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Abstract

Orange Carotenoid Proteins (OCPs) are photoswitchable macromolecules playing an important 

role in non-photochemical quenching of excess energy in cyanobacterial light-harvesting. Upon 

absorption of a blue photon (450-500 nm) OCPs undergo a structural change from the ground state 

OCPO to the active state OCPR, but high-resolution structures of the active state OCPR are not yet 

available. Here we use small-angle scattering methods combined with simulation tools to determine 

low-resolution structures of the active state at low protein concentrations via two approaches: first, 

directly by in-situ illumination of wild-type OCP achieving a turnover to the active state of >90%, 

and second, by using the mutant OCPW288A anticipated to mimic the active state structure. Data fits 

assuming the shape of an ellipsoid yield three ellipsoidal radii of about 9, 29 and 51±1 Å, 

respectively, in the case of the ground state OCPO. In the active state, however, the molecule 

becomes somewhat narrower with the two smaller radii being 9 and only 19±3 Å, respectively, 

while the third dimension of the ellipsoid is significantly elongated to 85 – 92±5 Å. Reconstitutions 

of the active state structure corroborate that OCPR is significantly elongated compared to the 

ground state OCPO and characterized by a separation of the N-terminal and C-terminal domains 

with unfolded N-terminal extension. By direct comparison of small-angle scattering data, we 

directly show that the mutant OCPW288A can be used as a structural analogue of the active state 

OCPR. The small-angle experiments are repeated for OCPO and the mutant OCPW288A at high 

protein concentrations of 50-65 mg/ml required for neutron spectroscopy investigating the 

molecular dynamics of OCP (see accompanying paper). The results reveal that the OCPO and 

OCPW288A samples for dynamics experiments are preferentially dimeric and widely resemble the 

structures of the ground and active states of OCP, respectively. This enables us to properly 

characterize the molecular dynamics of both states of OCP in the accompanying paper.
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1. Introduction

Many cyanobacteria employ Orange Carotenoid Proteins (OCPs) for the purpose of protecting their 

sensitive photosystems against the harmful effects of excess light energy in a process termed non-

photochemical quenching (NPQ) of phycobilisome (PBS) antenna fluorescence 1. OCPs are light-

triggered photoswitches employing ketocarotenoids as cofactors, which undergo photoconversion 

from the basal, dark-adapted orange state (OCPO) to the active red state (OCPR) upon absorption 

of a blue photon (450-500 nm) 2-5. OCPR is able to interact with phycobilisome antenna complexes 

to consequently quench their fluorescence, thereby preventing photodamage of the underlying 

photosystems by dissipating excessively absorbed light energy into heat 6. Structurally, the about 

35 kDa water-soluble OCPs are subdivided into two domains of about equal size, an N-terminal 

and a C-terminal domain (NTD and CTD, respectively), which almost symmetrically encapsulate 

a single xanthophyll molecule in a common central cavity 7, 8. The predominant xanthophyll is 3’-

hydroxy-echinenone when purified from native cyanobacteria (e.g. Synechocystis sp. PCC 6803 or 

Arthrospira maxima), but photoactivity is also preserved with only 4(4’)-ketolated xanthophylls 

(either echinenone, carrying a single keto group in 4-position of the terminal ring, or the 4,4’-

diketolated canthaxanthin, when expressed in appropriate E. coli strains), whereas insertion of 

carotene or (3,3’-hydroxylated) zeaxanthin results in non-photoconvertible protein9. While the 

OCPO R conversion is triggered by photon absorption 5 (albeit with very low quantum yield 

of ~0.2 % 10, 11 making OCP an excellent light intensity sensor over the range of ambient light 

intensity fluctuations), the back-conversion occurs spontaneously (thermally) even in the dark, 

since the OCPO state is the thermodynamically stable one. In cyanobacteria, the OCP-related NPQ 

is terminated by the about 16 kDa Fluorescence Recovery Protein (FRP) 12-15, which exerts a dual 

action by speeding up detachment of the quenching-active OCPR from the PBS and accelerating 

the OCPR O back-conversion, the latter by mainly increasing the pre-exponential factor in 

the Arrhenius formulation of the temperature-dependent rate constant while leaving the activation 

energy of the process almost unchanged 16.
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Figure 1: OCPO monomer according to the crystal structure of Leverenz et al. (pdb-code 4XB5)17: the N-

terminal domain is shown in green, the C-terminal domain in orange, the N-terminal extension in blue and 

the carotenoid in cyan. The four protein residues interacting with the carotenoid are highlighted in purple 

color, see text.

In the basal OCPO state, the protein adopts a compact structure (see Fig. 1), which has been known 

in atomic detail for many years 7, 17, 18. While the NTD is mainly composed of  as major 

structural elements, the CTD is of mixed  character and belongs to the wide-spread 

family of nuclear transport factor 2 (NTF-2)-like proteins (PFAM 02136). The OCPO structure is 

stabilized by multiple protein-protein interactions across the NTD-CTD interface, by the NTD-

CTD linker, and by the N-terminal extension (NTE) of the NTD encompassing the  helix that 

attaches to a specific site on the  surface of the CTD 19, 20. The only specific interactions 

between the carotenoid and the protein are two H-bonds between the 4-keto oxygen of the 

carotenoid and the hydroxyl group of Tyr-201 as well as to the imino nitrogen of Trp-288 in the 

CTD (amino acid numbering according to Synechocystis sp. PCC 6803) 21, 22. These amino acids 
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are highly conserved in all known OCP sequences, and mutations at either of the two positions 

interfere drastically with the ability to photoswitch, with carotenoid preference, with spectroscopic 

characteristics, or with other important physico-chemical properties of the protein. Within the 

NTD, Tyr-41 and Trp-110 are also in interaction distance to the other terminal ring of the 

carotenoid and involved in e.g.  but mutations in these positions mostly have less severe 

consequences18. Results of a recent study employing dynamic X-ray crystallography on full-length 

OCP suggest that the aforementioned H-bonds are the first to break upon photoactivation. This 

triggers a whole series of events that eventually result in the formation of the OCPR state10, 23, 24. 

The latter is characterized by complete separation of the domains, detachment of the NTE from the 

CTD, and translocation of the carotenoid into the NTD 8, 17, 25. These studies already indicate that 

the scheme OCPO R for the “photocycle” of OCP is an oversimplification 10. Already in 

2008, Wilson et al. 5 revealed by fs absorption spectroscopy that after decay of the excited hECN 

states on a ps timescale, a photoproduct remains at very low amplitude which is slightly red shifted 

as compared to the absorption of OCP indicating that these states of the chromophore may be 

similar but not identical to the state in OCPR and that subsequent relaxation of the protein takes 

place on timescales longer than nanoseconds. A recent multi-parametric spectroscopy study has 

shown that several spectroscopically discernible intermediates exist on the way, and that there is 

considerable asynchrony between the spectroscopic state of the carotenoid cofactor and the 

structural organization of the surrounding protein 24. Thus, on the timescale of picoseconds 

immediately following photoexcitation 5, characteristics of the spectrally red-shifted intermediate 

are already observed, which is long before the large conformational changes leading to the 

extended configuration of the OCPR state with separated domains. On the contrary, during back-

reversion, there are already spectral characteristics for some orange state, before the final structural 

reorganization to form the compact, dark-adapted OCPO structure comes to completion 10.

Unfortunately, a high-resolution structure of the OCPR state is still elusive, although such 

information would be mandatory to understand the principles of photoprotective action of the OCP 

protein and of its color tuning. The process of photoconversion and formation of the OCPR state 

eventually leads to (i) complete separation of the domains, which are only connected via the 
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flexible NTD-CTD linker, (ii) a large increase of the hydrodynamic volume of the protein, creating 

properties of a molten globule state with enhanced conformational flexibility11, and (iii) full 

translocation of the carotenoid cofactor by 12 Å into the NTD 17. Such extensive carotenoid 

repositioning has first been hypothesized based on the elucidation of the X-ray crystal structure of 

the NTD of OCP, which has previously been observed as a carotenoid-containing spontaneous 

hydrolysis product in native OCP preparations and was termed Red Carotenoid Protein according 

to its color appearance. A recent FRET triangulation study showed that this carotenoid 

translocation indeed occurs dynamically in the full-length OCP protein 26. Besides the considerable 

disorder, the metastability of the OCPR state is problematic for high-resolution structural studies, 

since the protein would have to be permanently illuminated with intense blue light. However, 

sequence variants are already at hand, which mimic the properties of the red signaling state of OCP. 

One of these variants is the OCP-W288A mutant protein (initially termed “OCPW288A” or “purple 

carotenoid protein”), which has been shown to have very similar hydrodynamic properties like the 

OCPR state, to interact with FRP and to be capable of phycobilisome fluorescence quenching 

without requiring photoactivation, and, therefore, should be an ideal model for the structure of the 

OCPR signaling state 15.

In this regard, small-angle neutron and X-ray scattering (SANS and SAXS, respectively) are 

valuable experimental techniques providing structural information in aqueous solution, i.e. under 

the same conditions as applied in spectroscopic experiments (for reviews, see 27, 28 ), while neutron 

spectroscopy probes the molecular dynamics of biomolecules 29-31, see accompanying paper. SANS 

and SAXS are especially powerful in investigations in the case of complex formation out of 

proteins with known crystal structures 32, 33 as well as in the determination of intrinsically 

disordered structures like detergent micelles or belts of solubilized membrane proteins 34, 35. Further 

applications in photosynthesis research (for a review see 36) encompass neutron studies of the 

organization of plant thylakoid membranes in solution 37, 38, of the hydration dependence of the 

PS II membrane spacing 39, the structural arrangement of cyanobacterial thylakoid membranes 40, 

41, but also state transitions in Chlamydomonas reinhardtii 42. 
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7

In the present study, we apply SANS and SAXS for investigations of the structure of the active 

state OCPR using two different approaches: first, via illumination of wild-type OCP, and second, 

employing the mutant OCPW288A, which is expected to widely resemble the structure of OCPR see 

above. The results confirm that OCP undergoes a domain separation along with a considerable 

elongation upon illumination. Moreover, the solution structure of the mutant OCPW288A is shown 

to have a highly similar structure as OCPR in aqueous solution. Comparative neutron spectroscopy 

studies characterizing the molecular flexibility of OCP and of the molten globule state of OCPW288A 

on the picosecond to nanosecond timescales are reported in the accompanying paper. In the present 

paper, we verify that both OCP and OCPW288A retain their solution structures even at the relatively 

high protein concentrations of 50 – 65 mg/ml required for neutron spectroscopy.
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2. Materials and Methods

Sample Preparation: cDNA constructs and cloning: For the expression of OCP and the pink 

species of the OCP-W288A mutant (PCP) we used a plasmid harboring the DNA sequence of OCP 

according to the published amino acid sequence (Pubmed/UniProt entry P74102) which was 

optimized for codon usage in E.coli by artificial gene synthesis (GeneOptimizer® algorithm, 

GeneArt, Life Technologies). The OCP-DNA was cloned into the first multiple cloning site of the 

pRSFDuet-1 vector (Novagen) by excision with BamHI and NotI. The resulting N-terminal amino 

acid sequence was: MGSSHHHHHHSQDPATM(1)..., which was verified by DNA sequencing 

(Eurofins MWG Operon, Germany). The OCP wild type protein was cloned into a modified 

pRSFDuet-1 vector which encodes a specific human rhinovirus 3C protease cleavage site 

(LEVLFQ/GP) for cleaving the His6-tag (plasmid called “pRSFDuetM”). After incubation with 

3C protease the N-terminal amino acid sequence for the OCP-WT was: GPDPATM(1)… . The 

W288A mutant was generated by using the QuikChange® site-directed mutagenesis kit 

(Stratagene) according to manufacturer’s instructions.

Protein expression and purification: For expression of the holo-protein the pRSFDuetM-OCP or 

pRSFDuet-PCP plasmid was transformed in echinenone producing BL21(DE3) E.coli cells (New 

England Biolabs). The carotenoid expression is essentially described in 22. The expression 

conditions were the same for all constructs: 500 ml of medium supplemented with 34 µg/ml 

chloramphenicol (carotenoid producing plasmid) and 50 µg/ml kanamycin (for OCP plasmid) were 

inoculated from an overnight culture to an OD of 0.05 and grown in an orbital shaker at 37 °C and 

220 rpm until the OD reached 0.7-0.8. After the induction with 0.5 mM IPTG the cells were grown 

for 48-72 h at 25 °C. Cells were harvested by centrifugation at 10,000 × g at 4 °C for 20 minutes 

and frozen until use.

The frozen cell pellets were resuspended in phosphate buffer (137 mM NaCl, 2.7 mM KCL, 12 

mM phosphate, pH 7.4) and supplemented with 100 mg lysozyme and protease inhibitors 

(Complete®, Roche). The cell lysis was performed by 3-4 freeze/thaw cycles on dry ice with 

absolute ethanol and a water bath at room temperature. After removal of the cell debris by 

centrifugation (18,000 × g, 4 °C) the clarified supernatant was purified by affinity chromatography 
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9

with a peristaltic pump using 5 ml Co2+-HiTrap Talon crude columns (GE Healthcare). The protein 

was eluted by an imidazole containing phosphate buffer (250 mM imidazole). After affinity 

chromatography either the His6-tag cleavage or a hydrophobic-interaction-chromatography was 

performed. For cleavage with 3C protease the purified 3C protease was added in a 1:1000 dilution 

(referred to the total protein mass) to the eluted protein solution and incubated for 18 h at 4 °C in 

3C protease buffer (20 mM Tris, 100 mM NaCl, 2 mM DTT, pH 7.5). After His6-cleavage the 

protein solution was applied to an affinity chromatography column for the second time and the 

flow through was collected for dialysis in HIC buffer (500 mM (NH4)2SO4, 100 mM NaCl, 10 mM 

phosphate, pH 7.4) over night at 4 °C. The hydrophobic-interaction-chromatography was carried 

out on a HiPrep 16/10 Phenyl HP column (Ge Healthcare) with an ÄKTA FPLC purification 

system (GE Healthcare). The protein was eluted using a buffer gradient with a second buffer which 

contained 10 mM phosphate and 100 mM NaCl. After HIC the protein was dialyzed in phosphate 

buffer and finally a size-exclusion-chromatography was performed on a Superdex™ 200 Increase 

10/300 column (GE Healthcare). The large amount of protein that is necessary for QENS 

experiments was produced by using a rich minimal medium 43. Finally, about 6 liters of MTM was 

used to obtain a total of 100 mg protein for QENS experiments.

Protein preparation for QENS and SANS experiments: The buffer was exchanged from H2O to 

D2O in order to suppress the solvent scattering in the case of QENS experiments and to decrease 

the incoherent background in the case of SANS experiments. This was achieved by using a 

phosphate buffer in D2O prepared by dissolving a PBS tablet (Life technologies) in 100 ml D2O 

(Sigma Aldrich, 99.9% D content). The purified proteins were concentrated in a centrifugation 

concentration filter (PALL corporation Macrosep®) to 400-500 µl and diluted with D2O phosphate 

buffer for 3-4 times till a D2O content of 99.9% was reached. The protein solutions were sealed in 

small tubes and frozen at -80 °C until use.

Small-Angle Neutron and X-ray Scattering: The SANS experiments on OCP and OCPW288A 

samples were carried out at the KWS-1 small-angle diffractometer (JCNS at MLZ, Garching, 

Germany). KWS-1 is perfectly suited to perform high-resolution measurements thanks to its 10% 
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10

wavelength spread. The neutron wavelength used in the present experiment was 5 Å. By measuring 

at two sample-detector distances of 8 m and 20 m, we could cover the Q range from 0.006 to 0.45 

Å-1. The samples were kept in standard 1 mm Helma cells at a constant temperature of 15 °C. We 

used samples in the 100% D2O contrast at two concentrations of about 64 mg/ml and 1 mg/ml, 

respectively. The data reduction procedure includes the correction according to detector sensitivity 

mask. The data treatment is carried out using the QtiKWS program 44. More details about the KWS-

1 can be found in 45.

The SAXS measurements were performed on the diffractometer SmartLabTM (Rigaku) at the 

Institute of Physics, University of Tartu by using the SAXS optics and  radiaton 

 Å, rotating anode X-ray tube working at 180 mA and 45 kV, sample-detector distance 

of 300 mm). The program NanoSolver (Rigaku) was used to pre-process the scattering data, to 

subtract the buffer scattering (see sample preparation) and to correct slit smearing effects.

SANS/SAXS data analysis

The small-angle scattering from a diluted solution of monodisperse particles follows the master 

equation 27, 28 

, (1))()(
)(

)( 22 qSqPVn
qd

qd

where n is the number of particles,  is the difference in scattering length densities between the 

particles and the solvent, and V is the specific volume of the particle. P(q) is the form factor, which 

is a function of the averaged shape and the averaged size of the scattering particles. The effective 

structure factor is presented in the formula as S(q), which is equal to unity for diluted solutions 

without interaction between the individual particles. 
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11

The pair correlation function P(R) and particle maximum dimension Dmax were determined by 

fitting the data using the indirect Fourier transform (IFT) method as implemented in the program 

GNOM 46.

In case of partial aggregation, the SANS data were fitted using a linear superposition of two 

intensity profiles: a) the scattering profile of an ellipsoid with uniform scattering length density 

corresponding to the OCP proteins, and b) a power law 

I(q)=Aqx (2)

representing the scattering from aggregates.

The scattering profile of an ellipsoid with the radii of its three axes being a, b, and c (assuming 

) and with a uniform scattering length density is given by the equation 47  

, (3)

1

0

1

0

2

1

2222222 )1)(
2

(sin)
2

(cos)( dxdyycy
x

b
x

aq
V

scale
qI

el

where 

(4)

2

3

2 )cos()sin(
9)(

x

xxx
x

and 

. (5)abcVel
3

4

The global fitting of SANS curves was performed using the SANS software developed at NCNR 

(NIST) 48. 
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12

Low-resolution solution structures were obtained using the ATSAS reconstitution tool DAMMIN 

developed by the Svergun group based on a reverse Monte Carlo minimization approach 49, 50. The 

structural models derived within this study were generally averaged over 20 iterations.

SAXS data were also analyzed using the software package CORAL (COmplexes with RAndom 

Loops), which allows to define flexible portions in a known crystal structure, while the remaining 

part of the molecule is modeled as a rigid body 51. In our analysis, NTD (residues 19-163) and CTD 

of OCP (residues 171-311) were predefined as rigid bodies based on the 3MG1 pdb code of the 

OCPO dimer 18. In turn, the N-terminal corresponding to the first 18 residues and the linker region 

(residues 164-170) are assumed to be unfolded and flexible in the Coral analysis.

The CRYSON program 52 was used to calculate theoretical SAXS and SANS curves based on 

structures (pdb codes) derived from the DAMMIN and CORAL analyses. This is especially useful 

to compare CORAL structures to SANS data and thus verify their validity, while CORAL is 

otherwise restricted to the analysis of SAXS data.
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RESULTS AND DISCUSSION

Figure 2: SANS experiments of OCP under blue light illumination. A: Illumination setup for OCP at the 

KWS-1 SANS instrument. B: An OCP sample after SANS experiment with illumination at KWS-1: While 

the upper non-illuminated part of the sample retains its orange color characteristic for OCPO, the lower 

illuminated part reveals a color change as expected for OCPR (illuminated region is indicated by the blue 

rectangle). Only the lower (illuminated) part of the sample cell is probed in the SANS experiment.

SANS experiments: SANS experiments of OCP with and without illumination were carried out at 

KWS-1. For these experiments the SANS instrument was interfaced with an illumination setup 

consisting of a laser emitting at 480 nm and a fiber optics to guide the excitation light to the sample 

(see Fig. 2A). The light intensity was about 5 mW/cm² on the surface of the cuvette. At this 

intensity a turnover of OCPO to the active state OCPR of more than 90% is achieved at 15°C, so 

that the illuminated part of the sample appeared clearly red, while the non-illuminated part of the 

sample, which was outside of the neutron beam, remained orange (see Fig. 2B). Consequently, 

SANS experiments for all samples were carried out at 15°C in order to ensure comparability of the 
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data. The SANS curves of OCPO obtained with this setup in the dark (green circles) and of 

illuminated OCP identified with OCPR (red squares) at a low protein concentration of about 

1 mg/ml are shown in Fig. 3. The two curves exhibit a clear difference in the range of intermediate 

Q-values. Upon illumination, the curve is shifted towards smaller Q-values indicating an elongation 

of the OCP molecule in its active state. The SANS data of the OCPW288A mutant obtained for a 

protein concentration of about 1 mg/ml are also shown in Fig. 3 (cyan triangles). A comparison 

reveals that the SANS data of OCPW288A are very similar to those of OCP measured under 

illumination. This finding is in qualitative agreement with the assumption that OCPW288A closely 

mimics the structure of the active state OCPR. Although the data of OCPW288A are slightly noisier 

than the other data sets, a small deviation from the OCPR data is visible in the Q-range between 

0.07 and 0.10 Å-1. This deviation cannot be attributed to a possibly incomplete turnover of OCP 

upon illumination, because this effect would lead to a shift of the curve attributed to OCPR towards 

higher Q-values, i.e. the opposite of the observed deviation. The data shown in Fig. 3 appear to be 

free of undesired effects from sample aggregation. This is important since aggregation is known to 

severely affect spectroscopic properties of pigment-protein complexes53-55.
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Figure 3: SANS data of OCP at a protein concentration of about 1 mg/ml obtained in the dark (green circles) 

and under constant illumination at 480 nm (red squares), respectively, measured at temperature of 15 ºC 

using the instrument KWS-1. SANS data of OCPW288A measured under the same conditions are shown as 

cyan triangles. The black solid lines represent the fitting curves of the ellipsoid model (see Table 1).

Figure 4: A panel: SANS data of OCP at a protein concentration of about 65 mg/ml obtained in the dark 

(black dots) and under constant illumination at 480 nm (red dots), respectively, measured at temperature of 

15 ºC using the instrument KWS-1. The experimental error is in the order of the symbol size. B panel: 

Comparison of P(R) functions calculated from SANS data for OCPO (black line) OCPR (red line) samples.
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SANS data for a drastically higher protein concentration of about 65 mg/ml are shown in Fig. 4A 

for OCP in the dark (black dots) and under constant illumination at 480 nm (red dots) at 15 ºC. 

These conditions are identical to those employed in neutron spectroscopy to study protein dynamics 

in the accompanying paper and, thus, characterize the solution structure of the samples used in 

these complementary experiments. The data shown in Fig. 4A are identical within experimental 

error to those of the low concentration samples (see Fig. 3). This corroborates that the effect of 

illumination on the solution structure of OCP remains virtually the same at higher concentration. 

A very slight increase of SANS intensity towards the lowest Q-values indicates only a small 

contribution from potential sample aggregation at this very high protein concentration. Overall, the 

effect of light excitation on the SANS data has a similar qualitative effect as reported previously 

by Gupta et al. 8, while the effect appears to be more pronounced in Fig. 3 and especially the data 

of highly concentrated OCP shown in Fig. 4A are characterized by an unparalleled signal-to-noise 

ratio. This can be mainly attributed to the careful investigation of excitation conditions (see 

Methods) leading to an almost complete turnover towards OCPR, but also to the high data quality 

achieved on the KWS-1 SANS instrument.

Based on the SANS data shown in Fig. 4A, the solution structures of OCP in the dark and under 

illumination can be characterized by the corresponding pair correlation functions P(R) as shown in 

Fig. 4B. An inspection of these results reveals that OCP elongates towards longer radii upon 

illumination, while the maximum of the P(R)-function tends towards a slightly smaller value. This 

indicates that the molecule becomes longer and less compact on one hand, but also looses size in 

the intermediate dimensions around the maximum of P(R). This is also reflected in the results of a 

model dependent fit using the shape of an ellipsoid compiled in Table 1. OCPO is characterized by 

radii of the ellipsoid of a=9.4 and b=29 Å as well as a radius c=50.8 Å. In contrast, both OCPR and 

OCPW288A exhibit a considerably larger radius c of 85 and 92 Å, respectively, but a smaller 
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dimension of the ellipsoidal radius b on the order of 19 Å. Although the dimensions of radius c 

appear to be slightly different in OCPR and OCPW288A suggesting a possible structural difference, 

we note that the values are similar within experimental error, see also data statistics and fit quality 

in Fig. 3. Structure reconstitutions of OCPR and OCPW288A, respectively, are presented below.

Table 1. Parameters obtained by fitting the OCP SANS data shown in Fig. 3 (protein concentration 

of about 1 mg/ml) using an ellipsoid model 

Sample SANS OCPO SANS OCPR SANS OCPW288A

Scaling factor
0.007±0.0001 0.00034±0.0001

a [Å]
9.4±1 9.1±3 8.7±3

b [Å]
29.0±1 18.9±3 18.6±3

c [Å]
50.8±1 85.0±5 92.0±5

contrast  [1e-6 Å2]
4.4 4.4

Page 17 of 34

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



18

Figure 5: Analysis of SANS data of OCP at a protein concentration of about 1 mg/ml measured in the dark 

at 15 ºC (cyan dots): The fit (black line) corresponds to the reconstructed solution structure of OCP (depicted 

be grey spheres in the inset) obtained using the software package DAMMIF. The crystal structure of dimeric 

OCPO by Wilson 18 (PDB-code 3MG1) is shown in the insert for comparison.

Solution structure of OCPO: The solution structures of the OCP samples were generally obtained 

from the SANS data measured at the lowest protein concentration of about 1 mg/ml in order to 

reduce the influence of protein-protein interactions. This is because effects from protein-protein 

interactions may be expected at higher concentrations56, 57. SANS data of OCP measured in the 

dark at 15 ºC using the instrument KWS-1 are shown as cyan circles in Fig. 5. The solution 

structure of the sample depicted by grey spheres in the inset of Fig. 5 is reconstituted from the 

SANS data using the DAMMIN software package (see Table 2 for full set of parameters). The 

latter structure yields the SANS curve shown as a black line in Fig. 5. The corresponding crystal 

structure of dimeric OCP is also shown in the inset of Fig. 5, A comparison reveals that the structure 

reconstituted from the SANS data widely resembles size and shape of an OCPO dimer suggesting 
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that the OCP sample is preferentially dimeric. It has to be mentioned that previous studies reported 

the presence of different OCP oligomers, but especially monomers and dimers, in solution samples 

58. Although this distribution is not visible here, our model has thus to be considered as a minimal 

description of the SANS data.

Figure 6: Analysis of SANS data of OCPW288A at a protein concentration of about 1 mg/ml measured at 

15 ºC (purple circles): The fit (black line) corresponds to the reconstructed solution structure of OCPW288A 

(depicted be grey spheres in the inset) obtained using the software package DAMMIN. The corresponding 

dimeric structure obtained using CORAL from SAXS data below (see Fig. 9) and identified with OCPR is 

also shown in the inset. Flexible areas in the OCP structure are indicated in blue, NTD and CTD are shown 

in green and orange, respectively. For comparison, the grey line shows the SANS curve calculated for an 

OCPO dimer, see Fig. 5.

Solution structure of the mutant OCPW288A: As already mentioned in the introduction, OCPW288A 

is often viewed as a structural analogue of the active state OCPR 59. The SANS data of the mutant 

OCPW288A are shown in Fig. 6 by purple circles (see also Fig. 3). For comparison, the fit function 

determined for OCPO above is also shown as a grey line in Fig. 6, which clearly deviates from the 
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data. The fit obtained using DAMMIN (see Table 2 for full set of parameters) shows an excellent 

agreement with the data in Fig. 6 and corresponds to the reconstituted solution structure of the 

OCPW288A sample given by grey spheres in the inset of Fig. 6. In contrast to the rather compact 

form of OCPO (see Fig. 5), the reconstituted structure of OCPW288A appears elongated, but slightly 

narrower. This is the same effect as observed when applying the ellipsoidal model (see Table 1) 

and consistent with previous studies of OCPW288A 59. The more detailed structural model shown in 

the inset of Fig. 6 is obtained using CORAL from SAXS data of OCPW288A and discussed in more 

detail below. A theoretical SANS curve can be derived from the CORAL structure using the 

CRYSON routine and yields a fit of the same quality as the black line in Fig. 6 (not shown).

Solution structure of OCPR obtained by in-situ illumination: In order to test the expected 

similarity between the solution structure of OCPW288A on one hand and that of the active state OCPR 

on the other, we also modeled the SANS data of OCP under illumination shown as green dots in 

Fig. 7. As outlined above, we achieved a conversion of OCP to OCPR of well above 90% by 

illumination with blue-light at 15°C (see also Fig. 1 for a picture of the converted sample) so that 

the sample under study widely reflects OCPR. The sample was the same as that used to produce the 

data of OCP in the dark shown in Fig. 5. For comparison, the fit function of dimeric OCPO is given 

as a grey line in Fig. 7 (this is the same fit function used for OCP in the dark in Fig. 5). It is apparent 

that the SANS curve calculated based on the ground state structure of OCP cannot describe the 

data collected under illumination. In contrast, the fit function obtained by DAMMIN (see Table 2 

for full set of parameters) under the same conditions as described above for OCPW288A shows a 

very good agreement with the experimental data of OCPR (see black line in Fig. 7). That is, the 

structural model derived for the mutant OCPW288A is also valid for the active state OCPR as achieved 

by in-situ illumination of an OCP sample. The observation of a generally elongated structure of the 
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active state of OCP is in agreement with the results of Gupta et al. 8 for monomeric OCP using size 

exclusion chromatography.

Figure 7: Analysis of SANS data of OCP under illumination at a protein concentration of about 1 mg/ml 

measured at 15 ºC (green dots): The fit (black line) corresponds to the reconstructed solution structure of 

OCPR (depicted be grey spheres in the inset) obtained using the software package DAMMIN. The 

corresponding dimeric structure obtained using CORAL below (see Fig. 9) and identified with OCPR is also 

shown in the inset. Flexible areas in the OCP structure are indicated in blue, NTD and CTD are shown in 

green and orange, respectively. For comparison, the grey line shows the SANS curve calculated for an 

OCPO dimer, see Fig. 5.
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Table 2. Fit parameters obtained from DAMMIN structure reconstructions of SANS data of OCPO 

and OCPW288A, respectively. 

Fit parameters OCPO OCPW288A
OCPR

Rg (Å) 26.6 40 37.4

Dmax (Å) 85 170 150

Qmin (Å-1) 0.01 0.01 0.01

Qmax (Å-1) 0.3 0.17 0.3

Chi2 0.01 1.703 0.06

Solution structures at high protein concentration verified by SANS and SAXS: As pointed out 

in the Introduction, the active state OCPR may not only be characterized by a specific structure, but 

also by a high degree of molecular flexibility referred to as a “molten globule state”. Protein 

dynamics/flexibility can be directly investigated by neutron spectroscopy as demonstrated for OCP 

in the accompanying paper 60. As a general drawback, neutron spectroscopy requires a rather high 

protein concentration of > 50mg/ml in order to increase the contribution of protein scattering 

compared with that of the solvent. Such conditions may lead to formation of higher oligomers 22, 

58 or even significant non-systematic sample aggregation. In turn, the sample structure may be 

significantly affected so that the measured dynamics cannot be unambiguously related to the 

inferred structures of the ground and active states of OCP, respectively. Therefore, the solution 

structures of the OCP and OCPW288A samples employed for QENS were verified using SANS and 

SAXS, respectively. SANS data of OCP measured using the instrument KWS-1 at a protein 

concentration of about 65 mg/ml and at a temperature of 15 ºC are shown as blue dots in Fig. 8. 

The data were fitted using the reconstituted structure of dimeric OCPO obtained at low 
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concentration above (see black line in Fig. 5), which results in the red line in Fig. 7. In addition, a 

power law representing a minor fraction of aggregates (blue line) has to be taken into account to 

describe the data. The full fit is shown as a black line in Fig. 8. Thus, it can be concluded that the 

OCP sample for QENS experiments is preferentially dimeric (grey spheres in Fig. 5) and only 

slightly affected by aggregation despite of the relatively high protein concentration. 

Figure 8: Verification of the solution structure of the OCP sample at a protein concentration of about 

65 mg/ml using SANS data measured at 15 ºC (blue circles). The fit (black line) was obtained as the sum of 

the reconstructed solution structure of OCP (red line) using the software package DAMMIF (see Fig. 5) and 

a power law accounting for aggregation (blue line). 

In a first attempt of QENS experiments on OCP, OCPW288A will be used as a structural analogue of 

the active state OCPR. SAXS data of OCPW288A measured at a protein concentration of about 

65 mg/ml at 20 ºC are shown as green points in Fig. 9. The SAXS data of OCPW288A were fitted 

using the same dimeric model as shown in Fig. 6 (see black line in Fig. 9) for the mutant sample at 

Page 23 of 34

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



24

a protein concentration of 1 mg/ml exhibiting the expected elongated structure. This confirms that 

the OCPW288A sample prepared for QENS is virtually free of aggregation and corresponds to the 

active state structure OCPR, i.e. the samples can be used for neutron spectroscopy and the measured 

molecular dynamics can be related to the above solution structures.

Figure 9: Verification of the solution structure of OCPW288A at a protein concentration of about 65 mg/ml 

using SAXS data (green circles). The fit (black line) was obtained according to the CORAL structure of 

OCPR shown in Figs. 5 and 6. For comparison, the grey line shows the fit function of OCPO shown in Fig. 5.

CORAL structural model of OCPR: In order to achieve a better impression of the structural 

changes, we also modelled the SAXS data of OCPW288A using the CORAL routine. This package 

can be used for SAXS data only and allows defining flexible and rigid domains of the known crystal 

structure of dimeric OCP (Wilson et al. 18, PDB-code 3MG1), respectively, whose arrangement is 

subsequently optimized to yield the best fit of the experimental data (see Methods). In our analysis, 

NTD (residues 19-163) and CTD of OCP (residues 171-311) were predefined as rigid bodies based 
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on the 3MG1 pdb code of the OCPO dimer18. In turn, the N-terminal corresponding to the first 18 

residues and the linker region (residues 164-170) are assumed to be unfolded and flexible in the 

Coral analysis. This approach is very similar to those used before for OCP 8 and OCPW288A 10. 

Following Maksimov et al. 59, however, the two OCP molecules of the dimer are associated via 

their CTDs (see orange structure in Fig.1). This assumption is based on the observation that 

separate CTDs form dimers in solution, while dimerization is not observed for NTDs. A similar 

association of the two monomers is reported more recently by Harris et al.61. Furthermore, the 

structures of the two OCPs within the dimer are optimized independently, i.e. no assumptions about 

the symmetry of the dimer are imposed. Since SANS is a low-resolution technique, the location of 

the chromophore is not considered in the models presented here. 

Since the crystal structure of OCPO suggests dimerization via NTDs in the inactive ground state of 

OCP, an association of OCPR dimers via their CTDs appears surprising at first glance. However, 

there are a number of arguments which support the structural organization of OCPR as shown in 

Fig. 9: i) a CORAL model of OCPR assuming association via NTDs (not shown) consistently 

exhibits the same basic features like domain separation and NTE unfolding as the model shown in 

Fig. 9, but has a higher Chi2-value and is thus less probable, ii) the interaction between OCPO 

monomers appears to be weak and relies on a few charged protein residues only, which are - 

according to X-ray crystal structure information62 – present in dimer-forming representatives of the 

OCP1 clade, but absent in members of the OCP2 clade occurring only as a monomer62, and iii) 

thus, it is a speculative but reasonable argument to assume that the light-induced structural changes 

within the NTD affect the weak association of the monomeric subunits via their NTDs and lead to 

a rearrangement of the dimer association as well. The latter assumption is also consistent with 

rather long conversion times to OCPR 16, which should allow large scale structural rearrangements 

within OCP itself, but also within the OCP dimer. 
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The CORAL fit is shown as a black line in Fig. 9 and provides an excellent agreement with the 

SAXS data set. A comparison of the obtained structure (see inset of Fig. 9) with the reconstitution 

obtained above by DAMMIN (see Fig. 6) also reveals a good agreement except for the highly 

flexible NTE. This is not surprising as the reconstruction tool DAMMIN is intended for application 

to compact molecular shapes. The optimized structure of OCPW288A reveals all expected features 

of the active state OCPR 8, 10 like: i) separation of the two domains resulting in a generally elongated 

structure, and ii) unfolding of the NTE thus becoming a highly flexible entity (see especially the 

OCP monomer to the left in the inset of Fig. 9). The difference between the two OCP monomers 

shown in Fig. 9 can be viewed as a measure for the flexibility of the OCPR structure allowed within 

the experimental uncertainty of the SANS data.

Conclusions

As pointed out in the introduction, crystal structures of the active state OCPR are not yet available. 

In this regard, small-angle scattering methods combined with simulation software like the 

reconstruction tool DAMMIN and optimization routine CORAL for flexible structures, 

respectively, are valuable experimental tools to determine low-resolution structures in aqueous 

solution. In addition, SANS structures are obtained in solution and thus under widely identical 

conditions used for spectroscopic experiments to investigate the function of OCP. In summary, we 

confirm that the structure of the active state OCPR is characterized by the separation of the two 

domains NTD and CTD resulting in an extended structure along with unfolding of the NTE. The 

NTE appears to be highly flexible allowing various local conformations. Our results largely 

corroborate those of 8, 10  for the cases of OCPR and OCPW288A, respectively. However, we can 

directly compare the latter to the solution structure of OCPR induced by in-situ illumination thus 
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confirming that OCPW288A can be used as a structural analogue of the active state OCPR. We can 

also confirm that the latter active state structures remain largely valid for samples at high protein 

concentrations of >50 mg/ml as used for neutron spectroscopy experiments on protein dynamics in 

the accompanying paper.
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