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Reversible molecular motional switch based
on circular photoactive protein oligomers
exhibits unexpected photo-induced
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Lee et al. report molecular switches, ring-shaped circular oligomer PYPs (coPYPs),
designed and generated to exploit the structural and photochromic properties of
photoactive yellow protein (PYP). X-ray scattering and structural analysis of coPYP-

4 show that the photoproduct of coPYPs undergoes contraction of the ring.
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Reversible molecular motional switch based
on circular photoactive protein oligomers
exhibits unexpected photo-induced contraction

Sang Jin Lee,"?* Youngmin Kim,"?> Tae Wu Kim,"? Cheolhee Yang,"? Kamatchi Thamilselvan,'?

Hyeongseop Jeong,® Jaekyung Hyun,** and Hyotcherl lhee'-#¢*

SUMMARY

Molecular switches alterable between two stable states by environ-
mental stimuli, such as light and temperature, offer the potential for
controlling biological functions. Here, we report a circular photo-
switchable protein complex made of multiple protein molecules
that can rapidly and reversibly switch with significant conforma-
tional changes. The structural and photochromic properties of pho-
toactive yellow protein (PYP) are harnessed to construct circular
oligomer PYPs (coPYPs) of desired sizes. Considering the light-
induced N-terminal protrusion of monomer PYP, we expected
coPYPs would expand upon irradiation, but time-resolved X-ray
scattering data reveal that the late intermediate has a pronounced
light-induced contraction motion. This work not only provides an
approach to engineering a novel protein-based molecular switch
based on circular oligomers of well-known protein units but also
demonstrates the importance of characterizing the structural dy-
namics of designed molecular switches.

INTRODUCTION

Molecular switches are molecules that can reversibly switch between two stable
states in response to external stimuli such as light, temperature, voltage, pH, and
ligands.""" These mechanical movements of the molecular switches are closely
related to biological processes such as cell metabolism, gene regulations, and allo-
steric regulations of enzymes.'?”"” Therefore, engineering molecular switches is of
greatinterest not only in understanding biological processes butalso in constructing
artificial molecular switches with unique structural and functional properties. Partic-
ularly in recent years, protein-based molecular switches have attracted considerable
attention as basic building blocks of synthetic biology because of the potential of
proteins to control various biological functions."®

For protein-based molecular switches to perform specific functions, the structural
changes of the molecular switches to the external environment must be precisely
controlled. To this end, the molecular switches need to be composed of protein-
building blocks with well-organized structural changes to specific stimuli. In addi-
tion, applying such molecular switches to the regulation of biological processes
requires a thorough understanding of their structural mechanisms. For the function-
alization of the molecular switches, various approaches have been developed based

on the structural and functional properties of proteins,'” %"

25,26 A 27,28 A28—3O
’

as well as protein-
protein, protein-DN and protein-RN interactions. These ap-
proaches have successfully engineered monomeric proteins to function as molecular
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switches. However, except for a fold-switchable protein complex,” molecular
switches based on complex or assembly have rarely been reported. Moreover,
due to the structural complexity of proteins, the structural changes of the molecular
switches to specific stimuli have not been fully characterized in most studies.

To overcome the challenges, here, we constructed a novel photoswitchable protein
complex in which the structural transition is controlled by light and characterized the
light-induced structural dynamics of the photoswitchable protein complex with a
time-resolved structural tool. For the structural stability of the protein complex,
we aimed to apply a circular shape to the complex, considering that circular proteins
have higher stability against thermal, chemical, and enzymatic denaturation than do
linear proteins.®’ To this end, we extended and applied the approach to construct-
ing circularly permuted protein®’ in our study. To implement photoswitchable
properties, the complex was engineered based on the structural and photochromic

properties of photoactive yellow protein (PYP).?*~*/

We noticed that the photochromic properties of PYP, with its conformational change
in the presence of light, give it the potential to be an excellent building block for this
purpose. PYP is small (14 kDa), stable, easily expressed, and highly soluble.*®
Furthermore, PYP has a dark compact state, pG, and a light-activated state, pBy,
which has a protruding N terminus.*?*¥?’ Because the pG state switches to the
pB; state with blue-light irradiation in a reversible manner, PYP can be an effective
protein switch. The merits of PYP for the development of molecular switches include
its reversible property, allowing numerous reaction cycles; the easy detection of the
dark- and light-activated states; a high quantum yield in photoconversion; and
retention of the properties of PYP in molecular switches.

Using the properties of PYP, we construct circular oligomer PYPs (coPYPs), which
are photoswitchable protein complexes produced in various sizes depending on
the number of monomer PYP units, e.g., trimer, tetramer, and pentamer, enabling
the production of coPYPs of various sizes. After the construction, we use transmis-
sion electron microscopy (TEM), transient absorption (TA) spec‘croscopy,“"w'50

>175% and time-resolved X-ray solution scattering
33,36,55-80

static X-ray solution scattering,
(TRXSS), also known as time-resolved X-ray liquidography (TRXL), on
coPYP-4, a coPYP consisting of four monomer PYP units, to characterize structural
and photoswitchable properties of coPYPs. TEM images show that the shape of
coPYP-4 was controlled as we intended, and kinetic analysis of the TA profiles con-
firms that the photochromic property of monomer PYP is maintained even in the
monomer PYP units composing coPYP-4. Furthermore, we identify the light-
induced structural transitions of coPYP-4 involving contraction motion from the
ground state to the light-activated state via the structural analysis of time-resolved
and static X-ray scattering profiles from coPYP-4 based on the ensemble optimiza-
tion method (EOM).6%-81.82

RESULTS AND DISCUSSION

Design of circular tetramer PYP

Based on the light-induced N-terminal protrusion of PYP (Figure 1A),33:35:36,:38.39

we
constructed coPYPs to generate photoactive oligomeric protein. For example, in the
design of coPYP-4, the N terminus of each monomer PYP unit is connected to the C
terminus of another monomer PYP unit by a linker (Figure 1), with the expectation
that the light-induced N-terminal protrusion would move the PYP units away from
one another and cause coPYP-4 to expand (Figure 1B).
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Figure 1. Schematics for the structural changes of a circular PYP oligomer controlled by light
(A) Light-induced N-terminal protrusion of monomer PYP.

(B) Expected structural change of coPYP-4: expansion of the ring.

(C) Observed structural change of coPYP-4: contraction of the ring.

The N terminus and the rest of the protein body are represented by red lines and yellow spheres,
respectively. The blue lightning symbols represent light.

For the construction of coPYP-4, we first generated circularly permuted PYP (cPYP),
a modified PYP connecting the N terminus and the C terminus of the target
protein21 (Figure S2A). Subsequently, we made linear trimer PYP (loPYP-3) in
which three monomer PYP units are linearly connected by two flexible GS
(glycine-serine) linkers (GGSGGSGG), as depicted in Figure S2B. Finally, cPYP
and loPYP-3 were genetically linked by two linkers to generate coPYP-4 (Fig-
ure S2C). Here, flexible linkers were used, rather than rigid linkers, to prevent
steric hindrance between the N termini in the PYP units and the linkers. We
extended our approach to generating various variants of coPYP, such as circular
trimer PYP (coPYP-3) and circular pentamer PYP (coPYP-5). For the construction
of coPYP-3 and coPYP-5, we generated dimer PYP (PYP2) and linear tetramer
PYP (loPYP-4), and each protein was genetically linked to cPYP by the two linkers
as in coPYP-4 (Figures S2B and S2C). Details on the construction and preparation
of the proteins are described in Supplemental experimental procedures and Fig-
ures ST and S2.

Oligomer state of coPYPs

After construction, coPYPs were overexpressed in Escherichia coli BL21 (DE3) and
purified by Ni affinity chromatography and ion-exchange chromatography. Mono-
mer PYP, PYP2, and loPYP-4 were also overexpressed and purified for comparison
with coPYPs. For the purified proteins, we first measured the molecular weights of
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Table 1. The molecular weights and sizes of monomer PYP (PYP), dimer PYP (PYP2), trimer
circular PYP (coPYP-3), tetramer circular PYP (coPYP-4), and pentamer circular PYP (coPYP-5)
were measured by MALDI-TOF, MALS, and DLS

PYP PYP2 coPYP-3 coPYP-4 coPYP-5
MALDI-TOF 14 kDa 28.3 kDa 44.8 kDa 59.0 kDa 73.9 kDa
MALS ND? 29.8 kDa 47.9 kDa 55.9 kDa ND
DLS 3.8 nm 4.8 nm 7.0 nm 8.2 nm 9.2 nm

°ND, not determined.

monomer PYP, PYP2, and coPYPs using matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) and multi-angle light scattering (MALS). From MALDI-
TOF, the molecular weight of each protein from monomer PYP to PYP2, coPYP-3,
coPYP-4, and coPYP-5 was measured as 14.0, 28.3, 44.8, 59.0, and 73.9 kDs,
respectively, and MALS showed similar values for the molecular weights (Table
1). Considering the molecular weight of monomer PYP, which was ~14 kDa, the
result indicates that PYP2, coPYP-3, coPYP-4, and coPYP-5 consist of two, three,
four, and five monomer PYP units, respectively, as we intended. The successful
construction of coPYPs is supported by native-PAGE analysis, which shows that
the bands of the proteins are separated at regular intervals (Figure 2A). We also
measured the size of each protein using dynamic light scattering (DLS), and the
measured sizes show a tendency to increase as the number of monomer PYP units
increases, as in the case of the molecular weights (Table 1).

We also used size-exclusion chromatography (SEC) on the proteins. The elution
profiles of the proteins show that the elution volume decreases as the number
of the PYP units increases. This result is consistent with the changes in the molec-
ular weights of the proteins (Figure 2B). We also measured the elution profile of
loPYP-4 for comparison with that of coPYP-4. Comparing the elution profiles for
the two proteins shows that the elution volume of coPYP-4 is smaller than that
of loPYP-4 (Figure 2B).

In addition, we collected TEM images of coPYP-4 to obtain direct information on the
shape of the protein. As shown in Figure 2C, the TEM images show that the shape of
coPYP-4 is circular. In particular, the images confirm that coPYP-4 is a ring-shaped
protein with a central cavity, which is consistent with our design (Figure 1). Unfortu-
nately, the small molecular weight (~60 kDa) and the flexibility of the linkers
connecting the PYP units did not allow the reconstruction of the 3D structure for
coPYP-4 using TEM.

Transient absorption spectroscopy

To determine the chromophore kinetics of coPYP-4, TA*:°0:8354 signals at three
wavelengths were measured and fitted simultaneously by using sums of four expo-
nentials. As a result, we obtained four time constants of 1.9 + 1.6 us, 180 + 60 ps,
1.4 + 0.3 ms, and 79 + 3 ms for coPYP-4 and 6.2 + 6.4 ps, 280 + 110 s, 1.3 +
0.6 ms, and 110 £ 3 ms for monomer PYP (Supplemental experimental procedures;
Figure S3). The last time constant of coPYP-4 (79 ms) is slightly smaller than that of
monomer PYP (110 ms), whereas the other time constants of coPYP-4 are the
same as those of monomer PYP within the error ranges. To track spectral changes
during the photoreaction of PYP, we measured TA spectra of coPYP-4 and monomer
PYP at time delays of 100 ns, 1 ps, 10 us, 100 ps, 1 ms, and 10 ms (Figure S3A). The
different TA spectra of coPYP-4 show more negative differences than those of mono-
mer PYP, especially in the long-wavelength region (~480 nm). The different shapes
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Figure 2. Native-PAGE analysis, size-exclusion chromatography, and transmission electron
microscopy images of the PYP oligomers

(A) Native-PAGE analysis of the PYP oligomers. From left to right, lanes correspond to the size
marker, monomer PYP (PYP), dimer PYP (PYP2), trimer circular PYP (coPYP-3), tetramer circular PYP
(coPYP-4), and pentamer circular PYP (coPYP-5).

(B) Elution profiles of monomer PYP and PYP oligomers obtained from size-exclusion
chromatography (SEC). The elution profile of linear tetramer PYP (loPYP-4) is also shown in this
figure and compared with that of coPYP-4.

(C) Raw transmission electron microscopy (TEM) images of coPYP-4. The size of coPYP-4is ~10 nm
or less. The scale bar represents 10 nm.

of TA spectra and the faster kinetics of coPYP-4 compared with monomer PYP
suggest that the local protein structure adjacent to the chromophore of each PYP
unit of coPYP-4 is affected by the presence of the other units.

Time-resolved X-ray solution scattering

To investigate the light-induced structural changes of coPYP-4, we measured
TRXSS data from 3.16 ps to 178 ms. As described in the Supplemental experi-
mental procedures, the TRXSS measurements were implemented in the photosa-
turated regime (see Experimental Procedures for experimental details of TRXSS).
Therefore, we presumed that upon the irradiation of a laser pulse, the monomeric
units in coPYP-4 can be simultaneously photoexcited. The difference scattering
curves, AS(q, t), depicted in Figure 3A show a decrease of scattering intensity in
the small-angle region (q < 0.2 A=) on the microsecond timescale. As the reaction
proceeds in the millisecond timescale, the formation of a significant negative peak
was observed in the small-angle region. However, in the wide-angle region
03 A" < q<1.0 A", the difference curves show only marginal features over
the entire timescale. In the TRXSS data, the standard deviation is significantly
smaller than the amplitude of signal intensity at each g point (Figure S4). Such
low standard deviations indicate the high repeatability and reproducibility of the
repeated measurements, implying that the reversibility of coPYP-4 was maintained
more than 150 cycles (see Supplemental experimental procedures for the revers-
ibility of coPYP-4). The scattering signal of the solvent heating induced by the
pump laser, which contributes to the TRXSS signals in the wide-angle region,

was removed using a well-established protocol®”¢° (

Supplemental experimental
procedures; Figure S5). To obtain the details of kinetics for these light-induced be-
haviors, we performed the global kinetic analysis on the heat-free difference scat-

tering curves, AS(qg, 1), in the g range between 0.04643 and 0.9981 A" The global
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Figure 3. TRXSS data for coPYP-4 and results of kinetic analysis

(A) Experimental (black) and theoretical (red) difference scattering curves.

(B) SADSs extracted by applying SVD and PCA. SADS3 (green) compared with the static difference
curve (light-activated state — ground state) from static X-ray scattering data (gray). The comparison
shows high similarity between SADS3 and the static difference curve, which confirms the
consistency between the TRXSS and the static X-ray scattering experiments conducted for the
same light-induced transition. The error bar in the static difference is the experimental standard
deviation for the static data.

(C) Time-dependent population changes of the species. The time constants are also shown. The
experimental population changes (dots) are in good agreement with the theoretical population
changes (lines) within the experimental errors (bars).

kinetic analysis was achieved by applying singular value decomposition (SVD) and
principal-component analysis (PCA), and the details of the analysis are described in
Supplemental experimental procedures.

From the SVD analysis, we identified three structurally distinct kinetic species and
two time constants of 298 (+48) us and 2.55 (£0.12) ms (Figure Sé). Using these re-
sults, we applied a sequential kinetic model for the light-induced transitions
involving three kinetic species and two time constants to the subsequent PCA and
obtained time-independent species-associated difference scattering curves (SADSs)
containing direct information on the structures of the kinetic species (Figure 3B). In
this kinetic model, the formation of the first species occurs before the microsecond
timescale. Subsequently, the second species is formed from the first species with a
time constant of 298 pus and converts into the third species with a time constant of
2.55 ms. The theoretical difference curves reconstructed by linear combinations of
the three SADSs show good agreement with the experimental curves, confirming
that the sequential kinetic model is suitable for describing the experimental data
(Figure 3A). The first SADS (SADS1) and the second SADS (SADS2) have a relatively
small and negative intensity in the small-angle region, whereas the third SADS
(SADS3) shows a prominent negative peak with a significant amplitude around
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0.15 A~". The difference signals of SADSs appear mostly in the small-angle range
(9<0.2 AN, implying that coPYP-4 is subject to structural changes that affect the
global shape of the protein. The difference in scattering intensity of SADSs indicates
that the transition from the first species to the third species involves sequential struc-
tural changes leading from relatively small changes to large changes. The time-
dependent populations of SADSs, which reflect the population changes of the rele-
vant species, are shown in Figure 3C.

Structural analysis using the combination of the EOM analysis and MD
simulations

The NMR study reported an ensemble of 26 structures for monomer PYP in the pG
state,” and these structures showed that the N terminus of the protein is structurally
flexible in the solution phase. This study suggests that the flexibility of the N termi-
nus of each monomer PYP unit constituting coPYP-4 is likely to make the structure of
coPYP-4 flexible in the solution phase. Therefore, we considered it risky to apply a
single conformation to the structural analysis of coPYP-4 as in the structural analysis
of well-structured proteins. Recently, a study on protein folding dynamics showed
that a combination of EOM analysis and molecular dynamics (MD) simulations could
describe the structural dynamics of the proteins in the flexible systems.®® To over-
come the limitation of adopting a single conformation, we employed the same
approach to the structural analysis of coPYP-4.

Before this structural analysis, it was necessary to obtain the static X-ray scattering
curve for each state. To this end, we measured the static X-ray scattering of the
ground and light-activated states and constructed the species-associated scattering
curves (SASs) for the intermediate states using a well-established method.>® The de-
tails on constructing the SASs are described in Supplemental experimental proced-
ures. As shown in Figure 3B, the difference curve from the static X-ray solution scat-
tering data of ground and light-activated states shows good agreement with SADS3
from TRXSS data, confirming that SAXS and TRXSS experiments were performed for
the same light-induced transition. The details of the structural analysis are described
in Supplemental experimental procedures and Figure S10, and a brief description is
given here.

In the structural analysis, the candidate structures for each state of coPYP-4 are
generated by MD simulations and are used to calculate theoretical X-ray scattering
curves. For each state of coPYP-4, the multiple sets of a predefined number of curves
randomly selected from these theoretical curves make ensembles, and the average
scattering curve of the ensemble is compared with the experimental data. The ge-
netic algorithm (GA)®® used in the EOM analysis allows some structures in an
ensemble to propagate to the next generation, whereas others are randomly
exchanged for the structures remaining in the structure pool or other ensembles.
As generations are repeated, the ensembles are iteratively compared with the
experimental data, and the ensemble that best describes the observed data is cho-
sen to obtain the representative protein structure and the structural parameter of the
radius of gyration (Rg).

Figure 4 shows the results of the structural analysis for each state of coPYP-4. For all
states, each average scattering curve of the ensemble describes the experimental
data (Figure 4). The distribution of Ry shows one major peak near 32 A and one minor
peak near 34.5 A'in the ground state (Figure 4B). Considering that the N terminus of
the PYP monomer is structurally flexible even in the ground state, the distribution of
Ry suggests that the flexibility of the N terminus allows coPYP-4 to form a minor
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Figure 4. Results from structural analysis of static curves based on EOM

(A-H) Results of the EOM analysis for the ground state (A and B), the firstintermediate (C and D), the
second intermediate (E and F), and the photoproduct (G and H). The static curves of the best fitting
ensemble (red) describe the experimental static curves (black) well (A, C, E, and G). For each case,
the weighted R factor (wR), which quantifies the agreement between the experimental curve and
the fitted curve, is shown. In the ground state, the distribution of Ry determined from the EOM
analysis shows one major peak near Rq of 32 A and one minor peak near Rg of 34 to ~35 A (B). The
major peak gradually broadens as it progresses from the ground state to the first intermediate (D),
the second intermediate (F), and the photoproduct (H). In the photoproduct, a new peak near Rg of
28.5 A appears, indicating the contraction motion of coPYP-4. Unlike the major peaks, the minor
peaks were obtained similarly in all four states. In the Rq distribution of each state, the error bars are
the standard deviation of the Rq distribution for the optimized ensemble calculated from repeated
EOM analysis (supplemental experimental procedures).

conformation with a larger ring than the major one. As the reaction progresses, the
major peak gradually broadens in the first and second intermediates (Figures 4D and
4F). In the photoproduct (the third intermediate), the major peak becomes broader
than those in the first two intermediates, and a new peak appears near 28.5 A (Fig-
ure 4H), showing that the light-induced structural transition of coPYP-4 involves a
contraction motion of the protein. The representative structures for the ground state
and photoproduct determined from the structural analysis represent Ry values of
31.8 and 28.6 A, respectively (Figures 5A and 5B). Besides, comparison of the two
structures shows that the distances among the PYP units are smaller in the
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Ground

R,:31.8 4 R,: 28.6 A

Figure 5. Representative structures for the ground state and the photoproduct of coPYP-4 from
structural analysis based on EOM

(A and B) Representative structures of the ground state (A) and the photoproduct (B) have Rg values
of 31.8 and 28.6 A, respectively.

(C) Structures in (A) and (B) are overlaid for comparison. The representative structures are
expressed in the cartoon and mesh styles using the PyMOL visualization tool.

photoproduct than in the ground state (Figures 5C and 5D). In the light-induced
structural transition, it is also observed that some distribution of the major peak shifts
from near 32 A to near 33 A and the minor peak shifts from near 34.5 A to near 35 A
(Figure 4), implying that a minor population of coPYP-4 may also exhibit subtle
expansion motion by light. Nevertheless, the increases of the Ry values are less
than 1 A, and the expansion motion is not as pronounced as the contraction motion.
Therefore, we focus on the contraction motion for the light-induced structural
changes of coPYP-4.

Effective connection among the PYP units by cPYP and the flexible GS linkers
The measured molecular weights of coPYPs show that the number of the PYP units
constituting coPYPs can be controlled by our approach (Table 1). The single bands
in native-PAGE and single peaks in SEC demonstrate that each coPYP does not
break down into subunits or form higher oligomers, indicating that the linkers stably
maintain the connections among the PYP units in coPYPs (Figure 2). In addition, the
UV-visible (UV-vis) spectrum of coPYP-4 is almost identical to that of monomer PYP,
implying that the linkers do not significantly affect the environment around the chro-
mophore of the PYP units (Figure S7). These results confirm that our approach using
cPYP and the flexible GS linkers effectively constructs circular oligomer proteins of
various oligomer sizes without significantly affecting the environment around the
chromophores of the PYP units.

Morphological shape

In SEC, the proteins pass through beads with a range of well-defined pore sizes in the
course of flowing through the SEC column. Whether the proteins pass through the
beads depends not only on their sizes but also on their shapes.?” Although the mo-
lecular weights of coPYP-4 and loPYP-4 are the same, the elution profile of coPYP-4
shows a relatively smaller elution volume than that of loPYP-4, indicating that coPYP-
4 has a relatively extended structure compared with that of loPYP-4 (Figure 2B). This
extended structure is likely to be link to with the existence of the cavity in the center
of coPYP-4, which is evident in the TEM images (Figure 2C).

Chromophore kinetics
The photocycle of monomer PYP is well established with two candidate kinetic
models: the sequential and the parallel models.?*#>%¢4%=#* For the TA result, we
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focus on the kinetic similarity between monomer PYP and coPYP-4 regardless of the
kinetic model. The time constants of monomer PYP determined by using TA, 6.2 ps,
280 ps, 1.3 ms, and 110 ms, can be assigned to the decay of pRy, the pR, — pB; tran-
sition, the pB; — pB; transition, and the pB, — pG transition, respectively. Because
the time constants of coPYP-4, 1.9 ps, 180 us, 1.4 ms, and 79 ms, are similar to those
of monomer PYP, the time constants of coPYP-4 can be assigned to transitions
similar to those of monomer PYP. As mentioned earlier, the similarity of the UV-
visible spectra of monomer PYP and coPYP-4 implies that the environments around
the chromophores of the two proteins are similar in the ground state (Figure S7). Un-
like the ground state, however, the TA spectra (Figure S3A) of coPYP-4 show a
broader peak of negative absorption compared with those of monomer PYP, sug-
gesting the intermediates of coPYP-4 and monomer PYP have slightly different en-
vironments near the chromophore. In addition, coPYP-4 has a slightly faster time-
scale for the recovery to pG (79 ms) than does monomer PYP (110 ms). However,
these differences in TA results between coPYP-4 and monomer PYP are not signifi-
cant. Overall, the kinetics of coPYP-4 is similar to that of monomer PYP, suggesting
that the photochemical properties of monomer PYP are retained even in the PYP
units constituting coPYP-4.

Structural kinetics

Based on the results obtained by our kinetic analysis on the TRXSS data, we can
establish the following kinetic model for the light-induced structural changes of
coPYP-4 on the microsecond to millisecond timescale,

298 us 2.55 ms > 650 ms

G I, P G,

where G is a ground state, |; and |, are the intermediate states, and P is the final
photoproduct involved in the light-induced transition of coPYP-4. During the light-
induced transition, |1 converts into |, with a time constant of 298 us, and P is formed
from I, with a time constant of 2.55 ms. Because these time constants are similar to
those of monomer PYP?® (279 ps and 1.3 ms), it is likely that the PYP unitsin Iy, I, and
P of coPYP-4 represent the structural transitions corresponding to the reaction
pathway involving pR,, pBj, and pB; of monomer PYP,*® respectively. No pro-
nounced recovery from the photoproduct to the ground state was observed in the
TRXSS data of coPYP-4 within the time window covered in this study (178 ms). We
expect that the time required for structural recovery of light-induced coPYP-4 is
longer than that of monomer PYP*® (650 ms), because the overall structure of
coPYP-4 is larger than that of monomer PYP. Comparing the common time constants
from TA and TRXSS shows that slower kinetics were obtained in TRXSS than in TA.
Considering that spectroscopy and X-ray scattering are sensitive to local structural
changes around the chromophore and the global structural changes of proteins,
respectively, this phenomenon demonstrates that the local structural changes
around the chromophores cause changes in the global structure with a noticeable
delay during the light-induced transition. Furthermore, the time constant corre-
sponding to 1.9 ps obtained from TA is not observed in this kinetic model, showing
that the decay of pR; for monomer PYP does not have a significant influence on the
global structure of coPYP-4.

Contraction of the ring motion

Together with the spectroscopic and structural kinetics, the results from our struc-
tural analysis suggest a structural mechanism for coPYP-4. During the light-induced
transition of coPYP-4, I, is formed from the ground state through the transition of
PYP units from pG to pR,. Subsequently, |y converts into |, using the pR, — pB,
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transition of the PYP units.?® For these processes, the structural dynamics of mono-
mer PYP show that the pG — pR, — pB; transition of the PYP units includes the
gradual relaxation of the N termini in the units.>****%3? Besides, the comparison
of the static curves for the ground state and two intermediate states shows differ-
ences in the oscillatory features around the wide-angle region (Figure S8), which
can be generally attributed to local conformational changes such as the rearrange-

©0.88 indicating that the relaxation of the N termini

ment of the secondary structure,
induces the local structural changes among the PYP units in coPYP-4. Considering
that broadening of the major peaks in the distributions of Ry is observed during
the light-induced transition of coPYP-4 (Figure 4), we suggest that the local structural
changes allow the structure of coPYP-4 to become progressively flexible as the reac-
tion proceeds from the ground state to the two intermediates. Finally, the pB; —
pB; transition of the PYP units occurs, and I, forms the photoproduct (P). The repre-
sentative structures of the ground state and P (Figure 5) show that the structure of
coPYP-4 is contracted during the light-induced transition (Figure 1C). Considering
that the relaxation of the N terminus of monomer PYP is maximized in pBy,**°*®
the distributions of the Rg value of P indicate that the structure of coPYP-4 contracts
when its flexibility is maximized. This contraction motion involves structural changes
in the opposite direction of our expectation that the light-induced N-terminal pro-
trusion of the PYP unit would render coPYP-4 expanded. For this difference, we
anticipate that the flexible structure would allow coPYP-4 to easily generate new
interaction networks, such as hydrogen bond interactions or hydrophobic interac-
tions among its residues. Such interactions would make the distances between
PYP units smaller, and consequently, the structure of coPYP-4 would undergo
contraction instead of expansion. A comparison of the ensemble structure of mono-
mer PYP for the signaling state (PDB: 2KX6) and PYP units in the photoproduct of
coPYP-4 shows that the N termini of PYP units of coPYP-4 exhibit relatively compact
conformations compared with the N termini of monomer PYP (Figure S9). This
feature is consistent with the light-induced contraction of coPYP-4.

Flexible ring protein that mimics wild-type PYP

A protein-based molecular switch is likely to retain the functional and structural
characteristics of the building block proteins that compose it. From the kinetic
and structural analyses of time-resolved data, we demonstrated that the light-
induced perturbation of the N terminus in wild-type PYP is also observed in the
monomeric units of coPYP-4, leading to the unique structural changes of coPYP-4.
These observations show that coPYP-4 belongs to a mimetic protein of monomer
PYP and has the feature of a new type of protein-based molecular switch. Based
on the ensemble from the structural analysis (Figure 4), the broad distribution in
terms of Ry can be attributed to the diversity of protein conformations because of
the intrinsic flexibilities of the GS linkers and N termini.

In this study, we developed and successfully synthesized the protein-complex-based
molecular switch that changes structure upon blue-light irradiation in a controllable
way and experimentally verified the detailed time-dependent structural changes.
The photoactivated coPYP-4 accompanies the light-induced structural changes
with the contraction of a ring-shaped backbone. Using flexible linkers to connect
PYP monomers made it possible to generate the contraction motion of a ring
made of multiple monomers. Upon irradiation, monomer PYP undergoes only partial
unfolding and protrusion of the N terminus, and the contraction motion of light-acti-
vated coPYP-4 cannot be achieved with a single PYP unit. Whereas most studies of
molecular switches based on the structural information of proteins did not demon-
strate real-time structural changes in a time-resolved manner, this work presents
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how light drives the controlled structural transformation of coPYP-4 in response to
blue-lightirradiation at a high spatiotemporal resolution. This study may provide in-
sights into the design and construction of protein-complex-based molecular
switches with ring-shaped conformation, and the light-induced conformational
changes in coPYPs may provide a new motif for the protein-based photoswitch.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, Hyotcherl lhee (hyotcherl.ihee@kaist.ac.kr).

Materials availability
This study did not generate new unique reagents.

Data and code availability
All data related to this study included in the article and Supplemental information
will be provided by the lead contact upon reasonable request.

Generation of coPYPs

For the generation of expression plasmids of coPYPs, the PYP linear oligomer sequences
(two, three, and four PYP units) were constructed and genetically linked in the cPYP
expression plasmid." After generation, coPYPs were overexpressed in Escherichia coli
BL21 (DE3) by IPTG induction, reconstituted with p-coumaric anhydride, and purified
by Ni affinity chromatography and ion-exchange chromatography. The purified proteins
were dialyzed with 20 mM Tris, pH 7.0, and 20 mM NaCl. The concentrations of coPYPs
were determined by UV-vis spectroscopy (UV-2550; Shimadzu, Kyoto, Japan). The details
of the construction and preparation of the PYP oligomers are described in Supplemental
experimental procedures (Figures S1 and S2).

Time-resolved X-ray solution scattering

TRXSS data were measured at the ID14B beamline at Advanced Photon Source
(Argonne, IL, USA) using a well-established method.?¢°7¢° For the measurement
with coPYP-4, a 1.1 mM coPYP-4 solution dissolved in 20 mM sodium phosphate
buffer with 20 mM NaCl at pH 7.0 was enclosed in a quartz capillary (Hampton
Research, Aliso Viejo, CA, USA). The sealed capillary was mounted on a linear trans-
lational stage (Parker, Charlotte, NC, USA) to move the capillary back and forth peri-
odically. During the measurement, the coPYP-4 solution was irradiated by circularly
polarized nanosecond laser pulses (1 mJ/mm? fluence at 460 nm) and was probed by
X-ray pulses incident at well-defined time delays. The details of the TRXSS measure-
ment are described in Supplemental experimental procedures.

Structural analysis

For the structural analysis using EOM, the SASs for each intermediate were con-
structed by adding the experimental static scattering curve of the ground state to
scaled SADSs of first and second intermediates.>® After constructing the SASs, the
candidate structures for the EOM analysis were generated by running two sets of
MD simulations starting from the two different initial structures obtained from the
experiment-restrained rigid-body (ERRB) MD simulation.?* 745787 The theoret-
ical X-ray scattering curves were calculated from the candidate structures. Then, the
theoretical X-ray scattering curves were compared with the experimental scattering
curves of the ground state, first intermediate, second intermediate, and photo-
product using the EOM method to extract the structural parameter and the optimal
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ensemble structures for each state.®”®"-*? The detailed procedure is described in
Supplemental experimental procedures (Figure S10).

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2021.100512.
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