6Wd + 4Wc. (i) WT.

This journal is © The Royal Society of Chemistry 2020
As shown in Fig. 2c, the amplitude ratio of the 500 ps compo-
nent gradually increases at shorter uorescence wavelengths.
With the tted amplitudes from 300 nm to 360 nm, the asso-
ciated spectra of the two Wd lifetimes were decomposed from
the Wd total uorescence spectrum (Fig. 2d, 6Wd1 and 6Wd2).
The contribution from the 0.5 ns spectrum is minor; the 2.7 ns
component is dominant due to a longer timescale and larger
amplitude.

To investigate RET dynamics and determine the transfer
timescales, we measured the uorescence transients of a series
of mutants containing 6Wd and various interfacial Trp residues
(Table S1†): 6Wd + 1Wp (Fig. 3a–c), 6Wd + 2Wp (Fig. 3d–f), 6Wd +
3Wp (Fig. 3g), 6Wd + 4Wc (Fig. 3h) andWT (Fig. 3i). We expect to
observe decreasedWd lifetimes due to additional RET channels.
For each mutant, transients from 16 detection wavelengths
(305 nm to 380 nm with 5 nm intervals) were measured using
sub-nanosecond resolved TCSPC in order to follow the complete
decay dynamics. For 6Wd + Wp mutants in Fig. 3a–g, transients
at various wavelengths are dramatically different: uorescence
at the red side contains more of slow dynamics in 6–8 ns from
Wp lifetimes; data at shorter wavelengths show more contri-
bution from 6Wd dynamics because of their blue emission. In
6Wd + 4Wc, however, all TCSPC transients look similar because
the uorescence in 4Wc is dominantly quenched in 80 ps (see
below) and does not show signicant contributions under this
sub-ns time resolution, leaving the majority signal from 6Wd in
all wavelengths. Signicantly, we did not observe much 6–8 ns
components (Wp lifetime without RET) in WT (Fig. 3i),
(a) 4Wc/198/250F (6Wd + W302). (b) 4Wc/198/302F (6Wd + W250). (c)
50F (6Wd +W198/302). (f) 4Wc/302F (6Wd +W198/250). (g) 6Wd + 3Wp.

Chem. Sci., 2020, 11, 12553–12569 | 12557
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Fig. 5 Fluorescence lifetime of Wc and fluorescence quantum yields
of Wd/Wp. (a) Fluorescence decay transients of 4Wc measured with WT
(lex ¼ 315 nm). (b) Decay transients at 350 nm with various excitation
wavelengths (lex ¼ 290 nm, 310 nm, 315 nm and 320 nm) for WT. (c)
Fluorescence dynamics of the pyramid center measured for WT,
W198F, W250F, W198/250F and W198/250/302F (6Wd + 4Wc). All
transients are similar except that for 6Wd + 4Wc with an extra 5.4 ns
slow decay constant. (d) Fluorescence dynamics of Wc measured by
315 nm excitation for WT, W94F and W337F. (e and f) Fluorescence
quantum yields (QF) of (e) Wd and (f) Wp, measured using the trypto-
phan and phenanthrene standards, respectively.
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suggesting that Wp lifetimes become faster due to energy
transfer to 4Wc.

To determine Wd lifetimes with RET, the TCSPC data in
Fig. 3 were analyzed using global tting, in which transients at
different detection wavelengths were tted using the same set of
time constants with varying amplitude percentages (tting
parameters in Tables S2–S10†). Lifetime associated spectra were
constructed for the observed time scales (symbols in Fig. 4) and
were then compared with directly measured spectra (solid lines)
to determine their origin. The decay transients of the 6Wd + Wp

mutants (Fig. 4a–g) were tted with 3 exponential components:
0.50 ns, 1.9–2.4 ns and 6–8 ns. Since the 6–8 ns lifetimes were
not observed in mono-6Wd and their associated spectra are the
same as Wp emission, they are from uorescence lifetimes of
Wp. Owing to different local environments, W198, W250 and
W302 show time scales of 6.6 ns, 6.2 ns and 8.2 ns, respectively
(Fig. 4a–c). The 0.50 ns lifetime (6Wd1) of Wd is much faster
than RET time scales toWp and does not change in the presence
of the Wp acceptors. The 1.9–2.4 ns components come from the
original 2.7 ns Wd lifetime (6Wd2) and are faster with additional
RET channels to Wp. Moreover, this time scale decreases when
more Wp are present, consistent with faster energy transfer with
more RET acceptors. With the numbers from the three “6Wd +
1Wp” mutants and �3% tting error, the RET to W198, W250
andW302 was calculated to be 12� 1.4 ns, 22� 4.3 ns and 24�
4.9 ns, respectively. By adding the 3 rates together, the total RET
time is 5.9 ns, agreeing well with the 6.4� 0.6 ns timemeasured
directly from the 6Wd + 3Wp mutant.

For 6Wd + 4Wc and WT (Fig. 4h and i), four decay compo-
nents were needed to globally t the transients. In 6Wd + 4Wc,
judging from the associated spectra, the 0.44 ns and 1.5 ns are
the 2 lifetimes of Wd; the 1.4 ns and 5.4 ns are from 4Wc. The
lifetime of 6Wd1 is decreased to 0.44 ns from the previous 0.50
ns due to faster RET to 4Wc than to Wp. The 6Wd2 lifetime
changed to 1.5 ns from 2.7 ns, resulting in a 3.4 � 0.2 ns RET
time scale. In WT, the 0.41 ns associated spectrum is redder
(peak at 330 nm) than the 6Wd1 spectrum, suggesting possible
Wp-to-Wc energy transfer on similar time scales, leading to
mixing of the Wp emission in this component. The 2.7 ns life-
time changes to 1.2 ns by the 2.2 � 0.2 ns RET to all interfacial
Trp, the same as the total RET time calculated with separately
measured 6.4 � 0.6 ns transfer to 3Wp and 3.4 � 0.2 ns RET to
4Wc. WT shows the fastest RET in all samples, leading to a 44 �
0.6% energy-transfer efficiency of 6Wd.

To explain the two other time scales observed in 6Wd + 4Wc

and WT, we studied 4Wc uorescence decay dynamics. By
315 nm excitation with ps-resolved TCSPC in WT, we found that
4Wc has two lifetimes (Fig. 5a): 80 ps (75%) and 1.4 ns (25%). As
shown in Fig. 5b, 315 nm and 320 nm excitation transients are
similar since both only excite 4Wc, whereas 290 nm and 310 nm
light bring in Wd/Wp signals, leading to slower overall
dynamics. In sub-ns resolved TCSPC data, where 80 ps cannot
be resolved, 1.4 ns and 5.4 ns components were observed in 6Wd

+ 4Wc and their total spectrum agrees with 4Wc emission
(Fig. 4h). The 1.4 ns component is consistent with the same
time scale of 4Wc under ps time resolution, but the 5.4 ns
component was not observed in WT 315 nm excitation data.
12558 | Chem. Sci., 2020, 11, 12553–12569
From mutant studies in Fig. 5c, the 5.4 ns component in 6Wd +
4Wc was introduced by mutation of all 3Wp, which probably
causes local structural changes of 4Wc, resulting in less efficient
quenching. But the 4Wc absorption red tail (Fig. 1d) was not
suppressed in 6Wd + 4Wc by this structural perturbation and
This journal is © The Royal Society of Chemistry 2020
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RET from 6Wd to 4Wc also seems unaffected. Interestingly,
mutation of W198, W250 or both does not bring the 5.4 ns
uorescence dynamics to 4Wc, suggesting important structural
roles of W302, but not W198 or W250. In WT, although we
observed similar time scales of 1.4 ns and 5.5 ns (Fig. 4i), their
total spectrum is bluer than the 4Wc emission, clearly indi-
cating that the latter is fromWp. The 5.5 ns is close to the 7.0 ns
lifetime measured in 6Wd + 3Wp (Fig. 4g), suggesting Wp-to-Wc

RET also has slow components. Energy-transfer rates depend on
orientation factors (k2) and donor–acceptor distances (R), and
both are sensitive to protein structural uctuations.37,38 The
exible loop regions at the dimer interface can lead to broad
rate distributions of Wp-to-Wc energy transfer. We further
Fig. 6 RET fromWd to Wp/Wc. (a) RET rate distributions for all 84 donor–
each Wd to total 3Wp (top) and to 4Wc (bottom) based on QM/MM met
residues (3Wp + 4Wc on both subunits). The total RET time constants bas
Wd. Each line represents one energy-transfer pathway. Colors of the lin
shown in red.

This journal is © The Royal Society of Chemistry 2020
investigated the reason for 4Wc double exponential decay by
mutating two noncritical Wc: W94 and W337. Both mutants of
W94F and W337F show similar decay dynamics to WT (Fig. 5d),
indicating that the 1.4 ns component is not from any individual
Wc and may result from structural uctuations of 4Wc, i.e., the
cluster can sample conformations with slower uorescence
quenching.

The time resolved experiments determined the overall RET
rates of 6Wd but cannot provide energy-transfer time scales for
individual donor–acceptor pairs or detailed RET rate distribu-
tions from structural uctuations. To reveal this information,
we next applied QM/MM computations and FRET theory to
obtain the RET rates for all 84 possible donor acceptor pairs:
acceptor pairs from QM/MM calculations. (b) RET rate distributions for
hods. (c) The energy-transfer pathways from all Wd to 14 interfacial W
ed on QM/MM (blue) and on X-ray structure (red) are shown near each
es are based on effective RET time constants. The dominant paths are
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6Wd to 14 interfacial Wp/Wc on both subunits. To model both
fast and slow protein uctuations, we conducted a 2 ms MD
simulation of UVR8 and evenly took 500 structures from the
trajectory (4 ns interval) for RET rate calculations. In each
structure, transition dipole moments were calculated with the
TDDFT/MM level of theory for all tryptophan residues to obtain
orientation factors (k2). With spectral overlap integrals (J in
Fig. 1g), donor lifetimes (sD, Fig. 2), uorescence quantum
yields (QD, Fig. 5e and f), donor–acceptor distances (R) in MD
structures and a refractive index of 1.33,39 we obtained RET rate
distributions for all 84 RET pathways (Fig. 6a). The energy-
transfer rates span from 10�3 to 10�1 ns�1 for different pairs,
due to varying k2/R6 values. For each donor–acceptor pair, we
found that R values can uctuate by 1–2 Å and k2 values vary
signicantly from 0 to 4 in different MD structures by protein
uctuations. Importantly, all Wd can transfer energy to inter-
facial Trp residues on the other subunit, leading to inter-
subunit energy transfer. Among the 6Wd, W39, W196, W300
andW352, prefer energy transfer to Trp on the same monomer,
whereas W92 and W144 show signicant RET to Wp/Wc on
both monomers. It is also worth noting that 6Wd prefer direct
energy transfer to Wc, especially to W285 and W233. As shown
in Fig. 6b, the total RET rates to 4Wc are much faster than to
3Wp, due to more favorable transition dipole moment coupling
and greater spectral overlap between Wd and Wc. With the RET
rate distributions from 500 MD structures and the 2.7 ns Wd

lifetime, we simulated uorescence decay transients for each
Wd in the presence of each individual acceptor (84 transients
shown in Fig. S2†) by averaging 500 single exponential decays
curves. Since the decay time scales are close in various protein
Fig. 7 Model simulations demonstrate that the total fluorescence decay
decays in various UVR8 protein mutants. (a) 4Wc/198/250F (6Wd +W302
4Wc/198F (6Wd + W250/302). (e) 4Wc/250F (6Wd + W198/302). (f) 4Wc

simulated total decay dynamics of the 6Wd (black solid lines, sum of the
agrees well with experimental time scales.

12560 | Chem. Sci., 2020, 11, 12553–12569
conformations, all 84 simulated transients can be tted with
single exponential decays. Using the difference between these
tting values and the 2.7 ns original decay time, we calculated
the effective RET time for each donor–acceptor energy-transfer
pathway. We thus simplied broad rate distributions to single
effective rates (Table S11†) that give the same Wd excited state
decay dynamics and the same RET efficiency. The resultant
effective RET times were schematically presented in Fig. 6c,
revealing a complicated light-harvesting network. By adding up
the rates of 14 parallel RET for eachWd (eqn (8)), total RET time
constants (stotal) were obtained as 3.6 ns, 3.1 ns, 1.7 ns, 3.0 ns,
1.4 ns and 1.8 ns for W39, W92, W144, W196, W300 and W352,
respectively. We also calculated the 84 RET rates (Table S11†
values in brackets) and stotal with the static X-ray structure
(Fig. 6c) for comparison with values from 500 MD snapshots.
The two methods provide very different RET time scales for
individual pathways as k2/R6 is sensitive to tryptophan
distances and orientations. But the resultant stotal values are
close because a sum of 14 rates reduces uctuations, i.e., one
conformation that favors one RET pathway may impede
another parallel channel, leaving the total rate nearly constant.
Although the theoretical studies with uctuations give very
similar results as we obtained, such a picture may not explain
an interface energy transfer from Wp to Wc as discussed in the
following section of the paper.

To further compare the theoretical scheme with experi-
mental data, we conducted numerical simulations of Wd uo-
rescence decay dynamics. The decay curves of the original 2.7 ns
components were simulated for mutants and WT (Fig. 7 dashed
lines) using the effective RET times from the theory (eqn (9) and
dynamics of the 6Wd in UVR8 can be described with single exponential
). (b) 4Wc/198/302F (6Wd +W250). (c) 4Wc/250/302F (6Wd +W198). (d)
/302F (6Wd + W198/250). (g) 6Wd + 3Wp. (h) 6Wd + 4Wc. (i) WT. The
6 dashed lines) can be fitted with a single decay time constant, which

This journal is © The Royal Society of Chemistry 2020
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(10)). In the presence of acceptors, the 6Wd donors have distinct
RET rates due to asymmetrical locations of Wp/Wc, giving
different decay curves (Fig. 7 dashed lines). However, by
summing the 6 different single exponential decay curves, the
total uorescence decay of 6Wd can be perfectly described with
a single time that agrees extremely well with experimental 6Wd2
lifetimes measured in Fig. 4, showing consistency between
theory and experiments. The experimentally determined RET
times mentioned above thus represent averaged RET rates of
6Wd. Using the theoretical scheme in Fig. 6c, the overall energy-
transfer efficiency for 6Wd was calculated to be 44% (Table
S12†), in excellent agreement with the 44 � 0.6% experimental
value. These ndings demonstrate that excitation energy ow
from Wd to Wp/Wc follows the RET network shown in Fig. 6c,
with tens of RET pathways from the buried Wd to the dimer
interface.
Resonance energy transfer from the peripheral Wp outlier to
the central Wc pyramid

To study Wp energy transfer, we applied the ps-TCSPC method
to measure the uorescence lifetimes of the donors alone
without RET using seven 6Wd + Wp mutants at 310 nm
Fig. 8 Wp fluorescence lifetimes. (a–g) Fluorescence decay transients (le
198/250F (6Wd +W302). (b) 4Wc/198/302F (6Wd +W250). (c) 4Wc/250/3
+ W198/302). (f) 4Wc/302F (6Wd + W198/250). (g) 6Wd + 3Wp. (h–k) Num
mutants and 6Wd + 3Wp mutants match the sum of decay transients of 6
6Wd +W198/302; (k) 6Wd + 3Wp. For eachmutant, decay transients of ind
were simulated using a double exponential decay model experimentally
decay transient (black solid line). The total transients agree with the simul
measured in 6Wd + 2Wp and 6Wd + 3Wp mutants.

This journal is © The Royal Society of Chemistry 2020
excitation (shown in Fig. 8), and all transients exhibit typical
double exponential decay of tryptophan uorescence. With
three 6Wd + 1Wp mutants (Fig. 8a–c), we determined uores-
cence lifetimes of each individual Wp: W302 (1.1 ns, 13% and
8.2 ns, 87%); W250 (1.2 ns, 15% and 6.2 ns, 85%); W198 (1.2 ns,
18% and 6.6 ns, 82%). The second lifetimes in several nano-
seconds are dominant and they completely agree with the time
scales observed in sub-ns resolved TCSPC data (Fig. 4). The 1.1
ns and 1.2 ns fast components were not noticed in sub-ns data
because of their minor percentages (<4%) in the overall signal
with Wd, causing them to be mixed with other time scales.
Fig. 8d–g show the uorescence decay dynamics of Wp combi-
nations measured with 6Wd + 2Wp and 6Wd + 3Wp mutants.
Using the tting parameters, we simulated the 2Wp and 3Wp

uorescence decay curves (Fig. 8h and k symbol), and they
match the sum of individual Wp lifetime decay dynamics
measured in 6Wd + 1Wp mutants (Fig. 8h and k), suggesting no
signicant RET among the 3Wp.

With Wp lifetimes (Fig. 8a–c), the uorescence quantum
yield (Fig. 5f) and other values, we calculated RET rate
distributions from Wp to Wc with 500 MD structures,
following the procedure described in the previous section.
x¼ 310 nm) at 340 nm fluorescence wavelength for 7 mutants: (a) 4Wc/
02F (6Wd +W198). (d) 4Wc/198F (6Wd +W250/302). (e) 4Wc/250F (6Wd

erical simulations show that the Wp lifetimes observed in 6Wd + 2Wp

Wd + 1Wp. The mutants: (h) 6Wd + W198/250; (i) 6Wd + W250/302; (j)
ividual Wp (colored dashed lines, red-W198; green-W250; blue-W302)
measured parameters from 6Wd + 1Wp mutants, which add up a total
ated curves (dark yellow circles) using time constants and ratios directly
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Fig. 9 RET rate distributions based on QM/MM calculations for each Wp–Wc pair. (a) W198 as the donor. (b) W250 as the donor. (c) W302 as the
donor. In each figure, the distribution of the total RET rate to 4Wc is shown in black. (d) Simulation of energy transfer dynamics for 3Wp to 4Wc

based on RET rate distributions. For all 3Wp, a fast energy transfer (stotal1) and a slow energy transfer (stotal2) are needed to fit the transients. (e) The
12 possible energy-transfer pathways from 3Wp to 4Wc as calculated with the FRET theory. Each line represents one energy-transfer pathway.
Colors of the lines are based on calculated RET time constants. The total RET time constants are shown near each Wp.
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Since Wp RET to the distant pyramid center is negligible, we
only show the 12 rate distributions for 3Wp to 4Wc in the
nearby cluster (Fig. 9a–c). Due to shorter donor–acceptor
distances, RET time scales here fall in the range of tens of
picoseconds to nanoseconds, signicantly faster than Wd

RET. We found that W198, W250 and W302 mainly transfer
energy to W233, W233 and W285, respectively, with the rate
distributions close to their total RET rates to 4Wc. The RET
pathways are consistent with their respective distances and
orientation factors. Like Wd, RET dynamics of Wp were ob-
tained by adding 500 different single exponential decay
curves based on calculated RET times in 500 MD snapshots
(Fig. 9d). For Wd-to-Wp/Wc channels, all 500 RET rates are
small, and thus all 500 decay times are in a narrow range
between 1.8 ns and 2.7 ns, making the averaged decay
dynamics close to single exponential decays. However, for
Wp-to-4Wc, the time scales range from tens of picoseconds to
nanoseconds, unable to be described with a single decay
time. For all 3Wp, the RET dynamics were effectively tted
with two timescales: a dominant fast component (stotal1) and
a slow one (stotal2) with smaller amplitudes (Fig. 9d).
Compared with W250 and W302, which have a stotal1 of 120 ps
and 80 ps, respectively, W198 has a dramatically slower stotal1
of 1.8 ns, owing to unfavorable orientations and longer
distances. stotal2 are on nanosecond time scales, representing
a small fraction of Wp with slow RET to the pyramid center.
Because both Wp to Wc are located in the exible loop
regions, UVR8 protein may sample conformations, resulting
in distributions of RET. When using the X-ray structure for
the calculations, single RET times of 2.0 ns, 100 ps and 50 ps
12562 | Chem. Sci., 2020, 11, 12553–12569
were obtained for W198, W250 and W302, respectively, which
are in line with the stotal1 fast RET times (Fig. 9e).

We then experimentally investigated the energy-transfer
dynamics from Wp to Wc in various mutants, with ps-
resolved TCSPC using 310 nm excitation wavelength to
avoid the Wd signal, and then compared the uorescence
decays with theoretical RET model simulations. Since muta-
tion of W302 brings an additional slow decay component to
4Wc that complicates data analysis, W302 was kept in the
mutants. Transients measured at various uorescence wave-
lengths from 330 nm to 380 nm are shown in Fig. S3–S6† with
340 nm data selected in Fig. 10a–d. Using calculated energy-
transfer rate distributions, Wp lifetimes and absorbance
values of Wp/Wc, we simulated these 310 nm pump tran-
sients, which agree well with experimental data for all
different uorescence wavelengths in all 4 mutants (Fig. 10
and S3–S6†). The total dynamics (green curve) consist of
contributions from Wp (dark yellow) and 4Wc (red). Since Wp

shows two lifetimes and two RET times, the Wp uorescence
signal is composed of four decay components corresponding
to four subpopulations: short lifetime with fast RET (11–
14%); long lifetime with fast RET (66–74%, most dominant);
short lifetime with slow RET (2–3%, negligible); long lifetime
with slow RET (13–16%). For W250/W302, the rst two
components are close to their stotal1 in 120/80 ps since they
are much faster than lifetimes; the third one is negligible; the
last subpopulation decays in about 0.9 ns calculated from the
total rate of 6.2/8.2 ns lifetime decay and the 1.0/1.1 ns stotal2.
W198 shows decay components in 0.7 ns (14%), 1.4 ns (66%),
1.1 ns (3%) and 4.3 ns (17%). Signals of 4Wc contain the
decays (80 ps and 1.4 ns) of directly excited 4Wc and
This journal is © The Royal Society of Chemistry 2020
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additional rise/decay components due to RET from Wp. The
latter represent RET from the four Wp subpopulations to the
two Wc components with complicated rise/decay dynamics,
with the most dominant ones from the fast RET to the 80 ps
and 1.4 ns 4Wc pools. Because of the slower formation (80–
120 ps stotal1 in W250/W302) and faster decay (for the 80 ps
4Wc component), RET leads to a reverse kinetics of an 80 ps
rise with an 80–120 ps decay. On the other hand, fast RET
results in substantial accumulation of the 1.4 ns component
in 80–120 ps, followed by 1.4 ns decay. The slow RET of W198
only brings negligible accumulation of the fast 80 ps
component. By adding all these dynamics, RET causes a rise
in 80–120 ps and additional decays in 1.4 ns, making the
overall 4Wc uorescence dynamics apparently slower than
4Wc alone. Fluorescence signals cannot be simulated well
using single RET rates calculated for the X-ray structure,
especially at long delay times, due to missing of the slow RET
of stotal2. These results suggest that energy-transfer rate
distributions from Wp to Wc shown in Fig. 9 are accurate. We
obtained RET efficiency of 63%, 94% and 96% for W198,
W250 and W302 to 4Wc, respectively, with an average value of
84%.

Using all the RET rates, including those from Wd, we simu-
lated the uorescence decay dynamics in WT at 290 nm exci-
tation with all three Trp groups (Fig. 10e and S7†). 6Wd

approximately follows a single-exponential decay in 1.2 ns as
Fig. 10 Model simulations of fluorescence transients. (a–e) Simulations o
4Wc (a), 6Wd + W198/302 + 4Wc (b), 6Wd + W250/302 + 4Wc (c), 6Wd

experimental data and the green solid line is the total simulation curve, wh
directly measured and simulation-constructed spectra for 6Wd +W302 +
3Wp + 4Wc (i) and WT (j). In each panel, the black curve is the total em
decomposed from the total emission based on the time integrals of sim
spectra of the three W groups.

This journal is © The Royal Society of Chemistry 2020
discussed above. Besides the four-component decays of the
initially excited Wp, due to Wd-to-Wp RET, Wp contains addi-
tional dynamics of formation and decay. The 4Wc signal is
highly complicated, with directly excited 4Wc, RET from Wp,
direct RET from Wd and two-step transfer from Wd via Wp.
Experimental data are consistent with simulation lines, vali-
dating our RET mechanism. We then integrated decay curves of
different Trp groups and thus decomposed steady-state emis-
sion spectra to contributions of individual groups (Fig. 10f–j
symbols). These spectra agree well with directly measured
uorescence spectra (Fig. 10f–j solid curves) in WT and all
mutants, further conrming our model simulations.

Using all the RET time scales, we nally obtained the overall
light sensing efficiency of UVR8. From spectra in Fig. 1e, the
absorbance of Wd, Wp and Wc is 0.67, 0.85 and 0.89, respec-
tively, at 290 nm. Using these values, for every 100 UV-B photons
absorbed, 40 go to 6Wd, 25 reach 3Wp and 35 excite 4Wc

(Fig. 11). 6Wd transfers 31% and 13% of excitation energy to
4Wc and 3Wp, respectively, donating 12.4 (40� 0.31) photons to
Wc and 5.2 (40 � 0.13) photons to Wp. 3Wp shows 84% RET
efficiency, funneling additional 25.4 photons ((25 + 5.2) � 0.84)
to the cluster. With this delicate light-harvesting network, 4Wc

nally perceives 73% (0.35 + 0.124 + 0.254) of the total number
photons captured by the protein, more than double the 35%
initial direct excitation.
f typical fluorescence transients at 340 nm for mutants 6Wd + W302 +
+ 3Wp + 4Wc (d) and WT (e). In each figure, the black solid line is the
ich is the sum of contributions of W groups. (f–j) Comparison between
4Wc (f), 6Wd +W198/302 + 4Wc (g), 6Wd +W250/302 + 4Wc (h), 6Wd +
ission. The colored symbols represent the spectra of three W groups
ulation curves. Solid color curves are the directly measured emission
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Fig. 11 A scheme of excitation energy-transfer networks in UVR8. Arrows show excitation-energy flow from the distal ring to the interfacial
peripheral outliers and pyramid centers, and from the peripheral outlier to the pyramid center. The corresponding values are the branching
fractions for their energy-transfer pathways.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
O

ct
ob

er
 2

02
0.

 D
ow

nl
oa

de
d 

on
 7

/2
5/

20
25

 8
:1

2:
00

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Conclusion

Based on our previous brief report and summary,28,40 in this
work, we described our detailed studies of the mechanism of
light sensing by the UV-B photoreceptor Arabidopsis thaliana
UVR8 and reported a striking light-harvesting network that
involves all 26 structural tryptophan chromophores in the UVR8
dimer. With site-directed mutagenesis, we found that these Trp
residues may be partitioned into three distinctive groups that
exhibit signicant difference in absorption spectra longer than
300 nm. The distal group of Wd of 6 Trp residues in the interior
of UVR8 shows negligible absorbance beyond 310 nm; the
absorption spectrum of the three peripheral residues Wp

extends to 314 nm; and the absorption red-side tail of a pyramid
cluster of four Trp residues, Wc, reaches beyond 320 nm. These
differences allow selective excitation of Wd, Wp or Wc, revealing
distinct emission spectra with peaks at 320 nm, 340 nm and
350 nm, respectively. This hierarchical arrangement, modu-
lated by local environments, clearly separates the three groups
into a ladder of energy landscapes, and allows RET from the
highest energy, distal Wd to interfacial Wp/Wc and from Wp to
the central, the lowest energy Wc cluster with negligible back
energy transfer. The net result is to funnel all excitation energy
to the pyramid center (4Wc).
12564 | Chem. Sci., 2020, 11, 12553–12569
For 6Wd RET to interfacial Wp/Wc, each Wd donor transfers
energy to all 14 tryptophan residues on both subunits at the
interface, resulting in a complicated network of 84 RET path-
ways. As investigated with 3 different time-resolved uorescence
methods and QM/MM calculations, these energy-transfer
processes are on ns time scales and exhibit distributions of
rates, instead of a single rate constant, due to protein structural
uctuations. 6Wd have an overall RET efficiency of 44%, with
31% to 4Wc and 13% to 3Wp.

From time-resolved uorescence andmodel simulations, the
energy transfer from 3Wp to 4Wc also shows broad rate distri-
butions, on tens of ps to ns time scales. Each Wp effectively
contains a major population with dominant fast RET and
a small fraction (10–15%) with slow RET, owing to structural
exibility in interfacial loop regions. W198, W250 and W302
have RET efficiency of 63%, 94% and 96%, respectively, with an
overall efficiency of 85% for 3Wp.

All the experimental energy-transfer rates perfectly agree
with the QM/MM theoretical predictions, indicating that the
light harvesting follows the classical excitation energy-transfer
mechanism without any coherent energy-transfer character in
such long transfer distances. Using the 26 structural trypto-
phans with a beautiful architecture, the delicate light harvesting
network makes the tryptophan pyramid “reaction center”
This journal is © The Royal Society of Chemistry 2020
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achieve a quantum leap in efficiency of light sensing from 35%
by direct exciton absorption to 73% through light harvesting.
UVR8 is the only known photoreceptor that has a light-
harvesting network, uniquely without the aid of external chro-
mophores. Since UV-B only accounts for a minor portion of
solar irradiation on the surface of the earth41 and the extinction
coefficient of tryptophan is relatively low, the light harvesting in
UVR8 is critical to the sensitive detection of lower intensity in
UV-B light for initial signaling to biological functions.

Experiments and methods
Protein sample preparation

The purication of Arabidopsis UVR8 has been reported
before.12 Plasmids for mutant expression were constructed
using MiniPrep kits (Qiagen) following the manufacturer's
protocol. For all experiments, protein samples were kept in the
following buffer condition: 150 mMNaCl, 25 mM Tris and pH¼
8.0. The dimer/monomer state was determined with a 25 mL
Superdex 200 size column (GE) and an AKTA FPLC system (GE).
In all proteins, the distal unstructured W400 was mutated to
phenylamine and we dened W400F as “the wild type (WT)”
throughout this paper.

Steady-state absorption and emission spectra

All absorption spectra were measured using a Cary 50 UV-Vis
spectrophotometer (Agilent). The OD at the absorption peak
was adjusted to around 1.0 in 5 mm cuvettes for every sample.
Absorption spectra were re-normalized to tryptophan numbers
and then subtraction was conducted to obtain clean spectra of 3
tryptophan groups. The emission spectra were measured using
a Fluoromax-3 spectrouorometer (Horiba) at 2 mM (290 nm
excitation) or 10 mM (310 nm and 315 nm excitation) protein
concentrations. For uorescence quantum yield (QY), uores-
cence spectra of proteins at a series of concentrations were
measured and integrated, and the integrals were then plotted
versus absorbance at 290 nm or 310 nm excitation wavelengths.
Tryptophan and phenanthrene standards were dissolved in
water and absolute ethanol, respectively.42,43 For phenanthrene,
the solution was purged with argon gas until no further increase
in uorescence was observed.43 For each sample, 3 independent
measurements were conducted, and the error bars were deter-
mined using the standard deviation of the 3 measurements.

Femtosecond-resolved uorescence up-conversion method

The experimental layout has been detailed elsewhere.44 Briey,
the 290 nm excitation beam was generated by OPA-800 (1 kHz,
Spectra-Physics), and its pulse energy was attenuated to �100
nJ. The instrument response time under the current noncol-
linear geometry is about 400 fs, and all data were taken at
a magic angle (54.7�). The samples (150 mM) were kept in
spinning quartz cells during irradiation to avoid heating and
photobleaching. Although this method provides femtosecond
(fs) time resolution, the maximum window of measurement is
limited by optical delay to 3 ns and a large amount (6–10 mg) of
protein sample is required.
This journal is © The Royal Society of Chemistry 2020
Picosecond-resolved time correlated single photon counting
(TCSPC)

Fluorescence data were acquired using a commercially available
FluoTime 200 system (Picoquant). For the excitation light,
a tunable Tsunami laser (80 MHz, Spectra-Physics) was used to
generate 100 fs laser pulses at 945 nm, 930 nm and 870 nm
wavelengths, followed by third harmonic generation using
a tripler (Minioptic) to produce 315 nm, 310 nm and 290 nm
excitation pulses (100 fs, 80 MHz, 0.5 mW). The full width at half
maximum (FWHF) of the instrument response function (IRF)
was 30 ps. All samples (10 mM) were kept in 5 mm quartz
cuvettes during measurements. No dissociation was observed
aer the experiments, as conrmed using the size column. This
TCSPC method provides 15 ps time resolution with an excep-
tional signal-to-noise ratio and negligible sample damage by the
weak excitation light. Time window is limited to 12 ns due to the
80 MHz repetition rate of the Tsunami laser. This method only
needs a small amount (0.3 mg) of protein samples. The pico-
second resolution is enough to investigate the RET dynamics
among the three Trp groups. There might be ultrafast processes
in UVR8, including the ultrafast energy delocalization in the
pyramid center, and such dynamics is beyond the light har-
vesting reported here.

Sub-nanosecond-resolved time correlated single photon
counting (TCSPC)

Fluorescence decay transients were acquired using a commer-
cially available FluoTime 200 system (Picoquant) with PLS-290
pulsed LED (8 MHz, 290 nm, 1 mW, Picoquant) as the excita-
tion source. The FWHM of the IRF was 600–700 ps. All samples
(10 mM) were kept in 5 mm quartz cuvettes for measurements.
For WT and 6Wd + 4Wc samples, little dissociation was observed
aer the experiments, as conrmed using a size column. This
method provides a large time window up to hundreds of ns,
covering the whole uorescence decay process. But the time
resolution is limited to 300 ps and excitation wavelength cannot
be adjusted.

Data tting and construction of lifetime associated spectra

All TCSPC data were tted with convoluted multiple-
exponential decay models using FluoFit soware (Picoquant)
and thus the tting parameters (exponential decay times and
their amplitudes) were obtained. Since the steady-state uo-
rescence spectrum is simply time integrals of exponential
decays (eqn (1)), the spectrum of the mth exponential compo-
nent was given by eqn (2):

IðlÞ ¼
ðþN

0

X
i

Aie
� t
sidt ¼

X
i

Aisi (1)

ImðlÞ ¼ IðlÞ AmsmX
i

Aisi
(2)

Ai and si are the amplitude and time constant of the ith expo-
nential component from the transient probed at wavelength l.
I(l) is the intensity of the steady-state emission.
Chem. Sci., 2020, 11, 12553–12569 | 12565
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MD simulations

The X-ray structure of the UVR8 wild type (PDB entry: 4D9S) was
solvated using TIP3P water in a cubic box of 104� 104� 104 Å3.
Counter ions were added to neutralize charge and produce an
ion concentration of approximately 0.15 M. The simulation was
set up using CHARMM c38a2,45 using the CHARMM27 force
eld46 with CMAP correction.47 Aer energy minimization, the
system was gradually heated from 10 K to 300 K every 10 K using
100 ps NPT simulations at each temperature. The simulation
was rst carried out using CHARMM during initial 20 ns
equilibration. Then a long-time simulation up to 2 ms was per-
formed using GROMACS-4.6.5 molecular dynamics code48 at
300 K and 1 atm pressure with a 2 fs time step. The non-pair list
was updated every 10 steps. The grid neighbor searching
method was applied in the simulation with a 10 Å cutoff
distance for the short-range neighbor list. Electrostatic inter-
actions were treated by using the Partical–Mesh Ewald (PME)
summation method49 with a 14 Å for long range and 10 Å for
short-range electrostatic cutoff, respectively. The short-range
cutoff for van der Waals interactions during the simulation
was 12 Å. The isotropic pressure coupling was achieved by the
Parrinello–Rahman method50 with a compressibility of 4.5 �
10�5 bar�1.
QM/MM calculations

We extracted 500 snapshots (one snapshot in every 4 ns) from
the 2 ms simulation for further QM/MM calculations using
multistate density functional theory (MSDFT), which has been
implemented in a locally modied version of GAMESS51 and
CHARMM hybrid. In MSDF calculations, the electron singlet
excited state can be written as52

FðS1Þ ¼ J1/Â
�
Ja

S1
�
/JN|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

N�1 fragments

(3)

where ÂfJa
S1g species an antisymmetric wave function for the

locally excited residue a, which is electrostatically embedded in
the rest of the system through a Hartree potential. In the
present study, the excited state is represented by using time-
dependent density functional theory (TDDFT). The remaining
N � 1 fragments (amino acid residues, ions and water mole-
cules) are approximated by using the CHARM force eld and
TIP3P model for water. For every snapshot, the transition dipole
moment was calculated for all 13 tryptophan chromophores
using the time-dependent range-separated hybrid functional
TD-CAM-B3LYP along with the 6-31+G(d) basis set. A total
number of 6500 (13 Trp � 500 snapshots) of QM/MM calcula-
tions were conducted.
Energy-transfer rate calculations with Förster resonance
energy transfer (FRET) theory

According to Förster theory,37,38 the energy-transfer rate kRET (in
ns�1) is given below:

kRET ¼ 1

sD

�
R0

R

�6

¼ 8:79� 1023
k2QDJ

R6n4sD
(4)
12566 | Chem. Sci., 2020, 11, 12553–12569
where R (in Å) is the center-to-center distance between the
donor and acceptor in the 500 MD snapshots. k2 is the orien-
tation factor dened by

k2 ¼ (mA $ mD � 3(mA $ R)(mD $ R))2 (5)

where mA and mD are the normalized transition dipole moments
of the acceptor and the donor, respectively, determined from
QM/MM calculations. R is the normalized vector connecting
centers of donor and acceptor tryptophan residues in each
structure. n is the refractive index within protein and was set to
1.33 based on the literature.39 QD is the uorescence quantum
yield of the donor without acceptors as determined by experi-
ments. The overlap integral J (in cm3 M�1) was obtained using
the following equation:

J ¼

ðN
0

FDðlÞ3AðlÞl4dlðN
0

FDðlÞdl
(6)

where FD is the emission spectrum of the donor (Wd or Wp). 3A is
the extinction coefficient of the acceptor (inM�1 cm�1), which is
obtained by normalizing the peak extinction coefficient to
5600 M�1 cm�1.53 The unit of wavelength l was converted to
centimeter to give J values in cm3 M�1. sD in eqn (4) is the donor
lifetime in nanoseconds. Since tryptophan has two lifetimes,
the amplitude weighted average lifetime was used here:

sD ¼ A1s1 þ A2s2
A1 þ A2

(7)

In eqn (7), s1 and s2 are the two lifetimes. A1 and A2 are the
corresponding amplitudes, respectively.

Finally, by plugging in all values to eqn (4), we obtained RET
rates kRET (in ns�1) for all donor–acceptor pairs. Rate distribu-
tions were generated using calculated k2 from the 500 MD
snapshots. The corresponding RET time scale sRET (in ns) is
simply the reciprocal of kRET.
Total RET rates and simulation of decay dynamics of the
original 2.7 ns component

Every Wd transfers energy to all interfacial tryptophan residues
on both UVR8 subunits. The total rate of parallel reactions is:

ktotal;m ¼
XN
i¼1

kRET;mi ¼ 1
�
stotal;m (8)

kRET,mi is the calculated effective RET rates from the mth Wd to
the ith Wp/Wc. N is the number of interfacial tryptophan resi-
dues in the protein. The corresponding time constant is the
reciprocal of ktotal. Briey, the RET rate was obtained for each
Wp. The 2.7 ns lifetime of the mth Wd in the presence of
acceptors will decrease to sDA,m:

sDA,m ¼ 1/(1/2.7 + ktotal,m) (9)

By summing up the decay dynamics of all the 6Wd, we ob-
tained the total uorescence dynamics:
This journal is © The Royal Society of Chemistry 2020
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IðtÞ ¼
X6

m¼1

expð �t
�
sDA;mÞ (10)

Numerical simulations of picosecond-resolved TCSPC
transients and spectrum decomposition

The details are shown in the supplemental methods. Briey, we
applied a series of differential equations to simulate temporal
evolution of excited state populations of various tryptophan
residues and groups, using the energy-transfer model shown in
this work. Signal contributions from three tryptophan groups
were numerically simulated and added together to give the total
simulation curve for comparison with ps-resolved TCSPC data.
From time integrations of simulated time-resolved uorescence
curves of 3 tryptophan groups, the total steady-state emission
spectra were decomposed to give emission spectra of 3 trypto-
phan groups.

RET efficiency calculations

RET efficiency can be dened with donor uorescence lifetimes
as follows.37,38

E ¼ 1� sDA

sD
¼ ktotal

sD�1 þ ktotal
(11)

sDA and sD are donor uorescence lifetimes with and without
the acceptors, respectively. sD was directly measured; sDA was
calculated with sD and total energy transfer rates ktotal (sum of
ktotal and the reciprocal of sD). For tryptophan chromophores,
we treated two lifetimes as two different subpopulations and
used the population weighted average efficiency:

E ¼ R1E1 + R2E2 ¼ (1 � R2)E1 + R2E2 (12)

R1 and R2 are the amplitude ratios of the two tryptophan life-
times; E1 and E2 are the RET efficiencies of the two lifetime
components as calculated using eqn (11). The overall light-
harvesting efficiency of UVR8 was calculated based on RET
efficiency of each Wd or Wp and absorbance values of the three
Trp groups, as detailed in the ESI methods.
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