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Introduction

Combined probes of X-ray scattering and optical
spectroscopy reveal how global conformational
change is temporally and spatially linked to local
structural perturbation in photoactive yellow proteiny

Tae Wu Kim,#*® Cheolhee Yang,*® Youngmin Kim,®® Jong Goo Kim,?°
Jeongho Kim,© Yang Ouk Jung,®® Sunhong Jun,?® Sang Jin Lee,®® Sungjun Park,®”
Irina Kosheleva,” Robert Henning,® Jasper J. van Thor® and Hyotcherl |hee*®°

Real-time probing of structural transitions of a photoactive protein is challenging owing to the lack of a
universal time-resolved technique that can probe the changes in both global conformation and light-
absorbing chromophores of the protein. In this work, we combine time-resolved X-ray solution scattering
(TRXSS) and transient absorption (TA) spectroscopy to investigate how the global conformational changes
involved in the photoinduced signal transduction of photoactive yellow protein (PYP) is temporally and
spatially related to the local structural change around the light-absorbing chromophore. In particular, we
examine the role of internal proton transfer in developing a signaling state of PYP by employing its E46Q
mutant (E46Q-PYP), where the internal proton transfer is inhibited by the replacement of a proton donor.
The comparison of TRXSS and TA spectroscopy data directly reveals that the global conformational
change of the protein, which is probed by TRXSS, is temporally delayed by tens of microseconds from the
local structural change of the chromophore, which is probed by TA spectroscopy. The molecular shape of
the signaling state reconstructed from the TRXSS curves directly visualizes the three-dimensional
conformations of protein intermediates and reveals that the smaller structural change in E46Q-PYP than
in wild-type PYP suggested by previous studies is manifested in terms of much smaller protrusion,
confirming that the signaling state of E46Q-PYP is only partially developed compared with that of wild-
type PYP. This finding provides direct evidence of how the environmental change in the vicinity of the
chromophore alters the conformational change of the entire protein matrix.

capture the transient structures of the protein in real time,
both superb temporal resolution and high structural sensitivity

Elucidating the molecular mechanisms of protein structural
transitions is crucial for understanding protein functions.
For this, it is necessary to characterize the three-dimensional
structures (or conformations) of transient intermediates
formed during the structural transitions of the protein. To
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are required because the dynamic evolution of the protein
structure often occurs on time scales ranging from sub-
picoseconds to seconds.'™ As a means of probing such fast
protein structural transitions in solution, various optical spec-
troscopic methods have been employed.>> ! However, spectro-
scopic techniques are mostly selective to states of specific
energies and local structures around a light-absorbing chromo-
phore and cannot directly probe the global conformation of the
protein. To complement time-resolved optical spectroscopies,
time-resolved X-ray solution scattering (TRXSS), also known as
time-resolved X-ray liquidography (TRXL),""**® can be used to
monitor the changes in the global conformation of the protein,
but it is not able to resolve small changes in the local structure
around the chromophore. In this regard, an approach of com-
bining time-resolved optical spectroscopy with time-resolved
X-ray solution scattering may be the most effective way of
obtaining a comprehensive view of protein structural transitions.
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In this study, we applied both TRXSS and transient absorption
(TA) spectroscopy to a mutant of photoactive yellow protein
(PYP), one of the most extensively studied model systems for
protein structural dynamics.

PYP, a structural prototype of the PAS domain superfamily,
is a biological photosensor involved in the negative phototaxis
of a bacterium called Halorhodospira halophila.'*> Upon
absorption of blue-light by the p-coumaric acid (pCA) chromo-
phore, PYP undergoes a photocycle that involves transitions
among various spectrally red-shifted (pR or I,) and blue-shifted
(pB or I,) intermediates through synchronous movements of
pCA and surrounding hydrogen-bonding networks.®?>*3"
When the putative signaling state, pB (Amax = 355 nm), is
formed, the hydrogen bonds between pCA and the surrounding
residues (Tyr42 and Glu46) are broken and the protonation of
PCA induced by internal proton transfer from Glu46 leads to a
significant blue shift of the absorption spectrum compared
with that of the ground state, pG (/max = 446 nm).52*2¢27
Previous studies have shown that the internal proton transfer
from Glu46 to pCA induces the regulated change in protein
conformation and thus is a key step leading to the formation of
the signaling state.'*?%?%?83273% However, the exact role of
internal proton transfer in the formation of the signaling state
has not been elucidated at the molecular level yet.

In this work, to examine how internal proton transfer
influences the dynamics and the mechanism of the structural
transition of PYP, we investigated the structural dynamics of
the E46Q mutant of PYP using a combination of two comple-
mentary time-resolved techniques: TRXSS and TA spectroscopy.
In the mutant PYP (E46Q-PYP), the 46th residue, glutamate
(Glu or E), is replaced by glutamine (Gln or Q) as shown in Fig. 1
and the mutation makes the hydrogen bond between the 46th
residue and pCA much weaker than in wild-type PYP (wt-PYP).>"~*"

N-terminal cap

Tyr42 GIn46

5

Fig. 1 Structure of E46Q-PYP. Structures of the protein backbone (ribbon)
and the active site around the chromophore (ball-and-stick) in E46Q-PYP
(PDB: 10TA). In E46Q-PYP, the glutamic acid (Glu46) in wild-type PYP was
replaced by a glutamine (Gln46). The dashed lines indicate the hydrogen
bonds between p-coumaric acid (pCA) and the neighbouring residues in the
ground state of E46Q. Due to the effect of mutation, the hydrogen bond
between pCA and Gln46 is longer than the one between pCA and Glu46
in wild-type PYP.¥

8912 | Phys. Chem. Chem. Phys., 2016, 18, 8911-8919

PCCP

In particular, we focus on how the local structural change
around the chromophore, to which TA spectroscopy is sensi-
tive, is temporally and spatially related to the global conforma-
tional change, which can be probed by TRXSS. By comparing
the kinetic components obtained from measurements using
the two time-resolved techniques, we found that the global
conformational change involved in the transition to the signal-
ing state is temporally delayed from the local structural change
around the chromophore. This result demonstrates that each
time-resolved technique gives only limited information on the
protein dynamics and thus the combination of the two techni-
ques is relevant for obtaining a comprehensive view of the
protein structural dynamics. The molecular shape of the signal-
ing state reconstructed from the TRXSS curves directly visualizes
the three-dimensional conformations of protein intermediates
and shows how the smaller structural change in E46Q-PYP than
in wt-PYP, which was suggested by previous FTIR>” and NMR*?
studies, is manifested in the three-dimensional conformation.
Specifically, the comparison of the molecular shapes shows that
the protrusion in a local region is much smaller in E46Q-PYP,
suggesting that the signaling state of E46Q-PYP is only partially
developed compared with that of wt-PYP. This finding provides
direct evidence of how the environmental change in the vicinity
of the chromophore alters the conformational change of the
entire protein matrix.

Results
Time-resolved X-ray solution scattering

Time-resolved X-ray solution scattering (TRXSS) enables real-
time monitoring of structural changes of proteins with high
structural sensitivity over a broad range of time scales," >~
We performed a TRXSS experiment to investigate the structural
dynamics of the E46Q-PYP protein in a wide time range from
3.16 ps to 100 ms. The details of the TRXSS measurement are
described in the Experimental section. Fig. 2a shows time-
resolved difference scattering curves, gAS(q, t), measured at
various time delays. The difference scattering curves show not only
a significant amplitude in the small-angle region (g < 0.3 A",
which is related to the global structural change, but also oscillatory
features in the wide-angle region (0.3 < g < 1.0 A™"), which is
attributed to the subtle structural change such as the rearrange-
ment of the secondary structure. Here we note that the solvent
heating induced by the pump laser excitation also contributes to
the scattering in the wide-angle region as shown in Fig. S1 in
the ESIL.{ Therefore, to extract only the photoinduced signal of
pure protein from the measured difference scattering curves,
the contribution of solvent heating was removed by subtracting
the signal that was obtained from a separate experiment on a
solution of laser dye (see the ESIt).

For the heating-free experimental data, we performed the
kinetic analysis based on singular value decomposition (SVD)"**®
to extract the kinetics of structural transitions of the protein
(see the ESIt). First, we applied the SVD analysis in the g-range
of 0.05-1.0 A™* and the time range from 3.16 ps to 100 ms and
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Fig. 2 Time-resolved X-ray solution scattering data of the E46Q-PYP
photocycle and global kinetic analysis. (a) Experimental (black) and theo-
retical (red) difference scattering curves. (b) Species-associated difference
scattering curves extracted from the PCA analysis. (c) Time-dependent
population change of the intermediates following the proposed kinetic
model determined by the PCA analysis.

identified four structurally distinct intermediates and four time
constants: 3.1 (£2.2) ps, 143 (£4) ps, 6.7 (£1.0) ms, and ~1 s.
Based on the results of the SVD analysis, we applied a sequential
kinetic model as follows:

3.1ps 143 ps 6.7 ms Is
C D —

A B rG

where A, B, C, and D are photoinduced protein intermediates
and pG is the ground state. For the transitions among the
intermediates, the time constants determined from the SVD
analysis are shown together. To extract the structural features
of the protein intermediates included in this kinetic model, we
constructed scattering curves that directly reflect the structures of
the intermediates (termed species-associated difference scattering
curves) by performing the principal component analysis (PCA). In
the PCA, the theoretical time-resolved difference scattering curve
at each time delay is generated by a sum of species-associated
difference scattering curves obeying the kinetics determined by
the sequential kinetic model shown above. By globally mini-
mizing the differences between the experimental and theore-
tical difference scattering curves at all time delays, we extracted
the species-associated difference scattering curves (Fig. 2b) for
the four intermediates. Also, time-dependent populations of the
species-associated difference scattering curves were obtained as
shown in Fig. 2c. As shown in Fig. 2a, the final theoretical
difference scattering curves show excellent agreement with the
experimental curves, confirming that the experimental data are
fit well by the sequential kinetic model.

In principle, each species-associated difference scattering
curve contains the information on the structure of a protein
intermediate. To construct the three-dimensional molecular
shape of individual intermediates, we converted the species-
associated ‘‘difference” scattering curves into species-associated
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“static” scattering curves by adding the static scattering curve of
pG multiplied by an appropriate scaling factor (see the ESIT).
Subsequently, we applied the ab initio shape reconstruction
algorithm to each of the species-associated static scattering
curves for the four intermediates. Specifically, using the GNOM
program,*® pair distribution functions (PDFs) were determined
from the experimental species-associated static scattering curves.
Then, the configuration of randomly oriented dummy atoms was
varied until the discrepancy between the experimental and the
theoretical scattering curves becomes minimized. For each
species-associated static scattering curve, the above procedure
of shape reconstruction was repeated about 50 times and the
resulting structures were filtered to yield the final molecular
shape of the intermediate (see the ESIf). Fig. 4a shows the
reconstructed molecular shapes of the intermediates together
with the associated time constants for the transitions in the
sequential kinetic model.

Transient absorption spectroscopy

Transient absorption (TA) spectroscopy monitors time evolu-
tion of spectral features associated with various intermediates
formed during the photocycle.®?” We measured the transient
change of the absorption spectrum of E46Q-PYP using TA
spectroscopy to follow the transition dynamics among the
protein intermediates, which were originally defined by the
spectral features of their electronic transitions. Previously,
the signaling process in the photocycle of E46Q-PYP was
studied by nanosecond TA spectroscopy,® but the TA spectra
were recorded only at selected wavelengths with 10 nm wave-
length step. In the present work, we comprehensively mea-
sured TA spectra in a wide spectral range (370-520 nm) and in
the time range of 1 us-7 ms (Fig. 3). At the time delay of 1 ps,
the TA spectrum shows a large negative feature at around
460 nm and a small positive feature at around 500 nm. The
negative feature at 460 nm arises from the bleaching of the pG
state, considering that its maximum matches with the absorp-
tion spectrum of the pG state of E46Q-PYP. The positive
feature at 500 nm can be assigned to the absorption by a
spectrally red-shifted intermediate (pR) in agreement with the
previous TA study on E46Q-PYP.® As the time progresses,
the positive feature at 500 nm decreases gradually and dis-
appears within 100 ps. In concurrence with the decrease of the
500 nm feature, another positive feature at 370 nm appears at
around 30 ps. This new positive feature can be assigned to the
absorption by a spectrally blue-shifted intermediate (pB) of
E46Q-PYP.

To determine the kinetics of the transitions between the
protein intermediates, we performed the SVD analysis of the TA
data and identified a kinetic component with the time constant
of 64 (+4) us in the time range of our measurement (1 j1s-7 ms)
as shown in Fig. S9 in the ESI.{ In Fig. 3b, we compare the TA
spectra before (1 ps) and after (1 ms) the time delay corres-
ponding to the time constant of the kinetic component deter-
mined from the SVD analysis. When comparing the two TA
spectra, we can see that the positive absorption at around
380 nm increases and the positive absorption at around
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Fig. 3 Transient absorption spectra of E46Q-PYP. (a) The contour shows
the time evolution of transient absorption spectra. The ground state
absorption spectrum of E46Q-PYP is shown together on the right side
of the TA spectra. At ~64 ps, the decay of the positive feature at ~500 nm
concurs with the growth of the positive signal at ~380 nm, which is the
signature of the spectrally blue-shifted intermediate called pB. (b) TA
spectra at two representative time delays, 1 pus and 1 ms.

500 nm decreases between 1 ps and 1 ms, confirming that the
64 ps kinetic component corresponds to the transition from pR
to pB as follows:

64 ps

pR — pB

According to previous studies of wt-PYP,>*** the pCA chromo-

phore of pR has a negative charge and is stabilized by hydrogen
bonds with surrounding residues, resulting in the spectral red
shift of the absorption spectrum. In contrast, in pB, the pCA is
protonated by the internal proton transfer from Glu46 and the
hydrogen bonds are broken, leading to the spectral blue shift of
the absorption spectrum. The dynamics of the pR-to-pB transi-
tion determined in the present work is slightly slower than the
ones probed in the previous TA study of E46Q-PYP.® Such a
difference in the dynamics can be attributed to the difference in
the sample environment between the present (Na-phosphate
buffer and pH 7.0) and the previous (MEG buffer and pH 6.5)
studies. Since we performed the TA spectroscopy and TRXSS
measurements on the samples prepared under the same con-
ditions (20 mM Na-phosphate buffer, 20 mM NacCl, and pH 7.0)
in the present work, we note that our TA result is more relevant
for comparison with the kinetics obtained from the TRXSS
measurement.

Discussion

Structural and spectroscopic kinetics of the E46Q-PYP
photocycle

Based on the results obtained by TRXSS and TA spectroscopy,
we can establish the kinetics and structural mechanism of the
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E46Q-PYP photocycle. Simultaneously, such a comparison also
provides opportunities to compare the sensitivity of each
technique to a specific aspect of structural dynamics and obtain
more detailed information about structural dynamics than that
can be acquired by a single technique. The TRXSS measurement
clearly identifies four intermediates that exhibit sequential
transition kinetics. Meanwhile, only a single kinetic component
with a 64 ps time constant was identified from the TA measure-
ment and was assigned to the pR — pB transition. Based on the
similarity of the time scales, the B — C transition observed by
TRXSS must be closely related to the pR — pB transition but
occurs on a slower time scale (~100 ps) than the pR — pB
transition probed by the TA measurement. While the experi-
mental conditions (for example, sample concentration and laser
fluence) used for the TRXSS and TA measurements were differ-
ent from each other, their effect on the measured dynamics
should be minimal (see the ESI} for details) and cannot account
for the difference in the dynamics of pR — pB transition
obtained from the TRXSS and TA measurements. Previously, it
was reported that the shift of the absorption maximum of the
transient intermediates in the PYP photocycle is attributed to the
change in the orientation of the pCA chromophore induced by
the change of hydrogen-bonding interactions between pCA and
surrounding amino acid residues.®*****° Therefore, the slower
B — C transition (probed by TRXSS) than pR — pB transition
(probed by TA) indicates that the conformational change of the
protein matrix is temporally delayed from the local movement
around the pCA chromophore. A previous study on wt-PYP using
time-resolved optical rotary dispersion spectroscopy’® reported a
similar observation that the change in the chromophore pre-
cedes the unfolding of the secondary structure (protein back-
bone). Thus, the combined results of our TA (sensitive to
chromophore) and TRXSS (sensitive to protein conformation)
provide direct evidence for the sequential occurrence of the local
movement around the chromophore and the global conforma-
tional change in E46Q-PYP.

We note that the kinetic components with the time constants
of 3.1 us (A — B transition) and 6.7 ms (C — D transition) were
detected by TRXSS, but not by TA spectroscopy. The lack of these
kinetic components in the TA data indicates that the electronic
absorption spectrum does not change appreciably by the transi-
tions associated with those kinetic components. Accordingly,
among the four intermediates (A, B, C, and D) in the kinetic
model used for the analysis of the TRXSS data, the two early
intermediates, A and B, can be assigned to the variants of the
spectrally red-shifted intermediates, pR, and pRg, respectively,
and the two late intermediates, C and D, can be regarded as the
variants of the spectrally blue-shifted intermediates, pB, and
pBg, respectively. Here we note that we termed the transient
intermediates (pR,, pRg, pB,, and pBg) of E46Q-PYP differently
from the ones involved in the photocycle of wt-PYP (pR;, pR,,
pBy, and pB,)"* because the transient intermediates of the two
proteins are not considered structurally identical to each other.
Judging from the different shapes of species-associated differ-
ence scattering curves for these intermediates shown in Fig. 2b,
PR, and pRy (or pB, and pBg) must have subtly different
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conformations from each other, as was the case for pR; and pR,
(or pB; and pB,) in wt-PYP.'* We combine the results of the TRXSS
and TA measurements to propose the following sequential kinetic
scheme for the photocycle of E46Q-PYP including spectrally
red-shifted (pR, and pRg) and blue-shifted (pB, and pBp)
intermediates.

PR, - PR N pB, N pB; N pG

As an overview of the kinetics obtained from the TRXSS and
TA measurements, we summarized the time constants of the
transitions among the protein intermediates obtained by the
two different techniques in Fig. 4a.

Structure of the signaling state of E46Q-PYP

From the reconstructed molecular shapes of the protein inter-
mediates shown in Fig. 4a and the R, and Dy, values listed in
Table 1, we can estimate the extent of conformational changes
occurring in the photocycle of E46Q-PYP. The pR, — pRy
transition of E46Q-PYP involves relatively small changes in the
global shape and the volume of the protein, as judged from R,
and Dy, values. In contrast, the pR; — pB, transition leads to
the significant increase of the protein volume. Specifically, the
protein volume of pB, calculated from the R, value is larger by
5% than that of pG. The pB, — pBg transition does not involve
any notable change in the molecular shape (even in the pro-
truded region) or the protein volume. However, the species-
associated difference scattering curves of pB, and pB; are clearly
different from each other in the wide-angle region (0.5-1.0 A™)
as can be seen in Fig. 2b, implying that the two intermediates
have subtly different conformations from each other.

In general, the signaling state of a protein often has a
regulated, unfolded structure that is suitable for transferring

- TRXSS
«Th

pBB«\;‘/{x;.Qy
6.7 ms (x1.0 ms)

&

)
|

B  — -4

pB, &P &7 pR
«@ 143 us (+4 ps) 8
Signaling state 64 us (+4 ps)

PR, %
/3.1 S (£2.2 ps)
,r—/N
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Table 1 Structural parameters of the intermediates of the E46Q-PYP
photocycle compared with those of wt-PYP. The radius of gyration (Rg)
and the maximum distance (Dpmax) Were determined from the representa-
tive structure of each intermediate

E46Q Ry (A) Dinax (&) wild type® Ry (A) Dinax (A)
PR, 15.08 41.53 PRy 15.4 57.47
PRy 15.11 42.57 PR, 14.88 48.09
PB, 15.36 49.84 PB; 15.26 53.83
PByg 15.32 48.09 PB, 15.68 58.09
PG 15.10 41.68 PG 14.83 41.02

¢ The structural parameters of wt-PYP were adapted from ref. 14.

the signal to its binding partner.* According to previous
studies on wt-PYP using TRXSS' and a combination of struc-
tural probes (DEER, NMR, and SAXS/WAXS),>” the putative
signaling state of wt-PYP is the second blue-shifted intermediate
termed pB,, which is formed via the protrusion of the N-terminus
and the partial unfolding of the protein backbone. According to
the results of our TRXSS measurement discussed above, the first
blue-shifted intermediate, pB,, of E46Q-PYP has similar structural
changes to pB, of wt-PYP and thus can be regarded as at least an
early form of the putative signaling state of E46Q-PYP. Here we
note that the pB, intermediate is larger than pG by only 5% in
contrast to pB, of wt-PYP, which is larger than pG by 18%."* The
smaller volume increase of the signaling state in E46Q-PYP
suggests that, compared with wt-PYP, E46Q-PYP undergoes
restricted changes in global conformation in the transition to
the signaling state.

Role of internal proton transfer in the signal transduction of
PYP

The combined results of TRXSS and TA measurements provide
key evidence for the role of the Glu46 (E46) residue in the signal

b

N-terminal/cap

Phe28

GIn46 ‘@

o

Fig. 4 Structural dynamics of the E46Q-PYP photocycle and the hydrogen-bonding network from the chromophore binding pocket to the N-terminal
cap. (a) Global kinetics of the E46Q-PYP photocycle. The reconstructed molecular shapes of the intermediates were extracted from the structural
analysis of the scattering data. The photocycle of E46Q-PYP includes four intermediates (pR,. pRg pB,. and pBp) and the transition rates among the
intermediates were determined from time-resolved X-ray solution scattering (TRXSS) and transient absorption spectroscopy (TA). The global
conformational change of the protein is maximal in the pR; — pB, transition occurring on the time scale of 143 us as supported by the reconstructed
shape from TRXSS. The inset (magenta box) shows the reconstructed molecular shape of the signaling state (pB,) of wt-PYP'* with the atomistic structure
determined from the previous study combining DEER, NMR, and SAXS/WAXS experiment.>® (b) The local structural change in the vicinity of the
chromophore (pCA) can be propagated up to the N-terminal cap region through the hydrogen-bonding network (red dashed lines). The weak hydrogen
bond between pCA and GIn46 in E46Q-PYP may result in the smaller global conformational change compared with the change in wild-type PYP.
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transduction of PYP. According to a previous time-resolved
X-ray Laue crystallography (TR-Laue) study on a crystalline
sample of E46Q-PYP,> the E46Q mutation modifies the lengths
and the strengths of hydrogen bonds between the pCA chromo-
phore and the surrounding amino acid residues. In the same
study, it was found that the spectrally blue-shifted intermediate
is formed faster in E46Q-PYP than in wt-PYP, which was also
reported by a previous TA study.® Previous studies on E46Q-PYP
using FTIR*” and NMR*? reported that, in the transition from
pG to pB, the amide-I band absorption and chemical shift,
respectively, change to the lesser extent in E46Q-PYP than in
wt-PYP, implying smaller structural changes involved in the
formation of the signaling state of E46Q-PYP. The global
structure of the signaling state determined from our TRXSS
measurement allows us to quantitatively connect the accelera-
tion of the kinetics in E46Q-PYP with the degree of structural
changes and to visualize the detailed structural difference
accounting for the smaller changes in global conformation.
As shown in Fig. 4a, the molecular shape of the signaling state
reconstructed from the TRXSS curves directly visualizes how
the smaller structural change in E46Q-PYP suggested by the
previous studies is manifested in the three-dimensional con-
formation. Specifically, the signaling state of E46Q-PYP is
formed with a smaller degree of N-terminal protrusion and a
smaller volume increase than that of wt-PYP. Based on these
observations, we can regard the signaling state of E46Q-PYP as
a partially developed state compared with pB, in wt-PYP. The
restricted conformational change leading to the signaling state
of E46Q-PYP will take less time than the structural change in
wt-PYP, accounting for the accelerated formation of the signal-
ing state in E46Q-PYP.%%%>3

We can attribute the origin of the partial structural devel-
opment observed in the signaling state of E46Q-PYP to the
weaker hydrogen bond between GIn46 and pCA in the E46Q
mutant than in wt-PYP. As shown in Fig. 4b, the hydrogen-
bonding network starting from pCA reaches up to the N-terminal
cap through three hydrogen bonds (pCA — GIn46 — Asn43 —
Phe28/Leu23) and can play an important role in triggering global
conformational changes associated with the signal transduc-
tion.>*™* In the pG of E46Q-PYP, pCA forms two hydrogen
bonds, one with the nitrogen atom of GIn46 and the other with
the oxygen atom of Tyr42. The hydrogen bond between pCA and
GIn46 is weaker than the one between pCA and Glu46 in wt-PYP
because nitrogen has a smaller electron affinity than oxygen. As
a result of the weaker hydrogen bond between GIn46 and pCA in
E46Q-PYP, the structural perturbation towards the N-terminal
cap is likely to be smaller in E46Q-PYP than in wt-PYP, resulting
in the partially developed signaling state of E46Q-PYP.

Conclusions

We combined time-resolved X-ray solution scattering (TRXSS)
and transient absorption (TA) spectroscopy as probes of the
dynamics of the protein conformation and the chromophore in
the photocycle of E46Q-PYP, where the internal proton transfer
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is inhibited. We were able to establish the global kinetics of the
E46Q-PYP photocycle with the four structurally distinct inter-
mediates by making detailed comparisons of the results
obtained from the different time-resolved techniques. The
spectral change related to the local structure of the chromo-
phore (that is, pR — pB transition) probed by TA spectroscopy
occurs in 64 ps and temporally precedes the change in the global
conformation (143 ps) leading to the signaling state (that is,
PR; — pPB, transition) probed by TRXSS. The delayed occurrence
of the conformational change suggests that it takes time for the
structural perturbation triggered by the chromophore to propa-
gate through the hydrogen-bonding network. The pR, — pRg
and pB, — pB; transitions occurring in 3.1 us and 6.4 ms,
respectively, accompany rather small changes in global confor-
mation of the protein and were not detected by TA spectroscopy
that lacks global structural sensitivity. The molecular shape of
the signaling state reconstructed from the TRXSS curves reveals
the smaller structural change of the signaling state of E46Q-PYP
than that of wt-PYP and we revealed that the smaller change is
associated with a smaller degree of protrusion, confirming that
the suppression of the internal proton transfer induces the
formation of the partially developed signaling state. In this work,
we demonstrated that the approach of combining two time-
resolved techniques allows us to obtain a comprehensive view of
protein structural dynamics ranging from the local structure to
global conformation.

Experimental section
Preparation of a photoactive yellow protein E46Q mutant

The procedure of protein preparation is based on a previously
published protocol.”® The E46Q mutation was introduced into
the pQES8OL vector and was expressed in E. coli BL21 (DE3). The
apo-E46Q-PYP was reconstituted with p-coumaric anhydride
and purified by centrifugation and nickel affinity column
chromatography. The protein solution was treated by entero-
kinase (EK) overnight after the buffer exchange and purified
again by ion exchange column chromatography. The protein
solution was dialyzed with the buffer for the time-resolved
experiments (20 mM sodium phosphate buffer, 20 mM NacCl,
and pH 7.0) and the purity index (AbS,gonm/AbSisonm) Of the
solution was 0.43.

Time-resolved X-ray solution scattering

Time-resolved (pump-probe) X-ray solution scattering data
were collected at the ID14B beamline at Advanced Photon
Source by following an established experimental protocol.*'**74¢
Prior to the experiment for E46Q-PYP, the control experiment was
performed with wt-PYP to check the experimental conditions.
From the control experiment, the time constants determined
from the previous experiment at ESRF were well reproduced.
For the sample, a 4.4 mM E46Q-PYP solution dissolved in a
20 mM sodium phosphate buffer with 20 mM NaCl at pH 7.0
was enclosed in a quartz capillary (Hampton research). The
capillary was mounted on a linear translational stage (Parker) to
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move the sealed capillary back and forth periodically. During
the measurement, the temperature of the sample was kept at
293 K using a cryostream temperature controller (Oxford). The
E46Q-PYP solution was irradiated by circularly polarized nano-
second (ns) laser pulses (1 mJ mm™? fluence at 460 nm) and
was probed by X-ray pulses incident at well-defined time
delays. Polychromatic X-ray probe pulse (15 keV), which has
a pulse duration of 1.5 ps, was generated from the 324-bunch
mode operation at Advanced Photon Source. Time-dependent
X-ray scattering patterns were recorded using a Mar165 CCD
detector (Rayonix, USA), covered up to the wide-angle region.
The scattering pattern at a negative time-delay (—5 ps) was
also collected and used as a reference for calculating time-
resolved difference scattering curves. The scattering pattern
at —5 ps time delay contains structural information of the pG
ground state, while the data at positive time delays contain the
contributions from a mixture of the ground state and photo-
products. The time-resolved difference scattering curves,
AS(q, t) = S(q, t) — S(q, —5 us), were generated by subtracting
the scattering curve at —5 ps from the curves at positive time
delays. The AS(q, t) curves provide the information on the
change caused by the laser photoexcitation. The data acquisi-
tion was implemented at a repetition rate of 2 Hz while
translating the quartz capillary containing the sample. We
measured the time-resolved X-ray solution scattering curves at
a total of 19 time delays in a wide time range from 3.16 ps to
100 ms. At each time delay, >150 scattering curves were
averaged to achieve a high signal-to-noise ratio.

X-ray scattering patterns contain rich information on the
global structure of a protein. In particular, the small angle X-ray
scattering (SAXS) signal is sensitive to the global protein con-
formation such as the shape and the size of the protein. In
principle, X-ray scattering intensity is related to the pair dis-
tribution function, P(r), of intramolecular atomic distances by
Fourier transform:

Dinax

) rsin(qr)
. drP(r) = (1)

S(a) = |
where D, is the maximum intramolecular distance. Because
the pair distribution function is a real space representation of
the scattering pattern, it provides direct information on the
protein structure and can be used to visualize the global shape
of the protein through three-dimensional shape reconstruc-
tion.””*® To reconstruct the structure of a transient reaction
intermediate from time-resolved X-ray scattering curves, it is
needed to extract a difference scattering curve characteristic
of the intermediate species, the so-called species-associated
difference scattering curve. The species-associated scattering
curve can be obtained by kinetic analysis based on singular
value decomposition (SVD) and principal component analysis
(PCA) of the time-resolved scattering data."'**®>° From
the SVD, the number of structurally distinct intermediates
and the transition kinetics among the intermediates can be
obtained. Subsequently, by PCA, the experimental difference
scattering curves are decomposed into the species-associated
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scattering curves of the intermediates using the following
equation:

ASthcory (f]u l/’) = Z [Ck (t])]ASCk (ql) (2)
k

where ASweory(qs, t;) is the theoretical difference scattering
curve at given g and ¢ values, AS¢ (q;) is the species-associated
difference scattering curve corresponding to the k-th inter-
mediate species at a given g value, and Cy(t;) is the instanta-
neous population of the k-th intermediate at a given time
delay and can be easily calculated using the kinetics obtained
from the SVD analysis. We employed ab initio shape recon-
struction to extract the molecular shape of the protein from
the species-associated difference scattering curves. This
approach consists of two steps: (i) species-associated “‘static”
scattering curves are obtained by adding the scattering curve
of the ground state to the scaled species-associated difference
scattering curves of the intermediates. (ii) For the species-
associated static scattering curves, the three-dimensional shape
reconstruction is implemented using DAMMIN package®® based
on the dummy atom modelling. The details of the analysis are
described in the ESI.{

Transient absorption spectroscopy

Transient absorption spectroscopy measurements were per-
formed using a conventional setup.® A 70 pM E46Q-PYP
dissolved in a 20 mM sodium phosphate buffer with 20 mM
NaCl at pH 7.0 was flowed through a 2 mm quartz cell (Hellma
Analytics) by using a syringe pump (KD Scientific). A pump
beam (460 nm, 1 Hz) was generated from an optical parametric
oscillator (LOTIS). The fluence of the pump beam was 76 j mm >
per pulse at the sample position. A continuous probe beam was
generated by a Xe lamp (Newport, 66902). The pump beam was
perpendicularly crossed with the probe beam. The probe light was
detected by a combination of a spectrometer (Princeton Instru-
ments) and an ICCD camera (Andor). The transient absorption
measurements were implemented at 293 K.
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