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ABSTRACT: Using various spectroscopic techniques such as
UV-—visible spectroscopy, circular dichroism spectroscopy,
NMR spectroscopy, small-angle X-ray scattering, transient
grating, and transient absorption techniques, we investigated
how cell-mimetic environments made by crowding influence
the photocycle of photoactive yellow protein (PYP) in terms
of the molecular volume change and kinetics. Upon addition of
molecular crowding agents, the ratio of the diffusion coefficient
of the blue-shifted intermediate (pB) to that of the ground
species (pG) significantly changes from 0.92 and approaches
1.0. This result indicates that the molecular volume change
accompanied by the photocycle of PYP in molecularly
crowded environments is much smaller than that which
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occurs in vitro and that the pB intermediate under crowded environments favors a compact conformation due to the excluded
volume effect. The kinetics of the photocycle of PYP in cell-mimetic environments is greatly decelerated by the dehydration,
owing to the interaction between the protein and small crowding agents, but is barely affected by the excluded volume effect. The
results lead to the inference that the signaling transducer of PYP may not necessarily utilize the conformational change of PYP to

sense the signaling state.

B INTRODUCTION

As both the structure and stability of biomolecules are
intimately related to their functions within cells, understanding
their structure and stability under physiological conditions is of
critical importance.' ™ In this respect, most studies have been
performed mainly on various biomolecules in diluted and
homogeneous solutions (in vitro), and then their functions in
cells are deduced from the results obtained. However,
biomolecules in vivo function within crowded intracellular
environments containing a number of other highly concen-
trated species, such as proteins, carbohydrates, lipids, nucleic
acids, metabolites, and natural products. In addition, the
intracellular environment is very heterogeneous compared to in
vitro experimental conditions, in terms of temperature, pH,
viscosity, etc. These differences may result in a si%niﬁcant
change in the structure and stability of biomolecules."”*~*
Generally, the effect induced by the crowded intracellular
environment is referred to as the “molecular crowding effect”,
which has been studied for several decades using chemical
agents that can generate a cell-mimetic environment.”*”'® The
molecular crowding effect is manifested as either the excluded
volume effect or dehydration effect. The excluded volume
effect, which is a nonspecific repulsive interaction between
macromolecules, becomes more significant when the structural
transition of a biomolecule is accompanied by a considerable
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volume change and the introduced biomolecule has a
comparable size to that of the macromolecules already present.
On the other hand, highly crowded environments have an
additional effect on the extent of solvation on the surface of
biomolecules. Especially, small crowding agents having hydro-
philic properties act as osmolytes in aqueous solution, thereby
inducing a decrease in the water activity of the system.
Consequently, the adsorbed water molecules move away from
the surface of biomolecules, resulting in dehydration.
Numerous theoretical and experimental studies have shown
that molecular crowding significantly affects biological reac-
tions,”* """ such as protein folding and protein—protein
interactions. Nevertheless, the exact effects of molecular
crowding remain a controversial issue. In this regard, we used
photoactive yellow protein (PYP) as a target protein to explore
the effect of molecular crowding on the conformational
dynamics of a protein. PYP from Halorhodospira halophila,
which is a blue-light-sensing protein, has been extensively
investigated as a model system for signal transducing
proteins."*~** Upon irradiation of blue light, PYP undergoes
a photocyclic reaction initiated by the photoisomerization of a
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chromophore, p-coumaric acid (pCA).">**** The photocycle of

PYP has been explained mainly by two kinetic models: the
sequential and parallel models as shown in Figure 1. According
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Figure 1. Schematic illustration for the photocycle of PYP: (a)
sequential kinetic model and (b) parallel kinetic model. The protein
structure is shown in the middle (PDB ID: 2PHY).

to the sequential model,”~*" the ground-state species, pG, is
rapidly converted into a red-shifted intermediate, pR;, and then
transformed to pR,. The pR, species decays on the submilli-
second time scale to a blue-shifted intermediate, pB,. The pB,
species is converted to the pB, species within a few millisecond
time scale. Finally, pB, returns to pG within a hundred
millisecond time scale. In contrast, the parallel model has
suggested that pG is rapidly converted to two intermediates,
pR; and pR,, and then transformed to pB,. The pB, species is
converted to the pB, species within a time scale of a few
milliseconds. Finally, the pB, species returns to the pG state.
Regardless of the kinetic model on the photocycle of PYP, the
pB, species formed during the photocycle of PYP is considered
to be involved in the signal transduction process for phototaxis
because the formation of pB, induces the largest molecular
volume change (or conformational change). In this regard, the
molecular volume change accompanied by the photocycle of
PYP may be a critical determinant in the signal transduction
process.

Despite numerous theoretical and experimental studies on
the photocycle of PYP, the effect of molecular crowding on the
photocycle of PYP still remains as a matter of debate. Although
Hellingwerf and co-workers studied the kinetics on the
photocycle of PYP in the presence of PEG 2000 and BSA,"
they did not study the molecular volume change followed by
the photocycle of PYP in the molecularly crowded environ-
ment. To address this issue, we thoroughly investigated the
photocycle of PYP in terms of the molecular volume change
and kinetics in a cell-mimetic environment using multiple
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probes such as the UV—visible (UV—vis) spectroscopy, circular
dichroism (CD) spectroscopy, NMR spectroscopy, small-angle
X-ray scattering (SAXS), transient grating (TG), and transient
absorption (TA) techniques. In this study, ethylene glycol
(EG), poly(ethylene glycol) (PEG) 400, PEG 1000, PEG 8000,
Ficoll PM 70, Dextran 40, and bovine serum albumin (BSA)
were used as molecular crowding agents to generate a cell-
mimetic environment.”'' Although EG and PEG with a low
molecular weight (MW) are good crowding agents for
mimicking the intracellular environment, they can also induce
dehydration, owing to the release of protein-binding water
molecules. In contrast, PEG with a high MW, Ficoll PM 70,
Dextran 40, and BSA have only a pure excluded volume effect
for proteins.”*”** The TG technique was utilized to probe the
global structural change of a protein on the basis of the change
in the diffusion coefficient (D), which is directly related to the
size and shape of a chemical species.”**™*° The TA technique
is used to monitor the local structural change around the
chromophore. The results obtained in this study clearly
demonstrate that the molecular volume change accompanied
by the photocycle of PYP in molecularly crowded environments
is significantly influenced by the excluded volume effect,
whereas the kinetics of the photocycle of PYP is greatly affected
by the dehydration of a protein. Furthermore, the photocycle of
PYP in a molecularly crowded environment induces much
smaller molecular volume changes than those observed in vitro,
indicating that the photocycle of PYP in vivo may induce
significantly smaller molecular volume change owing to the
molecular crowding effect.

B RESULTS AND DISCUSSION

As mentioned above, EG and PEG with a low MW can induce
changes in the structure and stability of a protein due to
dehydration. Therefore, to characterize the structure of PYP in
the presence of the small crowding agent, UV—vis absorption,
CD, 'H-'*N HSQC spectra, and SAXS for PYP in 50 mM
Tris—HCI buffer solution (pH 7) were measured. As a result,
we found that the small molecular crowding agents can induce
a change in the size (and/or shape) of PYP but not in its
secondary structure (Figure S1). The "H—""N HSQC spectra,
together with SAXS analysis, demonstrate that molecular
crowding agents such as EG and PEG interact with residues
in loop regions and in the N-terminal region, resulting in the
changes in the apparent molecular size of PYP (see Figures S2—
S7).

Molecular Volume Change Followed by the Photo-
cycle of PYP. To understand the molecular volume change
followed by the photocycle of PYP in molecularly crowded
environments, TG signals after photoexcitation of PYP in 50
mM Tris—HCl buffer (pH 7) were measured with varying
concentrations of molecular crowding agents. Figure 2 shows
the representative TG signals measured from PYP in the buffer
as a function of the concentration of PEG 400 and Ficoll PM
70. All TG signals increase quickly within the excitation pulse
width, followed by a weak increase at a submicrosecond time
scale, and then decay to a certain intensity with rate constant
Dy.q” (thermal grating). After the decay of the thermal grating
signal, the TG signal shows two growth-decay curves and then
eventually decays back to the baseline. Furthermore, the
teatures of all TG signals measured in the presence of molecular
crowding agents except BSA are very similar (Figures S8 and
S9), although the intensities of the TG signals from PYP are
altered by the addition of molecular crowding agents. On one
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Figure 2. TG signals. TG signals after photoexcitation of PYP as a function of the concentration of PEG 400 (a) and Ficoll PM 70 (b). Experimental
signals (black) and theoretical signals (red) calculated by eq 1 are shown. TG signals after photoexcitation of PYP in the presence of PEG 400 and
Ficoll PM 70 were measured at g* = 0.40 and 0.44 X 10'> m™2, respectively. From top to bottom, the concentrations of PEG 400 are 0, 2, 4, 6, 8, 10,
15, 20, 30, and 40% (v/v). From top to bottom, the concentrations of Ficoll PM 70 are 0, 2, 4, 8, and 12% (v/v).

hand, BSA induced significantly different TG signals after
photoexcitation of PYP (Figure S10). As shown in Figure S10,
TG signals after photoexcitation of PYP in the presence of BSA
show a new weak growth-decay curve in the longer time region.
This weak TG signal is significantly altered by the change in ¢
value (Figure S10b), indicating that the weak TG signal is
attributed to the diffusion processes of chemical species
involved in this system, as will be discussed later.

Building on previous studies on the photocyclic reaction of
PYP using the TG technique, all TG signals measured in the
presence of molecular crowding agents except BSA were fitted
using the following function

Itg = [6111 exp(—ri) + Ony, exp(—Dyq’t) + n,

1
[ t
exp| ——
T

2

N —

+ Ony exp(—i] — Onyg
]

2
exp(~Dyq’t) + Snyp eXP(—DquZt)] "
1

where 1y, On,, 513, Ong, 6n,, and Snyp are the refractive index
changes corresponding to exponential decays; 7, 7,, and 75 are
time constants of photoreactions; Dy, represents the thermal
diffusivity of the solvent; and D, and Dy are the diffusion
coeflicients of the pG and pB states of PYP, respectively. The
three time constants; 7, 7,, and 73; are assigned to the decay of
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pRy, the pR, — pB, transition, and the pB;, — pB, transition,
respectively. All TG signals observed at various ¢ values in the
presence of molecular crowding agents are well-reproduced by
eq 1, as shown in Figures 2 and S8, and the determined time
constants are summarized in Tables S1. A quantitative analysis
of TG signals of PYP in the presence of molecular crowding
agents shows that the kinetics on the photocycle of PYP is
significantly influenced by the dehydration, owing to the release
of protein-binding water molecules rather than the excluded
volume effect. The kinetics on the photocycle of PYP in cell-
mimetic environments will be discussed in the section Kinetics
on the Photocycle of PYP.

Using eq 1, the diffusion coefficients of pG and pB were
determined by quantitatively analyzing the TG signals. In the
absence of molecular crowding agents, the values of D, and
Dpp are 1.18 X 107" and 1.08 X 107" m* 57!, respectively. The
Dyp/D,g ratio is 0.92, which is consistent with the value
reported by Terazima and co-workers.”® It is known that
compared to the D, value the small D value in the absence
of molecular crowding agents is attributed to the partially
unfolded structure of pB, which is an intermediate formed upon
illumination.”*** Khan et al. suggested that the unfolded
structure of pB mainly arises from the unfolding of the a-
helices in the N-terminal region, leading to a change in the
hydrogen-bonding pattern between the protein and the
aqueous solvent.”® In a study using a combination of probes;
double electron—electron resonance (DEER) spectroscopy,
NMR spectroscopy, and time-resolved X-ray solution scatter-
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Table 1. Fitting Results of TG Signals”

with EG with PEG 400 with PEG 8000

% (v/v) Dyc Dy Dw/Dye Af AR, Dy Dy Dp/Dyc Af AR, Dy Dy Dp/Dyc  Af AR,
0 1.29 1.17 091 3.27 1.68 1.16 1.07 0.92 298 1.68 1.24 1.13 091 3.23 1.68
2 (2.33)1’ 123 1.11 0.90 3.61 1.83 1.08 1.00 0.93 3.05 1.61 1.01 0.94 0.93 3.03 1.11
4 (4.65) 1.18 1.06 0.92 3.04 1.46 0.906 0.853 0.94 2.82 1.46 0.823 0.772 0.94 3.30 0.94
6 (6.96) 1.10 1.01 0.92 3.33 1.53 0.860 0.812 0.94 2.83 142 0.686 0.649 0.95 3.42 0.77
8 (9.24) 1.06 0.976 0.92 3.34 1.46 0.783 0.742 0.95 2.90 1.40 0.485 0.468 0.96 3.08 0.54
10 (11.5) 0.996 0.925 0.93 3.17 132 0.672 0.643 0.96 2.76 1.26 0.425 0.407 0.96 4.28 0.59
15 (17.1) 0.874 0.818 0.94 3.22 1.18 0.554 0.533 0.96 292 1.10 0.270 0.26 0.96 5.86 0.45
20 (22.7) 0.767 0.724 0.94 3.18 1.03 0417 0.404 0.97 3.17 0.92 0.175 0.171 0.98 5.50 0.24
30 (28.1) 0.584 0.559 0.96 3.15 0.79 0.239 0.234 0.98 3.68 0.58 0.119 0.117 0.98 591 0.14
40 0.444 0.429 0.97 3.24 0.62 0.128 0.126 0.98 S.10 0.42

“Dy (107 m*s7!) and Dyg (107" m* s7!) values in the presence of EG, PEG 400, and PEG 8000. All D, (107 m*s™!) and Dpp (107 m*s71)

values were determined from the global fitting of TG signals using eq 1.

b

The change in friction (Af, 107> kg s7") is calculated using the difference

between D, and D,p. The AR, (Ry,5 — Rypor A) values are determined by eq 3. bValues in parentheses indicate the % (v/v) of PEG 8000.

Table 2. Fitting Results of TG Signals™”

with Ficoll PM 70

with Dextran 40

% (v/v) Dy Dy Dy3/Dyg Af
0 121 1.10 091 3.40
1(2) 118 1.08 092 323
3 (4) 1.19 1.12 0.94 2.16
6 0.96 091 0.95 2.35
9 0.84 0.82 0.98 1.19

AR, Dyo Dy D,s/Dyq Af AR,
1.80 127 1.17 0.92 277 147
1.60 1.30 1.20 0.92 2.64 0.94
0.90 1.09 1.02 0.94 2.59 0.58
0.57

0.16 0.85 0.82 0.96 1.77 0.16

“Dy (107" m? s7!) and Dpp (107 m? s7") values in the presence of Ficoll PM 70 and Dextran 40. All D, (107° m? s™") and Dyg (107 m?s7")

values were determined from the global fitting of TG signals using eq 1.

between D, and D,5. The ARy, (Ry 5 — Ry, A) values are determined by eq 3.

The change in friction (Af, 107> kg s™") is calculated using the difference
YValues in parentheses indicate the % (v/v) of Dextran 40.
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Figure 3. Changes in D,;3/D, ratios upon addition of molecular crowding agents. (a) Plots of the D,p/D,yg ratio against % (v/v) of crowding agents
(black circle: EG, red circle: PEG 400, yellow circle: PEG 8000, green circle: Ficoll PM 70, and blue circle: Dextran 40). (b) Plots of the AR, values

against the mole fraction (X;) of molecular crowding agents (black circle:
70, and blue circle: Dextran 40).

EG, red circle: PEG 400, yellow circle: PEG 8000, green circle: Ficoll PM

ing; Ramachandran et al. suggested that the I,’ state (also
referred to as the pB, state) has a comparatively well-ordered
and rearranged conformation, which has an increased R, value
and an increased maximum dimension.'® They also demon-
strated that in the I, state a portion of the N-terminal domain
contacts the exposed cleft of the chromophore-binding domain,

7

whereas the remaining terminal residues extend away from the
core."” In addition, in another study of PYP using time-resolved
X-ray solution scattering, Kim et al. suggested that the N-
terminus of PYP protrudes during the photocycle of PYP and
that the increase in the volume of the protein is maximized in
the final intermediate, pB,.”" These results constitute evidence
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for the occurrence of a large molecular volume change
accompanying the formation of the pB, state.

The D,; and D,y values in the presence of molecular
crowding agents were also determined by quantitatively
analyzing the TG signals using eq 1. The values determined
for D, and D,y in the presence of molecular crowding agents
are summarized in Tables 1 and 2. Generally, an increase in the
mass concentration of molecular crowding agents induces an
increase in the solution viscosity."*’~*° However, with the
increasing solvent viscosity upon addition of molecular
crowding agents, the decrease in both D,; and D,y values
clearly deviates from linearity (not shown). This deviation
indicates that the photoinduced conformational change of PYP
in the presence of molecular crowding agents is affected by the
additional effect such as the excluded volume effect or
dehydration as well as the solution viscosity.

Interestingly, upon addition of molecular crowding agents,
the D,y value becomes close to the D, value, as depicted in
Tables 1 and 2 and Figure 3a. That is, the D,p/Dyg ratio
converges to 1.0 as the concentration of molecular crowding
agents increases (see Figure 3a). The diffusion coefficient is
directly related to the hydrodynamic radius (R;) of a chemical
species. Thus, the similarity between the D,g and D,y values
implies that the pG and pB species have a similar molecular
volume (and/or shape) in molecular crowding environments.
In other words, this means that the photocycling of PYP in
molecularly crowded environments does not involve a large
conformational change in the protein, particularly in terms of
R;. Empirically, the small molecular volume change occurring
during the photocycle of PYP upon addition of molecular
crowding agents is reflected in the intensities of the TG signals.
The peak in the latest time region in the TG signals (Figures 2
and S8) is due to the diffusion processes of both pG and pB.
The peak intensities gradually decrease upon addition of
molecular crowding agents. Typically, as shown in eq 1, the
species grating intensity in TG experiments is related to the
diffusion coefficients of the reactant and the product, as well as
the difference between 6n values (6ng and 6np) due to changes
in the concentration of the reactant and the product. The sign
of dnp is positive, whereas the sign of dny is negative because
the phase of the spatial concentration modulation of the
product is shifted 180° from that of the reactant. During the
photocycle of PYP, pB is the detected photoproduct and pG is
the reactant. As mentioned above, upon addition of molecular
crowding agents, the D, value becomes close to the D, value
(Dyg & Dyp). Thus, two terms of 6n, exp(—D,cq’t) and dn,p
exp(—Dquzt) are canceled. Consequently, the intensity of the
peak becomes weaker in molecularly crowded environments
because of the opposite signs of dn,g and dn,p. As mentioned
above, meanwhile, PYP in the presence of BSA showed a new
weak TG signal in the longer time region. This weak TG signal
that depends on the g-value (Figure S10) was fitted using the
following function
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1

exp(—i) + Ony exp(—i] — Onyg
) %

exp(—Dquzt) + Onyp exp(—Dquzt) + Ony

Itg = I}‘)‘n1 exp(—ri) + Sny, exp(—Dyq’t) + Jn,

2
eXP(—quzt)]
()

where Ony is the refractive index change due to the change in
the concentration of a new species X during the reaction and
Dy is the diffusion coeflicient of the species X. From the
quantitative analysis of TG signals measured in the presence of
BSA, the Dy value in the presence of 200 g/L BSA is
determined to be 2.7 X 107" m* s™". This Dy value is greatly
smaller than that of pG and pB. Considering the small Dy value,
we tentatively assign the chemical species of this small Dy to
the PYP—BSA complex formed by the interaction between PYP
and BSA. This result is in contrast to that of previous studies,
showing that BSA is an inert molecule for various
biomolecules.”**~3* However, it is not clear how PYP interacts
with BSA during its photocycle.

To confirm the small photoinduced molecular volume
change of PYP within cell-mimetic environments, the change
in the Ry value upon pG — pB transition was calculated from
Dy and D,g observed in the cell-mimetic environment.
Previous studies on the photocycle of PYP revealed that in
the absence of molecular crowding agents the formation of the
pB state induces the largest conformational change, resulting
from the partial unfolding of a-helices in the N-terminal
region.”””® Khan et al. revealed that the unfolding of an a-helix
in the N-terminal region upon formation of the pB state can be
determined by measuring differences in the frictional coefficient
(Af = kyT(1/Dyp — 1/DPG)).26 Considering the Stokes—
Einstein relationship, the Af value can be expressed as follows

Af = 6n(Ry,_pp — Ryypg) 3)
where 7 is the viscosity of solutions, and Ry, ,5 and Ry, are the
hydrodynamic radii of pB and pG, respectively. The change in
the hydrodynamic radius upon pG — pB transition within the
cell-mimetic environment was calculated using eq 3, and the
values are listed in Tables 1 and 2. The AR, (Ry,5 — Rypc)
value is calculated to be 1.68 + 0.08 A in the absence of
molecular crowding agents. As shown in Tables 1 and 2 and
Figure 3b, AR; decreases as the concentration of molecular
crowding agents increases, supporting the inference that the
photocycle of PYP in molecularly crowded environments does
not induce a large molecular volume change of the protein.
Definitely, the AR, values decrease more steeply with the
addition of large crowding agents such as PEG 8000, Ficoll PM
70, and Dextran 40 than with small crowing agents such as EG
and PEG 400 (Figure 3b). It is known that macromolecules
with a large molecular size and weight produce a larger
excluded volume* and that the excluded volume effect
becomes more significant when the introduced biomolecule
has a similar size to that of the molecular crowding agent."*
The sizes of PEG 8000, Ficoll PM 70, and Dextran 40 are larger
than those of PYP (Rg =152 A); R, of PYP: 15.2 A, R, of PEG
8000: 16.0 A,** R, of Ficoll PM 70: 41.5 A,** and R, of Dextran
40: 62 A.** Considering the molecular sizes of PYP and these
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Native PYP (pG)

Compact pB

Crowding Agents

Figure 4. Schematic illustration for molecular crowding effect. Photoinduced conformational change of PYP in the absence (top) and presence
(bottom) of molecular crowding agents. Structures of pG (PDB ID: 3PHY) and pB (PDB ID: 2KX6).
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Figure S. TA spectra of PYP in the presence of EG (a), PEG 400 (b), and (c) Ficoll PM 70. (a) TA spectra of PYP in 0 (black), 10 (red), and 20%
(v/v) (blue) EG solutions. (b) TA spectra of PYP in 0% (v/v) (black), 10% (v/v) (red), and 20% (v/v) (blue) PEG 400 solutions. (c) TA spectra of
PYP in 0% (v/v) (black), 4% (v/v) (red), and 8% (v/v) (blue) Ficoll PM 70 solutions. All TA spectra of PYP in the presence of molecular crowding
agents at selected time points are shown (from top to bottom: 100 ns, 1 s, 10 ps, 100 us, 1 ms, and 10 ms).

crowding agents, PEG 8000, Ficoll PM 70, and Dextran 40
should produce a larger excluded volume effect than EG or
PEG 400. Consequently, the volume available to the pG and pB
species in the presence of PEG 8000, Ficoll PM 70, and
Dextran 40 is much less than what is available in the presence
of the small crowding agents, resulting in an inhibition of large
molecular volume changes. These results suggest that the
intermediate formed during the photocycle of PYP favors a
compact conformation under physiological conditions as
schematically shown in Figure 4 and that the excluded volume
effect is responsible for such a suppressed molecular volume
change in crowded environments. This leads to the hypothesis
that the signaling activity of PYP cannot be mediated solely by
the large conformational changes upon formation of pB.
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Kinetics on the Photocycle of PYP. To elucidate the
photocycle of PYP in molecular crowding environments, TA
signals of PYP in the presence of various crowding agents were
measured. Figure 5 shows the representative TA signals of PYP
in 50 mM Tris—HCI buffer (pH 7) as a function of the
concentration of EG, PEG 400, and Ficoll PM 70. PYP in the
absence of crowding agents shows positive absorption signals at
around 370 and 480 nm and a broad bleaching signal at 446 nm
due to the absorption band of pG. TA absorption signals at
around 370 and 480 nm are attributed mainly to the formation
of pB and pR, respectively. As shown in Figures S and S11, TA
spectrum of PYP at each time delay is hardly affected by the
addition of molecular crowding agents. These results indicate
that the photocyclic reaction of PYP is not influenced by the
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Figure 6. Time constants for the photocycle of PYP obtained from TA and TG experiments. (a—d) Plots for 7, 7,, 73, and 7, against the reciprocal of
the solution viscosity, respectively. The solid and open symbols denote the time constants determined by TA and TG experiments, respectively. The
black, red, orange, green, blue, pink, and purple symbols indicate the time constants for the photocycle of PYP obtained in the presence of EG, PEG

400, PEG 1000, PEG 8000, Ficoll PM 70, Dextran 40, and BSA, respectively.

addition of molecular crowding agents, as suggested by TG
experiments. The temporal profiles of the TA signal of PYP in
the absence and presence of molecular crowding agents were
measured at 362, 446, and 477 nm. All decay profiles were well-
reproduced by a tetra-exponential function as shown in Figures
S12 and S13. The time constants determined from the global
fitting are summarized in Table S2. Although, as shown in
Table S2 and Figure 6, the four time constants show slightly
different dependence on each crowding agent, the trend in the
kinetics of the photocycle of PYP determined by TA
experiments is very similar to that observed by TG experiments.
The 7, values are not affected by the addition of molecular
agents. The 7,, 73, and 7, values are decelerated mainly by the
addition of EG and PEGs, whereas large crowding agents such
as Ficoll PM 70, Dextran 40, and BSA do not affect the kinetics
on the photocycle of PYP. Hellingwerf and co-workers
demonstrated that the faster dark recovery of pG in the crystal
phase comes from the compact structure of the intermediate
compared to that in the solution phase.'” In this regard, our
results show that even though pB has a compact structure in
molecularly crowding environments generated by Ficoll PM 70,
Dextran 40, and BSA, the kinetics on the photocycle of PYP is
barely influenced unlike in the case of crystalline environment.
The 7, measured by the TA and TG techniques shows
constant values regardless of the solution viscosity as depicted
in Figure 6a, indicating that the dynamics corresponding to 7, is
independent of the solution viscosity. This result means that
the conformational change occurring within a few microsecond
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time scale is so small that the influence of the solution viscosity
is negligible. The 7, in the sequential kinetic model is assigned
to the pR, — pR, transition,”* > whereas in the parallel model,
the 7, is assigned to the pR; — pB; transition.””*"** The 7,
with a time constant of ~1 us does not accompany a noticeable
spectral change. In the sequential model, this lack of spectral
change is rationalized by suggesting that the pR; — pR,
transition accompanies the conformational change far from
the chromophore.”**® On the other hand, in the parallel model,
the negligible spectral change in the visible TA and infrared
absorption measurements are explained by noting that the
orientation of the chromophore and the surrounding hydrogen-
bonding network in the pB, state are very similar to those in
the pR, state.”” Kim et al. revealed that although the protrusion
of the N-terminus in the pR, state is much less than that of the
other intermediates (pR;, pB;, and pB,), both transitions, pR,
— pR, in the sequential model and pR; — pB, in the parallel
model, induce a small decrease in the radius of gyration (Rg)
value; from 15.13 to 15.07 A in the sequential model and from
154 to 15.26 A in the parallel model.” These previous results
support our suggestion that the conformational change
occurring within a few microsecond time scale is very small
or negligible.

Both 7, and 7; values are assigned to the pR, — pB, and the
pB: — pB, transition, respectively. It is known that the pB;, —
pB, transition induces the conformational change in the S-sheet
domain, whereas the pR, — pB,; transition results in the
conformational change in the N-terminal region accompanied
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with the protonation of pCA.** Especially, the pB, — pB,
transition induces the largest conformational change due to the
partial unfolding of the N-terminus.”””®** Therefore, both
transitions, which induce the tertiary structural change of a
protein, should be influenced by changes in the solution
viscosity upon addition of molecular crowding agents.
Generally, the solution viscosity is greatly affected by the
crowding agents with a high MW rather than by those with a
low MW.'*"~* However, as shown in Figure 6b,c, both 7, and
73 values are greatly affected by the addition of crowding agents
with a low MW (EG, PEG 400, and PEG 1000) but not by
crowding agents with high MW and size, such as PEG 8000,
Ficoll PM 70, Dextran 40, and BSA. Thus, these results indicate
that upon addition of molecular crowding agents, the
deceleration for both pR, — pB; and pB; — pB, transitions
is probably due to the dehydration owing to the release of
protein-binding water molecules but not due to the solution
viscosity. As explained above, molecular crowding agents with a
low MW; such as EG, PEG 400, and PEG 1000; can also act as
strong dehydration agents, which can induce the release of
protein-binding water molecules.”*" This observation of
deceleration due to dehydration is consistent with that the
pB, formation in the crystalline phase (23 ms) is significantly
slow compared to that in the solution phase as observed using
time-resolved Laue X-ray crystallography.”> Kaledhonkar
reported that the hydration level of a protein in the crystalline
phase is lower than that in the solution phase, consequently
leading to the deceleration of the conformational dynamics of a
protein.”” These previous studies support our suggestion that
the deceleration for both pR, — pB, and pB;, — pB, transitions
comes from the dehydration owing to the release of protein-
binding water molecules.

Meanwhile, it is interesting to compare the 7; values
determined by both TG and TA experiments. In the presence
of molecular crowding agents with a small molecular size, the
time constants for the pB, formation determined by TG
experiments are significantly slower than those determined by
TA experiments (see Tables S1 and S2 and Figure 6). This
discrepancy for the pB; — pB, transition can be interpreted by
the features of both techniques. The TG technique has a high
sensitivity for the tertiary and quaternary structural changes of a
protein, whereas the TA technique is sensitive to the structural
change of a chromophore and nearby residues. From this point
of view, the discrepancy in time constants for the pB, — pB,
transition observed by both TG and TA techniques is probably
due to the difference in time scales corresponding to the global
conformational change of a protein and the structural change
occurring nearby a chromophore. Therefore, we suggest that in
the presence of crowding agents such as EG, PEG 400, and
PEG 1000, the global conformational change accompanied by
the pB, — pB, transition in molecularly crowded environments
is much slower than the local structural change occurring
around the chromophore. A similar result was reported by Choi
and Terazima."® They demonstrated that the deformation of
the tertiary structure of myoglobin occurs slowly relative to the
unfolding of the secondary structure, a-helices, indicating that
the global structure of Mb is still changing after the secondary
structure deformation process."”

Finally, as shown in Figure 6d and Tables S1 and S2, the 7,,
the dark recovery time of pB,, is decelerated by the addition of
PEG 400, PEG 1000, and PEG 8000, whereas the addition of
EG, Ficoll PM 70, Dextran 40, and BSA does not affect the dark
recovery process of pB,. This result is consistent with that
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reported by Hellingwerf and co-workers."” Harigai et al.
suggested that the electrostatic interactions between the N-
terminus and the f-sheet play an important role in the dark
recovery process of pB,.*® Indeed, they demonstrated that the
slower dark recovery time observed for N-terminal truncated
PYPs is due to the lack of the electrostatic interactions between
the N-terminus and the S-sheet. In this study, using NMR
experiments for uniformly "*N-labeled PYP, we found that PEG
400 nonspecifically interacts with the residues in loop regions
and in N-terminal helical regions and near the water cavity in
internally structured regions (Figures S2—S6). This binding of
PEGs in N-terminal helical regions should decrease the
electrostatic interactions between the N-terminus and the f-
sheet, resulting in the deceleration of the dark recovery time of

pB,.

B CONCLUSIONS

PYP is a model system for studying light sensing and signal
transduction. Numerous studies have shown that the photo-
cycle of PYP accompanies a large molecular volume change (or
conformational change) in vitro upon absorption of blue light.
However, the photocycle of PYP in physiological conditions
containing a number of other highly concentrated species, such
as biomolecules and ions, is still unclear. Here, the photocycle
of PYP in a cell-mimetic environment was investigated using
various spectroscopic techniques, such as UV—vis, CD, NMR,
TA, and TG techniques. Surprisingly, upon addition of
molecular crowding agents, the value of D, approaches that
of D¢, indicating that, under molecularly crowded conditions,
pB has a similar degree of compactness as that of pG (see
Figure 4). Indeed, the ARy, value induced by the photocycle of
PYP is significantly decreased with increasing concentrations of
molecular crowding agents. The decrease in ARy, value is more
clearly observed when the large molecular crowding agents,
such as PEG 8000, Ficoll PM 70, and Dextran 40, are used. On
the other hand, the kinetics on the photocycle of PYP is
decelerated mainly by the addition of EG and PEGs, whereas
large crowding agents, such as Ficoll PM 70, Dextran 40, and
BSA, do not affect the kinetics on the photocycle of PYP. The
results presented in this study clearly demonstrate that the
molecular volume change accompanied by the photocycle of
PYP in molecularly crowded environments is significantly
influenced by the excluded volume effect, whereas the kinetics
of the photocycle of PYP is greatly affected by the dehydration
rather than the excluded volume effect.

The study of molecular crowding effect on the photocycle of
PYP suggests that the conformational change of PYP upon
irradiation of blue light in vivo is smaller than that observed in
vitro, which leads us to hypothesize that the putative signaling
transducer of PYP cannot detect the signal by relying solely on
the changes in the conformation of pB.

B MATERIALS AND METHODS

PYP Sample Preparation. The gene encoding PYP in H.
halophila was amplified by PCR using the pQE8OL-EK-PYP
plasmid [1] as the template DNA. The amplified DNA was
cloned into a pET-Hisg-TEV-LIC cloning vector (2B-T), which
was a gift from Prof. Scott Gradia (Addgene plasmid # 29666).
The protein was expressed in Escherichia coli BL21 (DE3) at 37
°C. The chromophore (pCA) was incorporated prior to cell
disruption. The supernatant was subject to Ni Sepharose 6 Fast
Flow (GE Healthcare). The protein was eluted with 20 mM
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Tris—HCI, pH 8.0, 50 mM NaCl, 250 mM imidazole. The N-
terminal hexahistidine tag was cleaved by TEV digestion during
dialysis against 20 mM Tris—HCI, pH 8.0, 50 mM NaCl, 1 mM
DTT. The protein was purified further by a Q-Sepharose
column (GE Healthcare), using a linear gradient of S0 mM to 1
M NaCl. The protein fractions that had the purity index, the
ratio between the absorbances at 280 and 446 nm,
approximately equal to 0.43 were collected, dialyzed against
50 mM Tris—HCI, pH 7.0, 25 mM NaCl, and concentrated to 2
mM for further studies.

Preparation of PYP Samples with Various Concen-
trations of Crowding Reagents. EG and PEG 400 (MW:
~400) were purchased from Tokyo Chemical Industry Co., and
PEG 1000 (MW: ~1000) and PEG 8000 (MW: ~8000) were
purchased from Hampton Research. Ficoll PM 70 (MW: ~70
000) and Dextran 40 (MW: ~40000) were purchased from
Sigma-Aldrich Co. PYP samples containing 0, 2, 4, 6, 8, 10, 15,
20, 30, and 40% v/v of each crowding reagent were prepared by
direct dilution of the 2 mM PYP protein stock with solutions of
the crowding reagents, adjusting the concentration of Tris—
HCI, pH 7.0 and NaCl using a 1 M Tris—HC], pH 7.0 and a §
M NaCl stock solution.

UV-Vis and CD Spectroscopy. Samples of PYP (60 uM)
were prepared with various concentrations of crowding
reagents as described above. UV—vis spectra were measured
using a UV—vis spectrometer (UV-2550; Shimadzu, Japan)
with a 1 cm quartz cuvette at room temperature. CD spectra
were measured using a CD spectrometer (Jasco-815; JASCO,
Japan) with a 0.1 mm quartz cuvette at room temperature.

TG Experiments. The setup for TG ex?eriments was
similar to that reported in our previous work.”> ™ Briefly, a 460
nm pulsed laser beam from an optical parametric oscillator
(LT-2144-PC; LOTIS TII, Belarus) pumped by an Nd:YAG
laser (NL301G; EKSPLA, Lithuania) was split into two
equivalent beams. The two excitation beams and the 830 nm
continuous-wave laser beam intersected each other on the
sample. The diffracted signal was isolated from other beams by
using a longpass filter (>780 nm) and detected by a
combination of a photomultiplier tube (PMT) module
(Hamamatsu, Japan) and a digital oscilloscope (Tektronix,
U.S.A.). The repetition rate of the excitation beam was 0.5 Hz.
The total energy of the excitation beams was adjusted to be
under ~15 yJ to avoid any photodamage or signal saturation.
The excitation beam size was focused to a diameter of ~1 mm
at the sample position. The concentration of PYP in the test
samples was adjusted to be ~340 yM. The sample solution was
contained in a quartz cell (2 mm path length; Starna Scientific,
UK.). TG signals were measured from PYP samples, with
varying concentrations of the crowding agents, at a single
grating wavenumber, g. The g-values were determined from the
TG signal of the reference sample, bromocresol purple (BCP).
As BCP releases the entirety of its photoexcitation energy as
heat, only the thermal diffusion process is observed in the TG
signal of BCP. From the rate constants of the thermal diffusion
of the BCP sample, the g-value corresponding to each
alignment was determined.

TA Experiment. Experimental setup for TA measurement
was similar to that reported in our previous work 373 Briefly,
the probe white light (continuous wave) was got through the
sample position in an angle as acute as possible against the 460
nm pump laser beam to maximize the overlap between pump
and probe beams. The TA signal was detected by the
combination of a spectrometer (ACTON 2300i; Princeton
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Instruments, U.S.A.) and an ICCD (iStar; Andor Technology,
UK.) or a PMT. The concentrations of PYPs were adjusted to
be about 70 yM. The sample solution was flowed using a
syringe pump (Legato 111; KD Scientific, U.S.A.) and a flow
cell with 2 mm path length. The repetition rate of the pump
beam was 0.5 or 1 Hz.

Preparation of ’N-Labeled Samples and NMR Experi-
ments. Uniformly N-labeled PYP was expressed in E. coli
BL21(DE3) using M9 minimal media, with *NH,Cl as the sole
nitrogen source. The recombinant protein was purified as
described previously. '*N-labeled PYP samples containing
differing concentrations of PEG 400 (0, 2, 6, 10, 20, 30, and
40% v/v) were prepared as described previously. All samples
contained the same concentration of Tris—HCI, pH 7.0, NaCl,
and 10% D,O, except those containing PEG 400. NMR
experiments were performed on a Bruker Avance 700 MHz
spectrometer (KBSL, Korea).

NMR Data Processing and Analysis. NMR spectra were
processed with NMRPipe® and analyzed and visualized by
Sparky.® Chemical shifts of the amide protons in PYP in the
absence of molecular crowding reagents were manually
assigned on the basis of the BMRB entry: 18122.>" Chemical
shift perturbations (CSPs) were calculated as follows

CSP(AS) = (64 + a-6y7]

1
2
In the equation above, Ad is the chemical shift perturbation
(ppm), 8y is the chemical shift difference along the proton axis,
Oy is the chemical shift difference along the nitrogen axis, and
is a weighting factor with a value of 0.1S. The calculated CSP
was plotted versus residue numbers (Figure 2b), mapped onto
a crystal structure (PDB: 2PHY)>* and a solution structure of
PYP (PDB: 3PHY),” and visualized using PYMOL.

SAXS Experiments. PYP samples (0.5 mM) were prepared
with various concentrations of PEG 400 (0, 10, 20, 30, and 40%
v/v). All samples were centrifuged at 14 000 rpm for 10 min
before collecting data. The collection of SAXS data was
conducted at the 4C SAXS II beamline (Pohang Accelerator
Laboratory; PAL, Korea). All SAXS measurements were done
with a 10 time exposure, at room temperature in a flow cell
system (1 mm capillary, flow rate: 15 yL/min). The exposure
time was 60 s for each individual measurement. Several X-ray
scattering datasets were collected for PYP in crowded
environments and for the corresponding buffers without PYP.
To determine the R, value of PYP, the scattering signals from
the buffer containing various concentrations of PEG 400 were
subtracted from those of the PYP in the solutions containing
the corresponding concentrations of PEG 400. All data were
processed, merged, and analyzed using ATSAS software.”* R,
values for the sample were derived from the SAXS data (g, X

R, < L15).
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