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Supporting Information
I. Experimental Methods.

Protein expression and purification. Site-directed mutagenesis was performed using the
QuickChange kit (Stratagene) and with pHisp as template.' The sequences of the mutagenic
primers for W119F were: 5° CCGGCGACAGCTACTTCGTCTTCGTCAAGCGC 3' and 5°
GCGCTTGACGAAGACGAAGTAGCTGTCGCCGG 3'. The mutation was confirmed by DNA
sequencing. Wild type PYP and its W119F mutant derivative were produced and isolated as
described previously for wild type PYP.! Apo-PYP was reconstituted with the 1,1’-
carbonyldiimidazole derivative of p-coumaric acid.> The reconstituted holo-proteins were
purified in two subsequent steps, with Ni-affinity chromatography and anion exchange,
respectively.” The purified holo-proteins were used without removal of the genetically
introduced N-terminal hexa-histidine containing tag. Their purity index, as determined by the
ratio Asgy/ Ass7 was better than 0.5.

Femtosecond transient absorption. Dispersed-probe transient absorption measurements were
obtained with a spectrometer based on an amplified Ti:sapphire laser system.* A home-built non-
collinear optical parametric amplifier (NOPA) produced short pulses that were frequency
doubled to produce excitation pulses at 450 nm and 290 nm. In the case of the 450-nm pulses,
frequency doubling of 900-nm (idler) pulses was achieved in the same BBO crystal as parametric
amplification. In the case of 290-nm pulses, frequency doubling of 580-nm pulses was achieved
in a secondary BBO crystal following pulse compression with a fused-silica prism pair. Changes
in absorption were monitored with an ultrafast white light continuum (350-650 nm) linearly
polarized at magic angle (54.7°) relative to the pump pulse. Buffered PYP samples were diluted
to an optical density of ~1 and circulated through a custom 1-mm path length flow cell with 0.5
mm-thick quartz windows. The sample is flowed to replenish the sample between laser shots.
The instrument response function was 100 fs for 450 nm pulses and 200 fs for 290 nm pulses.
The pulse energy was 50-200 nJ per pulse. The pulse intensities were sufficiently low to avoid
multiphoton ionization processes previously observed in PYP under 400-nm excitation.

I1. Data Analysis.
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Transient absorption data collected in wt PYP and W119F PYP under 447-nm excitation and
290-nm excitation were fit globally to first-order rate equation models. The basic model, adapted
from Larsen, ef al.,’ includes three excited state intermediates (denoted ESI1, ESI2, ESI3) to
represent the multi-exponential excited state decay in PYP. Population evolving through these
ESI states can branch into either the photochemical pathway that leads to photocycle
intermediate I; or proceed through a photochemically inactive pathway and return through a
ground state intermediate (GSI) before returning to the equilibrated pG ground state within a few
ps. The UV excitation model was modified for single-Trp PYP by including a parallel excitation
pathway for Trp and adding a FRET decay channel. These models are shown in Figure S1. For
simplicity, the spectra for ESI1, ESI2, and ESI3 were assumed to be the same and are
represented at a single “pCA*” state in the main article. The branching ratio of Iy was determined
by assuming that the loss of amplitude of in the region 375-440 nm between Iy and I; results
from population flow from I that fills in the ground state bleach. The time constants obtained
from this model are shown in Table S1.
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Figure S1. A comparison of the fits obtained to rate equation models for blue (left) and
UV excitation (right).

For completeness, we note several variations on the blue excitation model that can describe
the transient absorption data equally well. The first model variation is to introduce
inhomogeneity explicitly as ESI1, ESI2, ESI3 populations independently excited by the laser
pulse. This model is compelling from a physical standpoint because the three ESI can be
intuitively assigned to different configurations of PYP. This model however, introduces extra
fitting parameters in the form of initial ESI populations, and for the sake of simplifying the
current analysis, we have modeled the initial population as a “homogenous” ESII that
sequentially evolves into ESI2 and ESI3 populations. These populations can still be interpreted
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as dynamics resulting from differing configurations of PYP (with excitation probabilities related
to the rates kgsii—esp and kgspsesiz) or simply sequential non-exponential evolution of a single
population.

Table S1. Global analysis parameters.

Aex Sample State Excited state Intermediates GSI Photocycle RET
(nm) Intermediates
ESII ESI2 ESI3 Iy I,

447 WT Lifetime 700 fs 3.7 ps 30 ps 2.1ps | 900 ps oo | --
Branching | 0.25 (GSB) | 0.17 (ESI3) | 0.98 (GSI) | -- 0.64 (1)) - | -
yields (%) | 0.37 (ESI2) | 0.53 (GSI) | 0.02 (Iy) 0.36 (GSB)

0.09 (GSI) | 0.30 (Ip)
0.29 (Iy)

WI119F | Lifetime 780 fs 3.8 ps 30 ps 2.1ps | 850 ps oo | --
Branching | 0.18 (GSB) | 0.17 (ESI3) | 0.98 (GSI) | -- 0.56 (I)) - |-
yields (%) | 0.40 (ESI2) | 0.53 (GSI) | 0.02 (Ip) 0.44 (GSB)

0.08 (GSI) | 0.30 (Ip)
0.32 (Iy)

290 WT Lifetime 650 fs 2.8 ps 29 ps 2.1ps | 740 oo | 180 ps
Branching | 0.23 (GSB) | 0.11 (ESI3) | 0.94 (GSI) | -- 0.67 (I)) - | 100
yields (%) | 0.40 (ESI2) | 0.65 (GSI) | 0.06 (Ip) 0.33 (GSB)

0.09 (GSI) | 0.23 (Ip)
0.28 (Iy)

WI119F | Lifetime 660 fs 2.8 ps 30 ps 2.1ps | 740 ps oo | --
Branching | 0.17 (GSB) | 0.19 (ESI3) | 0.98 (GSI) | -- 0.67 (L)) - |-
yields (%) | 0.50 (ESI2) | 0.66 (GSI) | 0.02 (Ip) 0.33 (GSB)

0.06 (GSI) | 0.16 (Ip)
0.27 (Iy)

A second point of variation is whether Iy branches between ground state and I; or evolves to
I, with 100% yield. The choice of model here depends on how one interprets the spectral
evolution from Iy to I;. Between ~50 ps and 1 ns, the apparent peak of the transient absorption
shifts from ~510 nm to ~480 nm, indicating that the absorption peak of I; is blue-shifted
compared to Ip. AA is also uniformly reduced in the region 375-450 nm in this time because the
transient spectrum is a combination of GSB and the Iy and I; spectra. But, how much of the AA
decay is due to GSB recovery and how much is due to I; growth? If we assume that the Iy and I,
absorption bands are very broad and significantly overlap the ground state bleach (GSB, ~375-
500 nm), the increased overlap in the blue-shifted I; state would result in reduced AA amplitude
in the region of the ground state bleach. On the other hand, if we assume that the Iy and I, spectra
are relatively narrow and overlap only the red-side of the GSB (440-500 nm), then the only
signal contributing to AA for A < 440 nm is the GSB signal. Then this region of the spectrum
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represents a pure loss of ground-state population that can be used to track population refilling the
hole in the ground-state population induced by the excitation pulse. Population flow from I that
fills in the ground state bleach is introduced to explain the loss of amplitude in the region 375-
440 nm. The latter interpretation was used in the present analysis. The branching yields from Iy
and the yield of I; are then a result of matching the amplitude of the ground state bleach
contribution (A <440 nm) in the SADS representing I, and I;.

We note that the time constants and SADS do not differ significantly if molecules
unsuccessful in generating I; from Iy proceed through GSI rather than directly to the equilibrated
pG ground state as shown in the original model.” As the focus of the present work is in
comparing photocycle dynamics between wt PYP and the W119F mutant, we consider these
variations of the model to be of secondary importance to maintaining self-consistency between
the models for UV-B and blue excitation.

To show that global analysis is necessary to determine the quantum yield, we invoke a
common alternative method to estimate photocycle yields by the amount of bleach decay that
occurs in formation of the I; intermediate (Figure S3). We assume that the population is entirely
in the I; intermediate at 6.8 ns, the last time point measured, and estimate the remaining bleach
by fitting the ground state absorbance spectrum to the transient spectrum. Because the
overlapping I, absorption, the peak of the apparent bleach appears blue-shifted from the ground
state spectrum, so the fit is based on A < 440 nm, where, as noted above, we assume that I; does
not absorb. The initially excited PYP population was determined by fitting the PYP ground state
absorbance spectrum to the transient spectrum at the time of maximum bleach value (“t=0""). Due
to overlapping excited state absorption at A <450 nm and stimulated emission at A > 470, the fit
is based on the range 450-465 nm. Because the time resolution for the UV excitation pulse is
poorer, this point occurs at 600 fs, rather than 300 fs as in the blue-excited data. To show that the
higher esphotocycle yield in w¢ PYP excited at 290 nm is not an artifact of poorer time resolution
(and an underestimation of initially excited PYP population), the 600-fs transient spectrum in wt
PYP excited at 447 nm is also shown for comparison.

This method would predict a photocycle quantum yield of ~ 0.4 in w¢ PYP excited at 290 nm.
However, this would neglect photons absorbed by Trp119, the estimate is far too high.



Electronic Supplementary Material (ESI) for Photochemical & Photobiological Sciences

This journal is (c) The Royal Society of Chemistry and Owner Societies 2011

wt PYP

!

R wt PYP
T Bleach recovery R, =447 nm 1 aa"\h Bleach recovery | A, =290nm
% | ratio: 023 - % | ratio: 0.45
05 ? 05 %

6.8ns

* 6.8ns

4ﬁ0 450 600 550 600 650 360 400 460 600 650 600 660
Wavelength (nm) Wavelength (nm)
1 b W118F 1 WA119F
% | Bleach recovery Ay, =447nm Bleach recovery | ', = 290 nm
B ratio: 0.17 o
os| @ 05 ;J”"\i ralio: 0.19
L Yt e —
o 0

o

4AmOD

=

= 03ps = 06ps
16 68ns 16 68ns
400 450 500 550 800 850 350 400 450 500 550 6800 650
Wavelength (nm) Wavelength (nm)

Figure S2. The blue-excited I; quantum yield in PYP can be approximated directly from the
ground state bleach recovery. The black line in each panel corresponds to the inverted ground
state absorption of PYP, scaled to the size of the ground state bleach contribution in the transient
spectrum. This method overestimates the

IT1. Comparison with of FRET rates from protein structures.

The rate of resonant energy transfer between the single Trp residue and pCA was calculated
using Forster’s equation (Eq. S1):

(Eq. S1) kr=(8.71x10%) (%) &) g1,
¥1% I it TD

where J is the spectral overlap integral between the emission spectrum of the donor and the
absorption spectrum of the acceptor, k* is the angular factor of the interaction between the

transition dipole moment of the donor {#g) and acceptor (fi4), and n is the index of refraction.
Ry, 1s the distance between the transitional dipole moments of donor and acceptor, 7y, is the
fluorescence lifetime of the donor in the absence of the acceptor, and %, is the fluorescence

quantum yield of the donor in the absence of the acceptor. All values are based on PYP
structures obtained from the Protein Data Bank. The L, transition dipole moment of tryptophan,
based on molecular orbital calculations by Callis, e al.® while the transition dipole moment of
pCA was calculated as a vector connecting the extrema of the conjugated system.” The distance
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between donor and acceptor is measured from center of each transition dipole. The angular factor
was calculated according to Eq S2, where the angles a, B and 6 are defined in Figure S3. All
values are tabulated in Table S2.

(Eq. S2)
k? = (cosf — 3 cosa cosd)?

Ha(P)

Figure S3. The geometric model used to calculate FRET rate in PYP.

The rate of FRET relies on an accurate calculation of spectral overlap integral between donor
emission and acceptor absorption. Tryptophan emission is known to be highly sensitive to
environment and the peak of the emission spectrum can change up to 50 nm. In calculating J, we
used the tryptophan emission spectrum in water,® and adjusted the peak wavelength of emission
to match the measured tryptophan emission spectrum from PYP at pH 8.0. The absorption
spectrum of p-coumaric acid in PYP at pH 8.0 was determined by deconstructing the PYP
spectrum in constitute components: pCA, 1xTrp, and 5XTyrosine. The absorption spectra of the
amino acids were obtained from Ref [8].

FRET rates from tryptophan residues to internal cofactors were also calculated in several
LOV domains from phototropins and YtvA. The transition dipole moment of FMN was taken
along the z-axis. Because, in Eq. S1, it is necessary to know the lifetime of the donor in the
absence of the acceptor, the appropriate value to use is the tryptophan fluorescence lifetime in
the apo-protein. In apo-protein, the tryptophan fluorescence in the protein will generally be
quenched by interactions with other amino acids, in addition to any FRET interactions with
cofactors. These values have not been published, so the rates in Table SI3 were calculated using
the fluorescence lifetime of tryptophan in water (~5 ns). This overestimated lifetime value will
result in a lower limit on the FRET rate. It is worthwhile to note that, like in the PYPs, a
dominate factor in the very rapid FRET rate constants is the orientational factor with the
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chromophore, which is considerably larger than the 0.66 value assumed by isotropically
orientated molecules.
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Table S2. FRET parameters calculated from PYPs using Trp119 as the donor and pCA as the acceptor. Other parameters: n = 1.39, 1p
=4.8 ns, ®p = 0.13. Errors are indicated in parentheses.

Protein Species PDB | Tmp | Rpa | « B 8 'S Jx10" | Ro (A) E K 'FRET
(A) | (deg) | (deg) | (deg) (cm’ M) (ps)

PYP, pG, | Halorhodospira | several’ | 119 | 16.4 | 140 | 104 | 36 | 2.60 6.38 279 | 096 |185(10)

crystal’ | halophila O | (1) | 1O | @) |(0.03) (0.1) | (0.01)

PYP, pG, | Halorhodospira | 3PHY® | 119 | 155 | 121 | 82 | 39 1.8 6.38 262 | 096 |210(90)

solution* | halophila ©06) | (1) | ® | 3) | (03) (0.8) | (0.02)

PYP, pB, | Halorhodospira | 1TS0" 119 | 18.8 | 88.9 | 549 | 339 | 0.28 12.77 21.6 0.69 2000

crystal halophila

PYP Rhodospirillum IMzUY | 119 | 16.2 138 110 | 27.7 2.64 7.45" 28.7 0.97 145
domain centenum

of Ppr

"Error values were determined as the variance of values computed from x-ray crystallography structures INWZ, 1TS7, 2PYP, and
10T9 (model 1).

*Error values on the solution NMR structure were determined as the variance among the 26 structures reported in PDB 3PHY.

"Value was calculated assuming the same Trp emission spectrum as for wt PYP. Ppr-PYP extinction coefficient was assumed to be
equal to PYP from H. halophila, based on previous observations that the extinction coefficients of PYP proteins isolated from
different organisms are very similar. The spectrum of Ppr-PYP has maximum absorption at 434 nm."?
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Table S3. Structural FRET parameters calculated from other PAS domains using unique Trp residue as the donor and FMN as the

acceptor. We assume the value: n=1.39, ®p =0.13, and 1p = 5.0 ns.'

Protein Species PDB | Trp |Rpa | « B Y K | Jx10"” | Ro(A) | E K erET
(A) | (deg) | (deg) | (deg) (em® M) (ps)

LOV domain | Bacillus subtilis | 2PR5" | 103 | 16.3 | 140 | 100 |40 2.52 10.8" 30.7 0.98 106

of YtvA

LOV1 Arabidopsis 276CY 275 152 [ 151 | 113 |37 2.84 9.54" 30.6 0.98 75

domain of thaliana

phototropinl

LOV1 Arabidopsis 276D | 211 | 154 [152 |123 |29 3.14 9.54" 31.2 0.98 75

domain of thaliana

phototropin2

LOV2 Avena Sativa 2VIA® 491 |154 | 152 |111 |40 2.72 9.54" 30.4 0.98 85

domain of

phototropin

LOV2 Adiantum 1G28' | 1007 | 153 | 151 |115 |36 2.88 9.54" 30.7 0.98 80

domain of Capillus-Veneris

PHY3

phototropin

Phot-LOV1 | Chlamydomonas | IN9L" | 98 153 | 153 | 110 |43 2.62 9.54" 30.2 0.98 85
Reinhardtii

"Spectral overlap based on measured YtvA absorption spectrum (€450 ~13000 M'em™) and tryptophan emission spectrum in YtvA.'®

"Spectral overlap calculations based on absorption spectrum of LOV2 from Avena Sativa and the tryptophan emission spectrum from
YtvA.
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