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Abstract

Environment-triggered protein conformational changes have garnered wide interests in both
fundamental research, for deciphering in vivo acclimatory responses, and practical applications,
for designing stimuli-responsive probes. Here we propose a protein—chromophore regulatory
mechanism that allows manipulation of C-phycocyanin (C-PC) from Spirulina platensis by
environmental pH and UV irradiation. Using small-angle X-ray scattering, a pH-mediated C-

PC assembly—disassembly pathway, from monomers to nonamers, was unraveled. Such flexible
protein matrices impart tunability to the embedded tetrapyrroles, whose photochemical behaviors
were found to be modulated by protein assembly states. UV irradiation on C-PC triggers pH-
dependent singlet oxygen (10,) generation and conformational changes. Intermolecular photo-
crosslinking occurs at pH 5.0 via dityrosine species, which bridges solution-based C-PC oligomers
into unprecedented dodecamers and 24-mers. These supramolecular assemblies impart C-PC at pH
5.0 significantly enhanced 10, yield, fluorescence, and photostability relative to those at other pH
values, a finding that makes C-PC appealing for tumor-targeted photodynamic therapy.
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INTRODUCTION

Organisms across all three domains of life have developed apparatus capable of capturing
sunlight; however, intricate and complicated events of individual organisms demand

their photosynthetic behaviors to be tailored to the individuals’ environments and needs.
Phycobiliproteins are highly adaptable proteins in nature, a characteristic they achieve

by exploiting their hierarchical protein structure as a scaffold for fine-tuning the light-
harvesting performance of embedded tetrapyrrole chromophores.1=3 This tunability, in
essence, relies on the tailor-made protein—chromophore architecture that can sense and
respond to environmental changes.

Phycobiliproteins—comprising C-phycocyanin (C-PC), allophycocyanin, phycoerythrin,
and phycoerythrocyanin—are a family of protein-chromophore complexes found in
cynaobacteria and red algae.[1~2] The light absorption and energy transfer events during
photosynthesis are enabled by open-chain tetrapyrrole chromophore cofactors attached
covalently to the two phycobiliprotein subunits, the a- and B- subunits.[3] These subunits
form (ap) monomers that further assemble into ring-shaped (af)s trimers, and the trimers
can then stack to make rod-like (a)s hexamers and higher assemblies, with other linker
proteins acting as bridges at the core.[4=5] This modular and hierarchical structure tailors
the energy states of the chromophores through diverse protein conformational changes,
ensuring proper and efficient light-harvesting behaviors in fluctuating light environments.[€]
The acclimation capability of phycobiliproteins has gained considerable scientific attention
and may be harnessed for the design of biomimetic optical materials.

Using phycobiliproteins for in vitro purposes necessitates, firstly, uncovering structural
mechanisms behind the acclimatory responses and the environmental conditions that
regulate them. Whereas the crystalline structures of phycobiliproteins have been determined
from a variety of species,[> 71 little is known about their structures in solution and the
changes under variable conditions. Solution-based structural characterizations, in particular
for isolated phycobiliproteins, are complicated by the volatile protein—protein interactions.
[8-10]1 These weak intermolecular interactions, mostly at the monomer—-monomer and trimer—
trimer interfaces of phycobiliproteins, can either form or break down in solution when
exposed to environmental stressors, alternating the structures between mixed oligomers

and supramolecular assemblies. The variability and the breadth of possible assembly states
render characterization of the solution protein structures difficult.[11]

To fill in this knowledge gap, we offer here unique structural insights into phycobiliproteins’
assembly—disassembly pathways in solution state and the fundamental impact on
photochemistry. We found that C-PC isolated from Spirulina platensis can be structurally
tuned by changing solution pH and thus exhibit programmable photochemical responses
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to UV irradiation. The findings point to a protein—chromophore regulatory mechanism
that dictates phycobiliproteins’ responses to light under different environments. Our
work may inspire the design of new photo-responsive systems using naturally derived
phycobiliproteins as templates.

EXPERIMENTAL SECTION

Extraction, purification, and sample preparation.

Irradiation.

SEC-SAXS.

Protein extraction and purification were performed in the dark at 4 °C unless otherwise
noted. The crude phycobiliproteins were extracted from spray-dried biomass of Spirulina
platensis following our established protocol.# The extract was then fractionated by
precipitation with solid (NH4),SO,4 at 30% saturation to remove contaminating membrane
proteins and linker proteins, followed by 55% saturation to precipitate the major
phycocyanin fraction. The collected pellet was re-dissolved in a small volume of Na-
phosphate buffer (5 mM, pH 7.0) and dialyzed overnight against the same buffer using

a Slide-A-Lyzer G2 dialysis device (15 ml, 3.5K MWCO, Thermo Fisher). The dialyzed
concentrates were centrifuged at 10,000g for 30 min and subjected to ion-exchange
chromatography using DEAE-Sepharose® Fast Flow column (1.5 x 15 cm, GE Healthcare).
A stepwise elution was carried out using a linear gradient of 0.15-0.22 M NaCl in K-
phosphate buffer (50 mM, pH 7.4) at a flow rate of 1.0 ml/min. The effluent was collected
in 2-mL fractions and the absorption of each fraction at 280 nm, 620 nm, 655 nm were
recorded. All C-phycocyanin (C-PC) fractions having the purity ratio (Agpo/ A2go) > 4.5
and the separation factor (Ag20/Agss) > 5.0 were pooled and then desalted on a Sephadex
G-25 column. The final Agoo/ Aogo and Agoo/ Agss of the collected C-PC sample were
5.03 and 6.79, respectively. The obtained pure C-PC was stored in dark at =20 °C as a
lyophilized powder, which were pre-hydrated before use in Milli-Q water by stirring at

4 °C overnight and then filtrated through a 0.22 um syringe filter (Celltreat). The C-PC
concentration of the hydrated stock was adjusted to 5.0 mg/ml based on Aygy (UV-2600
spectrophotometer, Shimadzu) using extinction coefficient of 29,590 M~1cm~1 or 0.8309
mg~1 ml cm™! calculated from the amino acid composition.

A 365-nm UV lamp (EL Series UVLS-28, 8 watt, Upland) with a measured fluence rate

of 0.63 mW/cm? was used as the light source. The prepared 0.25 mg/ml C-PC samples at
pH 3.0, 5.0, 7.0, and 9.0, respectively, were bubbled with air for 20 min and packed into
thin-walled borosilicate glass vials (VWR) with screw caps (sample volume: 5 ml). Then,
the vials were laid flat and positioned parallel to the lamp at a set exposure distance of 2 cm
to ensure the efficiency and uniformity of the irradiation.

SEC-SAXS experiments were conducted on beamline ID7A1 at the Macromolecular
Diffraction Facility of the Cornell High Energy Synchrotron Source (MacCHESS)®: € using
a dual Pilatus 100K-S SAXS/WAXS detector (Dectris, Switzerland). The sample-to-detector
distance was 1.498 m, with the SAXS detector covering a collected g range of 0.007 < g
<0.27 A1 (g= (4r sin 6)/A, where 28s the scattering angle). The photon energy of
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the X-ray beam was 9.808 keV (1.264 A) at 8 x 1011 photons s™1, and the beam diameter
was 250 x 250 um. The beamline was outfitted with a AKTA purifier (GE Healthcare)
equipped with a Superdex 200 Increase 10/300 GL column (GE Healthcare), which were
preequilibrated at 4 °C with 50 mM citrate buffers (pH 3.0 and 5.0), HEPES buffer (pH 7.0),
or Tris-base buffer (pH 9.0) containing 3% v/v glycerol for C-PC samples at corresponding
pH. The non-irradiated and 12-h-irradiated C-PC samples at pH 3.0, 5.0, 7.0, and 9.0

were concentrated up to 5.0 mg/ml using an 10K MWCO Amicon Ultra-15 centrifugal
filter (EMD Miillipore), and centrifuged at 10,0009 for 10 min before sample injection.
Aliquots of 100 pl centrifuged sample was loaded at a flow rate of 0.12 ml/min and was
directed continuously by the SEC system into the BioSAXS flow cell as the scattering data
were collected (2 s exposure time per frame). Eluents of SEC system were monitored by
absorption at 280 nm (Aygg). Approximately 1000 2-s exposures were collected per sample
for further analysis of the structural parameters and modeling.

SAXS data analysis.

After the images were collected, scattering profiles were generated for each sample with

the software RAW.” The middle portion of each SEC peak consisting of 10-20 frames with
good signal to noise ratio was used for data analysis, and 50-100 buffer profiles preceding
the elution peaks were averaged and used for the buffer subtraction. For C-PC at pH 3.0
(both non-irradiated and irradiated), elevated baselines resulting from radiation damage were
noticed, thus baseline corrections using the integral baseline correction function in RAW
were further applied for these two samples. The subtracted SAXS profiles were subjected

to Guinier analysis performed using the automatically optimized g ranges, from which the
radius of gyration (/), molecular weight (MW), and extrapolated zero-angle scattering (/0)
were determined. The pair-distance distribution functions (p(7) were created by GNOM,8
which provided additional Rz and /(0) estimates and the maximum particle dimension,
Dmax. Independent MW estimates were obtained by the adjusted Porod volume (4) and the
volume-of-correlation (V) approaches. FoXS?: 10 was used to fit the experimental scattering
profiles to the theoretical scattering curves calculated from the C-PC crystal model (PDB
1GHO0)!! and to calculate the quality-of-fit (). The input C-PC crystal structures in
different oligomeric states, i.e., (ap) monomers, (ap)3 trimers, (ap)s hexamers, were
derived from PDB 1GH0.11

Ab initio envelopes were reconstructed based on the whole range of g by GASBOR!? for
all C-PC samples except for the irradiated fragment N at pH 5.0 (GASBOR is not used
for this sample due to the MW < 700 kDa limitation), using symmetry and anisotropy
assumption parameters in Table S1 for different C-PC samples. For structures with no
known crystal models (irradiated fragment N at pH 5.0, irradiated and non-irradiated
fragment 1 at pH 5.0) or partially unfolded (fragment 2 at pH 3.0 and irradiated C-PC

at 9.0), ab initio were further performed by DAMMIN2 with no symmetry restraints to
verify the computed shapes (see section 1.1.2 in Sl for details).. To further optimize the
arrangements of subdomains within the highly assembled structures (irradiated fragment
N at pH 5.0, irradiated and non-irradiated fragment 1 at pH 5.0), rigid body refinements
were performed by CORAL4 using (aB)g hexamer and (ap)3 trimer models of C-PC (PDB
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1GHO0)!! as inputs. The reconstructed shapes by GASBOR, DAMMIN, and CORAL were
visualized and superimposed on the corresponding C-PC crystal models using Pymol.1°

Electron paramagnetic resonance (EPR) spectroscopy.

X-band continuous-wave (cw) EPR was carried out at room temperature on a Bruker
ELEXSYS Il EPR spectrometer at 9.8 GHz with 100 kHz modulation frequency, 2 G
modulation amplitude, 2 mW power, and 20 dB attenuation. Aliquots of 150 pl samples
were contained in WG-812 quartz flat cell (Wilmad) and the in situ irradiation during EPR
experiments was provided by a ~8 watt UVA system placed in front of the optical window
of the resonator. Each spectrum was acquired as a mean of 10 accumulated scans. The C-PC
concentration for all EPR experiments were kept the same at 1 mg/ml. Spectral simulations
were performed by EasySpin1® integrated into MATLAB using the “esfit” least-squares
function and were used to assist with signal assignments and g-value determination.

For spin trapping experiments, the trapping agents, 2,2,6,6-tetramethylpiperidine (TEMP)
or 5,5-dimethyl-1- pyrroline N-oxide (DMPO), were freshly prepared in DMSO at 10-fold
concentration and mixed with C-PC samples at pH 3.0-9.0 before the measurements to

a final concentration of 1.0 x 1072 M. For quenching experiments, 8 mM sodium azide
(NaN3) were added to the same C-PC samples prior to the addition of 1.0 x 1072 M DMPO
and the EPR measurements.

RESULTS AND DISCUSSION

pH-mediated assembly—disassembly

The relatively weak and dynamic intermolecular forces of C-PC enable it to rapidly respond
to environmental stimuli and undergo a range of conformational changes. The C-PC primary
sequence comprises abundant charged residues and residues with ionizable side chains
(Figure S3A). Notably, most of these residues are dispersed across the monomer—-monomer
and trimer—trimer interfaces, allowing modular self-assemblies of C-PC through the key
intermolecular salt bridges. For example, the salt bridges that form across the ends of
adjacent (af) monomers can bridge three of them into an (a)3 trimer (Figure 1A).
Likewise, two of the (ap)3 trimers can be stacked face-to-face to form an (ap)g hexamer
(Figure 1B). Extreme acidic or alkaline environments, characterized by pH values very
different from the theoretical isoelectric point (p/) of C-PC (~5.23, see section 1.1.1 in Sl),
were found to trigger protonation or deprotonation of the residues and lead to a build-up

of electrostatic repulsion across the chains (as indicated by the zeta potentials in Figure
S3B). Consequently, the intermolecular salt bridges could be disrupted under the extreme pH
conditions and induce protein disassembly.

The assembly and disassembly of C-PC in response to pH changes in the 3.0-9.0 range
were visualized by in-line size-exclusion chromatography with small-angle X-ray scattering
(SEC-SAXS). All discussions in this section refer to the non-irradiated samples unless
otherwise specified. Based on the SEC profiles (Figure 2A), C-PC at pH 9.0 (solid grey
line) and pH 7.0 (solid blue line) were eluted as monodisperse peaks with gradually
decreasing elution volumes. C-PC at pH 5.0 (solid green line in Figure 2A) gave rise
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to peaks characterized by high polydispersity, and the three well-separated fragments are
hereafter referred to as Fragment 1, Fragment 2, and Fragment 3, respectively. Among these
fragments, Fragment 2 was dominant, displaying a mass fraction of 42.69% (Table S1). All
the fragments at pH 5.0-9.0 (non-irradiated) were homogeneous, displaying a consistent
value of the radius of gyration, Ay, throughout each peak (Figure S4, B-D). Nevertheless,
C-PC at pH 3.0 (solid red line in Figure 2A) was eluted as an aggregated species (Fragment
1) and another major fragment at larger elution volume (Fragment 2). Interpretable SAXS
data was obtained only for the Fragment 2 (see section 1.2.1 in SI).

For SAXS analysis, the Guinier plots (Figure S5) of all fragments obtained at pH 3.0-9.0,
except for the inhomogeneous Fragment 1 at pH 3, displayed good linearity and no evidence
of aggregation. The computed structural parameters for these fragments are summarized in
Table S1. As the pH value decreased from 9.0 to 5.0, the key structural parameters derived
from Guinier and pair distance distribution (o(/)) analyses (including ~y; extrapolated zero-
angle scattering, /0); and experimental maximum dimension, Dmax) gradually increased,
suggesting that C-PC grew into higher assembly states. In Figure 2B, the experimental
SAXS scattering profiles were compared to the theoretical data back-calculated from C-PC
crystal models in different assembly states (PDB 1GHO,! several basic structures are given
in Figure S3C). Good fits were obtained by superimposing the scattering profiles of an (ap)g
hexamer model—a face-to-face assembly of two (af)3 trimers—with Fragment 2 at pH 5
(curves iii, X2 = 1.56); a threefold symmetric (ap)3 trimer model with Fragment 3 at pH

5 (curves iv, x2 = 1.23) and the fragment at pH 7.0 (curves v, x2 = 0.93); and an (a.p)
monomer model with the fragment at pH 9.0 (curves vi, XZ =0.91). The ab initio envelopes
reconstructed by GASBOR?!3 for the above fragments also resulted in the expected shapes,
which were closely superimposable with the crystal models in the corresponding assembly
states (iii—v in Figure 2C); only one exception existed: the envelope at pH 9.0 (vi in Figure
2C) had slight protrusions on its sides, reflecting a further extension of the actual structure at
this pH than was suggested by the crystal model.

The highly assembled Fragment 1 at pH 5 was determined as an (ap)g nonameric assembly
comprising an (ap)s trimer and an (ap)g hexamer (see section 1.2.2 in Sl for details).

These two subdomains were offset and organized in columns (Figure 2D; Figure S6, A

and G) rather than in the common side-by-side arrangements of intact phycobiliprotein
antennas.1”- 18 The computed conformation, however, is in good agreement with previously
reported structures of the isolated phycobiliproteins,19-21 whereby the subdomains were
offset due to the absence of the linker proteins that bridge the rods. Notably, our study
revealed that C-PC was further offset in solution, that is, an even wider angle was present
between the upper and lower subdomains than was the case in the reported crystal structures.

For the Fragment 2 at pH 3, interpretable data was only obtained at a higher g range of
0.023-0.045 A~1 due to the slight radiation damage (see section 1.2.1 in SI). The SAXS-
derived parameters (Table S1) and ab /nitio reconstructions (i in Figure 2C) suggested
that Fragment 2 at pH 3 was an (ap) monomer with an even more unfolded and

flexible conformation than the above-described monomeric C-PC at pH 9.0. Such a high
conformational flexibility would explain why C-PC at pH 3.0 was aggregation-prone and
susceptible to radiation damage.
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The structures at different pH values were further compared by p(7) and dimensionless
Kratky plots (Figure 2, E and F; the curves are colored as in Figure 2B). The extended
shapes of C-PC at pH 3.0 and pH 9.0 were evidenced by the early peaks in the p(7) plots
with roughly linear fall-offs and long tails. By contrast, C-PC at pH 5.0 and pH 7.0 yielded
prominent and nearly symmetrical bell-shaped peaks with multiple shoulders that correlated
well with the numbers of subdomain structures. Likewise, the dimensionless Kratky plots
of C-PC at pH 5.0 and 7.0 exhibited well-defined peaks at Guinier—Kratky point (marked
by cross-hair), which is typical of fully folded globular proteins; by contrast, the peaks of
C-PC at pH 3.0 and pH 9.0 were broadened and remarkably shift away from the Guinier—
Kratky point, suggesting that these structures tend to extend flexibly rather than collapse

in a globular fashion. Folding and unfolding of the fragments could also be monitored by
circular dichroism (CD) and intrinsic protein fluorescence (Figure S7 and the supplemental
notes; however, smaller structures, which were successfully captured by SEC-SAXS, were
deemed hard to identify by CD and fluorescence assays alone owing to the coexisting larger
aggregates.

Taken together, these results reveal that pH changes in the 3.0-9.0 range mediated large-
scale assembly and disassembly of C-PC in solution state. Specifically, the partially
unfolded monomers found in both acidic (pH 3.0) and alkaline (pH 9.0) conditions can

be converted to the well-folded trimers at pH 7.0 and high assemblies—a mixture of trimers,
hexamers, and honamers—at pH 5.0.

pH-tunable photochemical behaviors

The conformational variability of C-PC protein matrix led us to investigate whether the
photochemical behavior of the attached tetrapyrrole chromophores could also be tuned by
pH via the assembly—disassembly pathways. Data and detailed discussions are provided

in Figure S8A and the supplemental notes. Briefly, red-shifted fluorescence emissions and
blue-shifted Q-band absorptions were observed for higher C-PC assemblies, and the shifts
were accompanied by apparent color and intensity changes. Such spectroscopic behaviors
reflected a protein—chromophore regulatory mechanism, whereby the protein assembly state
of C-PC does not control only the positions and conformations of single chromophores
but also interchromophoric couplings. Based on this regulatory mechanism, the embedded
chromophores gained tunability owing to the attached protein matrix that assembles and
disassembles according to the environmental pH. The found pH-tunable photochemical
behaviors of C-PC, with respect to fluorescence, Q-band absorption, and color, may be
exploited in the future for the development of photochromic pigments22: 23 and smart
materials for imaging,24 photosensing,2° and biolabeling.26

pH-dependent spectral and conformational responses to UV irradiation

In vivo, phycobiliproteins serve as essential photosynthetic apparatuses because of their
light-harvesting abilities and flexible structures that allow the organisms to cope with
diverse environments.2” Our results suggested that isolated C-PC in vitro can also sense

and respond to light while exhibiting large-scale spectral and conformational changes

in a pH-dependent manner. An important evidence of C-PC’s light sensitivity was the
photobleaching phenomenon, whereby the blue color of C-PC progressively bleached under
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constant 365-nm UV irradiation (Figure 3, A and B). Intriguingly, the kinetic results (Figure
3C) indicated that the photobleaching rate was remarkably decreased in the following order:
pH 3.0 > pH 9.0 > pH 7.0 > pH 5.0. Given the above SEC-SAXS-derived structural
information, it was evident that the photobleaching was inhibited as the protein matrix folds
and assembles into higher-order structures.

Monitoring C-PC conformational changes over a 12-h irradiation period by CD and protein
intrinsic fluorescence (Figure 3D-G, details are given in section 1.3 in Sl) revealed that
highly assembled C-PC at pH 5.0 tended to further aggregate under irradiation, and this
increased aggregation is in opposition to the tendency of irradiation to cause protein
unfolding at other pH values (pH 3.0, 7.0, and 9.0).

In order to gain further insight into how the conformation of differently assembled C-PC
fragments changes as a result of irradiation, 12-h-irradiated C-PC samples were also
subjected to SEC-SAXS analysis, and the results thus obtained were compared with those of
the corresponding non-irradiated fragments. It was found that all the interpretable fragments
at pH 3.0, 7.0, and 9.0 displayed increased conformational flexibility after irradiation but no
discernible aggregation, cleavage or disorder (see Sl section 1.2.3 for details).

In the case of C-PC at pH 5.0, the irradiated Fragment 2 and Fragment 3 (Table S2; Figure
4, panels ii and iii in A-E) also displayed nearly identical structural parameters and ab
initio envelopes to their non-irradiated counterparts. However, a highly assembled Fragment
1 and a new fragment characterized by a large ~y value (hereafter Fragment N) were
observed to have formed following irradiation; SEC-SAXS data of the two fragmetns are
given in Figures 2A (green dotted line) and S4F (yellow and red boxes), and detailed SAXS
analysis are given in section 1.2.4 in Sl. In brief, the irradiated Fragment 1 at pH 5.0 was
determined to be an (ap)12 dodecamer consisting of two offset (ap)g hexamer subdomains
(Figure S6B), which were arranged in a similar offset and columnar conformation to its
non-irradiated counterpart (Figure S6A). Concurrently, the new Fragment N was a rod-like
(aB)24 24-mer composed of four offset and tightly packed (a)s hexamers (Figure S6C).
These identified supramolecular assemblies further corroborated the CD and protein intrinsic
fluorescence results that irradiation induced protein aggregation at pH 5.0.

For the first time we constructed and visualized stable, highly assembled solution structures
of isolated C-PC as offset (ap)12 dodecamers and rod-like (af)24 24-mers, both of which
were formed at pH 5.0 after irradiation. Normally, the weak intermolecular interactions

of phycobiliproteins determine that large assemblies in solution are easily disrupted by
environmental changes and do not further associate into rods, in the absence of linker
proteins or stabilizing agents (e.g., 0.5-0.9 M phosphate2 28).29. 30 Our finding suggested
that additional intermolecular forces that bridge and strengthen the assemblies may have
arisen at pH 5.0 after irradiation; evidences will be provided later to support this hypothesis.

pH-controlled photogeneration of singlet oxygen (10,)

To elucidate the photochemical mechanisms behind the structural changes, we monitored
irradiation-induced radical formation by C-PC at pH 3.0-9.0. Generation of 10,, one of the
main products of photosensitized reactions,31: 32 was determined by electron paramagnetic
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resonance (EPR) spectroscopy using 2,2,6,6-tetramethylpiperidine (TEMP) as the trapping
agent (Figure 5A). In the absence of irradiation, no signals due to 10, were detected

at any pH; upon in situ irradiation, however, 10, production was immediately detected

via appearance of the 1:1:1 triplet lines (ay = 16.2 G, g = 2.006) characteristic of

the paramagnetic nitroxide radical, 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO). The
intensity of the triplet signal at each pH increased to reach a maximum within ~10 min;

it then slowly decayed over ~15 min, indicating the dependency of 10, formation on
irradiation time and the probable existence of other reactions competing for the generated
TEMPO radicals. Notably, the 10, generation displayed a pronounced pH dependency and
the yield decreased as follows: pH 5.0 > pH 3.0 > pH 7.0 > pH 9.0, whereby the 10,

yield at pH 5.0 was 2-5 times higher than that at other pH values. In the present context,
we envisage the following situation: if the C-PC chromophores serve as photosensitizers
to trigger 10, generation, then the highly assembled C-PC at pH 5.0, which assisted
hierarchical chromophore couplings at intermolecular interfaces (discussed in Figure S8),
may also facilitate photosensitized interactions and boost 10, yield.

10, reacts with nearby molecules and initiates the cascade generation of other reactive
species.33-35 The secondary radicals generated upon irradiation were detected by using
5,5-dimethyl-1-pyrroline N-oxide (DMPO) as the trapping agent (Figure 5B). Although the
signals due to DMPO adducts at different pH values were 2—3 orders of magnitude weaker
than those due to 10,, their increases and decays followed a similar trend. Notably, the
identified carbon-centred radicals at all pH values (black dots in Figure 5C, see Table S3
for details) corroborated that C-PC’s protein matrix or chromophores were involved in the
radical formation.

We also observed that formation of the DMPO adducts at all pH values could be
significantly suppressed by the addition of sodium azide (NaN3), a selective 10, quencher
(Figure S9); this further confirmed the role of 10, in the generation of secondary radicals
trapped by DMPO. Moreover, as radicals were being directly and indirectly scavenged

by NaN3, C-PC photobleaching was inhibited by 30.5-37.1% (Figure S10) with respect
to solutions lacking NaNj3; this indicated that, in addition to C-PC’s protein matrix, the
embedded tetrapyrrole chromophores are also a main target of radical attacks.

Intriguingly, our results suggested that high 105 yields do not necessarily signify

high photosensitizer consumption. At pH 5.0, whereby the highest 10, yield was
observed, the chromophores displayed the most photostable blue color (Figure 3A-C,
described above). This phenomenon can be interpreted as an indication that the C-PC
photosensitization proceeded via different mechanisms. Theoretically, photosensitizers
participate in photosensitized reactions via either Type | photochemistry, to generate radials/
radical ions (e.g., sensitiser radical anions, OHe and O»¢") and get oxidized, or Type Il
photochemistry, to generate 10, species that react with other substrates instead of the
photosensitizer (leading to almost no photosensitizer loss).36 Multiple radical products
were detected in our case, indicating that the photosensitization of C-PC may proceed via
both Type | and Il mechanisms.3% However, the radical composition differed substantially
for C-PC at different pH, which suggested that the protein assembly state determined

the predominant type of photosensitized reaction in a given solution condition, and thus
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determined to what extent the embedded tetrapyrrole chromophores, as photosensitizers, are
consumed and photobleached during the reaction.

Intermolecular photo-crosslinking via Tyr residues

SDS-PAGE analysis suggested that C-PC was also covalently modified by UV irradiation
in a pH-dependent manner (see Figure S11A for details). Generally, photo-crosslinking

in proteins often occurs between several photoactive residues, such as Cys, His, Trp,

and Tyr, forming disulphide, histidine-lysine, or dityrosine linkages.3’=39 In our case,

the photo-crosslinking—occurred intermolecularly via nonreducible covalent bonds—most
likely involves Tyr residues, given their high abundance in C-PC relative to the other
photoactive residues (Figure S3A). Moreover, it was noticed that most of the Tyr residues
in C-PC locate around the chromophores*? and at the interfaces across a.- and - subunits
(Figure 1), making it possible for the photo-crosslinking to happen intermolecularly across
separate chains as was suggested by SDS-PAGE gels. Indeed, the involvement of Tyr
residues in photo-crosslinking was experimentally corroborated by the Tyr-derived radicals
(direct EPR, Figure S11B) and dityrosine species (dityrosine-specific fluorescence, Figure
S11C) extensively formed in irradiated C-PC at pH 5.0.

Collectively, irradiation at pH 5.0 induced intermolecular photo-crosslinking via dityrosine
linkages, which was not detected or barely detected for C-PC at other pH values. Thus, it
is reasonable that these intermolecular covalent bonds provide additional bridging forces
between the assemblies and prompted the formation of the described supramolecular
fragments at pH following irradiation. The pronounced pH-dependency of the photo-
crosslinking could explain why C-PC exhibited opposite conformational changes—the
aggregation at pH 5.0 versus the unfolding at pH 3.0, 7.0, and 9.0—under irradiation. In
brief, we propose that the intermolecular photo-crosslinking detected at pH 5.0 more than
compensates for the intrinsic instability of isolated phycobiliproteins in solution and the
irradiation-induced unfolding tendency predominant at other pH values.

CONCLUSIONS

The in vivo light-adaptability of C-PC highlights this protein’s conformational flexibility
and controllability, which set the stage for its in vitro utilization as tunable photoactive
systems. However, manipulating C-PC in vitro requires an in-depth understanding of its
behavior in solution, especially the structural and photochemical responsiveness to pre-
specified changes in environments. Among the common environmental stimuli proteins can
respond to (e.g., pH, ionic strength, concentration, and heat), we paid particular attention
to pH changes, which drive large-scale but reversible conformational changes in C-PC.

By controlling the solution pH, the tendency of isolated C-PC to disintegrate became
suppressible, thus we were able to construct and characterize the diverse C-PC structures
in solution using SEC-SAXS. These differently assembled structures were used as starting
materials to investigate the assembly—disassembly pathways and the protein—chromophore
regulatory mechanisms related to phycobiliproteins’ light acclimatory responses.

Our results unveiled that C-PC protein matrix’s mode of assembly governs the
photochemical functions of the embedded tetrapyrrole chromophores, which is achieved via
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multiple mechanisms. The spectroscopic behavior of the chromophores varied according

to the protein assembly state, mirroring the regulatory role of the protein matrix on
chromophores’ conformations and pairwise interactions. With the chromophores functioning
as photosensitizers, UV irradiation of C-PC induced pH-dependent 10, generation, which in
turn initiated radical chain reactions with the chromophores and nearby amino acid residues.
These events were made evident by the observations of residue-derived radicals, photo-
crosslinking via dityrosine linkages, as well as the NaNs-inhibitable radical formation and
photobleaching. However, although the chromophores were shown to act as both the source
and target of the photogenerated radicals, it was the protein matrix that actually dictated
C-PC’s light responsiveness. Indeed, the protein matrix’s mode of assembly determined not
only the predominant photosensitized reactions, but also the distinct conformational changes
under irradiation, that is, the irradiation-induced unfolding at pH 3.0, 7.0 and 9.0 versus the
photo-crosslinking and aggregation at pH 5.0.

Additionally, of all the pH conditions investigated, it was the highly assembled C-PC at pH
5.0 that unexpectedly displayed both the highest 105 yield and the highest color stability
under irradiation. These observations highlighted another potential protein—chromophore
regulatory mechanism, that is, the protein matrix can impart photoprotection on the
embedded chromophores via the assembly—disassembly pathways. Cyanobacteria or other
light-harvesting organisms are known to have evolved photoprotective mechanisms to
mitigate the detrimental effects of sunlight on their photosystems.#1: 42 Such mechanisms,
however, usually require synergy between phycobiliproteins and other in vivo substances,
such as carotenoids.*3 Our results demonstrated a self-photoprotective mechanism on
chromophores imparted solely by phycobiliproteins’ protein matrix, which has not been
previously reported. In fact, high-order protein assemblies are abundant in cells that

are frequently exposed to stressed environments.*# In these cells, protein assembly or
disassembly can be triggered by many in vivo signaling pathways that alters cellular
conditions, such as ion concentration, osmotic pressure, pH, and heat, etc. Transitions

of protein assembly states enable rapid and reversable changes in protein function and
thus fast adaptation of the cells to external fluctuations. In terms of phycobiliproteins,

the weak protein intermolecular interactions dictate that the high assemblies can rapidly
disintegrate under undesirable conditions, like nutrient stress*® or excess light,*6: 47 in order
to avoid unnecessary photosynthesis and energy loss. In this view, high phycobiliprotein
assemblies can promote cellular survival under extreme environments via flexible assembly-
disassembly transitions.

Although radical generation during photosynthesis is an unwanted side reaction in vivo,
which leads to photo-oxidative stress and cell death, it enables C-PC to be photoactivated
for potential chemical and biomedical applications. Toward this end, this work dissected
the intriguing UV-activable and pH-tunable photoactivity of C-PC, featuring remarkably
enhanced 10, yields and fluorescence emissions at pH 5.0 with respect to C-PC at

other pH values. From an application point of view, the enhanced activation of C-PC

in weakly acidic environments (pH 5.0) is of particular biomedical significance, since
tumor microenvironments are characterized by similar acidity, for example, the pH of
lysosome is 4.5-5.0,48 relative to healthy tissues, a trait typically exploited in cancer
treatment.*9 In this sense, C-PC could be utilized in the design of novel pH-responsive
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fluorescent imaging probes® 51 or 10, generators®? to boost photodynamic activities

at acidic tumor sites while minimizing phototoxicity to non-target healthy tissues.>3
Previously, tetrapyrrole-containing proteins, naturally derived or synthetic, have been

used to fabricate photosensitizers®l: 54 55 and fluorescent probes.>6-58 In most of these
studies, however, external carriers, chemotherapeutic agents, or fluorophores had to be
attached®® in order to gain ROS formation and tumor selectivity—that is, the tetrapyrroles
and phycobiliproteins merely functioned as photosensory pigments (light absorbers and
emitters). While the referenced cases demonstrate the potential photodynamic applications,
the intrinsic photoactivity and tunability of phycobiliproteins, offered by their modular and
flexible protein architecture, are overlooked and underutilized. Therefore, it is envisaged
that with further development, the remarkable pH-responsiveness, photoactivity, and
conformational flexibility of C-PC demonstrated in this work, along with this protein’s
inherent biocompatibility and wide availability, will open new routes for its applications in
cancer diagnosis, photodynamic therapy (PDT), drug delivery, and oxidation catalysis®0-62,
Our future work will be directed toward a series of application-centered studies based

on the identified tunability and photoactivity of C-PC. First, in vivo and in vitro tests

will be conducted to assess the intracellular uptake, therapeutic efficacy, and tumor cell
selectivity of C-PC under pH controls. Second, we seek to further explore how C-PC
respond to other physical or chemical stimuli; priorities will be given to the investigations of
protein concentration, ionic strength, surfactants, and redox agents—in light of the identified
sensitivity of C-PC to electrostatic/redox signals and solution conditions. For example,
changes in protein concentration®3 may be used in conjunction with the pH effect to further
populate the high C-PC assemblies at pH 5.0 and thus boost the photosensitized reactions.
Similar extension of the current work by applying multiple physical or chemical stimuli
may reveal phycobiliprotein systems with more versatile responsiveness, thus, propelling the
applications in exciting new directions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Interactions at (a); trimer—(ap); trimer interface within

(aB)s hexameric assembly
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Figure 1. pH-dependent salt bridges at C-PC intermonomer and intertrimer interfaces.
(A) Top view of the overall (ap)3 trimeric assembly, with one (ap) monomer highlighted

in opaque thick representation. (B) Side view of the overall (ap)g hexameric assembly, with
one (ap)s trimer highlighted in opaque thick representation. (i—vii) in both left and right
panels, Close-ups of the detailed interactions across the described interfaces between protein
residues or tetrapyrrole chromophores, which correspond to the black boxes in (A) and (B).
The described interfaces are highlighted in yellow. The key salt bridges are denoted by the
black dotted lines. The numbers beside the black dotted lines indicate interatomic distances
(A). All residues and chromophores involved in the interactions are labelled and shown as
colored sticks (oxygen atoms, red; nitrogen atoms, blue). Helices of the .- and - subunits

are colored green and blue, respectively.
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Figure 2. SEC-SAXS analysis reveals different assembly states of non-irradiated C-PC at pH
3.0-9.0.

(A) Overlay of size-exclusion chromatography profiles. The solid and dotted lines are

for non-irradiated and irradiated C-PC, respectively. The grey arrow indicates the void
volume (Vp). The approximate elution volumes of molecular weight standards are reported.
Numbers 1, 2, 3, and N identify fragments used in subsequent SAXS analysis. (B) SAXS
scattering profiles (colored dots) fitted with theoretical scattering curves (black lines)
back-calculated from C-PC crystal models in different assembly states (PDB 1GHO0).11

(i) Fragment 2 at pH 3.0 (red dots) fitted with (ap) monomer model (double line). (ii)
Fragment 1 at pH 5.0 (olive dots) fitted with a CORAL-derived (ap)g nonamer model
shown in (D) (dash—dot line). (iii) Fragment 2 at pH 5.0 (green dots) fitted with (ap)g
hexamer model (dashed line). (iv) Fragment 3 at pH 5.0 (teal dots) fitted with (o) trimer
model (solid line). (v) Fragment at pH 7.0 (blue dots) fitted with (ap)3 trimer model. (vi)
Fragment at pH 9.0 (grey dots) fitted with () monomer model. Fittings were conducted
by FoXS;? 10 all y2-values (Table S1) point to good fits. (C) GASBOR ab initio envelopes
(surface representation) superimposed with the corresponding crystal models (cartoon). (D)
The CORAL model of Fragment 1 at pH 5.0, consistent with the corresponding GASBOR
envelope (ii in C). The indicated C-PC (ap)3 trimer and (af)s hexamer models were used
as input rigid bodies. See Figure S6A for details. (E) Pair distance distribution functions. (F)
Dimensionless Kratky plots. The cross-hair marks the Guinier—Kratky point (v3, 1.1), the
peak position for an ideal globular structure. Panels (E-F) are colored as in (B).
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Figure 3. Spectroscopic analyses for irradiation-induced photobleaching and conformational
change at pH 3.0-9.0.

(A-B) Changes in color and Q-band absorption of C-PC as a function of irradiation

time. Absorptions in (B) are recorded at peak maxima indicated in Figure S8C. n =3
independent samples; each individual point represents the mean of three technical replicates.
(C) Photobleaching rate constant calculated from data points in (B) (see section 1.1.6 in

Sl for details). (D) Far-UV CD spectra of C-PC at pH 3.0-9.0 after 0-12 h of irradiation.
(E) Irradiation-induced secondary structural changes calculated by the difference in mean
residue ellipticity (MRE) minima at 222 nm before and after 12 h of irradiation (AMRE>2>).
(F) Irradiation-induced changes in interhelical contacts traced by ratios of MRE minima at
222 and 208 nm (MRE222,208). (G) Intensity (black) and peak wavelength (red) of protein
intrinsic fluorescence plotted against irradiation time. All irradiations were performed under
a 365-nm UV lamp; n = 3 independent samples, mean + s.d. Statistical significance in

(E) was calculated using one-way ANOVA with Tukey’s honest significant difference test.
***P<0.001; ****P<0.0001. Panels (F-G) reveal irradiation-induced aggregation at pH 5.0
versus irradiation-induced unfolding at pH 3.0, 7.0, and 9.0.
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Figure 4. SAXS analysis reveals irradiation-induced conformational changes of C-PC at pH 3.0-
9.0.
(A) SAXS scattering profiles (dots) fitted with theoretical scattering curves (lines)

back-calculated from corresponding C-PC crystal models (PDB 1GH0).11 Non-irradiated
fragments are colored lines on square dots; irradiated fragments are black lines on circular
dots. The following C-PC crystal models in different assembly states were used for fitting:
(ap) monomer in i, v; (ap)3 trimer in iii, iv; and (ap)g hexamer in ii. (B) Dimensionless
Kratky plots. (C) Pair distance distribution functions. (D-E) Surface representations of
GASBOR ab initio envelopes for non-irradiated (D) and irradiated (E) C-PC fragments.
For Fragment 2 at pH 3.0 (red) and the fragment at pH 9.0 (grey), the dotted ovals in (E)
highlight the pronounced protrusions that arised in the structures after irradiation, which
were absent from the corresponding non-irradiated structures in (D). The corresponding
DAMMIN envelopes in Figure S6, E and F, reveal similar protrusions in the structures.
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Figure 5. X-Band EPR detection of photogenerated radicals from C-PC at pH 3.0-9.0.

(A-B) Time-dependent EPR spectra of 2,2,6,6-tetramethylpiperidine (TEMP)/10, (A)
and 5,5-dimethyl-1-pyrroline N-oxide (DMPO) adducts (B) collected under in situ UVA
irradiation for the indicated times. The spectra are shifted by an arbitrary offset for clarity.
Panels i—iv in (B) are used for the spectral simulations in (C). (C) Experimental (colored
lines) and simulated (black lines) EPR spectra of photogenerated DMPO adducts with
residuals of the fits reported below. The input spectra are C-PC at pH 3.0 after 30 min
irradiation (i); and C-PC at pH 5.0 (ii), 7.0 (iii) and 9.0 (iv) after 20 min irradiation.

The symbols mark line components belonging to DMPO-Re (black dots), DMPO-CQOye~
(light-blue triangles), DMPO-He (red diamonds), DMPO-OHs (light-green squares), and an
unidentified DMPO-Xe (magenta asterisk); see Table S3 for details of spectral simulation.
In all cases, the C-PC concentration was 1 mg/ml.
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