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Abstract

:

Utilized for gaining structural insights, small-angle neutron and X-ray scattering techniques (SANS and SAXS, respectively) enable an examination of biomolecules, including photosynthetic pigment-protein complexes, in solution at physiological temperatures. These methods can be seen as instrumental bridges between the high-resolution structural information achieved by crystallography or cryo-electron microscopy and functional explorations conducted in a solution state. The review starts with a comprehensive overview about the fundamental principles and applications of SANS and SAXS, with a particular focus on the recent advancements permitting to enhance the efficiency of these techniques in photosynthesis research. Among the recent developments discussed are: (i) the advent of novel modeling tools whereby a direct connection between SANS and SAXS data and high-resolution structures is created; (ii) the employment of selective deuteration, which is utilized to enhance spatial selectivity and contrast matching; (iii) the potential symbioses with molecular dynamics simulations; and (iv) the amalgamations with functional studies that are conducted to unearth structure-function relationships. Finally, reference is made to time-resolved SANS/SAXS experiments, which enable the monitoring of large-scale structural transformations of proteins in a real-time framework.
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1. Introduction


A thorough comprehension of the three-dimensional static structure of proteins is imperative for accurately understanding their functional roles. A fundamental exemplification of this is seen in photosynthesis, where solar radiation is converted into storable chemical energy [1,2,3,4,5].



The high-resolution structures of photosynthetic pigment-protein complexes have been predominantly derived through X-ray crystallography. For instance, the crystal structures of Photosystem I (PSI) have been acquired via electron crystallography at cryogenic temperatures [6,7]. More recently, XFEL crystallography provided crystal structures of PSI [8] and of Photosystem II (PSII) [9] even at room temperature. Subsequently, the structures of all intermediates of the Kok cycle representing the different steps of photosynthetic water splitting in PSII [10] were also reported from XFEL crystallography. Furthermore, cryo-EM experiments were used to determine a high-resolution structure of PSI [11], revealing deviations from (low temperature) crystal structures by an expansion of PSI in solution. Despite the invaluable structural information garnered from high-resolution methodologies in general, these techniques possess certain limitations rooted in the necessity for crystallization or the employment of low temperatures. This is directly inferred from the discrepancies noted between low-temperature and room temperature crystal structures (as demonstrated by XFEL crystallography, see above), as well as from the solution state (as illustrated by cryo-EM above). Consequently, it is typically unavoidable to ascertain the relevance of high-resolution structures for solubilized photosystems under physiological conditions [12,13,14,15]. The necessity of crystallization or the utilization of low temperatures in high-resolution structural biology also impinges on the feasibility to examine dynamical biological processes encompassing large-scale structural alterations or complex formation [11,16,17].



At this juncture, small-angle neutron and X-ray scattering (SANS and SAXS, respectively) may bridge this gap by furnishing structural information in solution and at physiological temperatures [18,19,20]. In turn, conformational dynamics [21,22], as well as vibrational properties of biomolecules [23,24] may be studied by neutron spectroscopy. SANS and SAXS have been previously utilized across diverse research domains such as the examination of food colloids [25], the advancement of mRNA vaccines [26], and in photosynthesis research (see [27,28] for reviews). The recent advancement of time-resolved SANS (TR-SANS) enables exploring dynamic processes within structural biology [29].



Within photosynthesis research, the primary utilization of SANS and SAXS has been in the studies concerning: (a) the oligomerization state of pigment-protein complexes; (b) protein-detergent complexes when solubilized membrane proteins are in buffer solution; and (c) large-scale structural alterations in proteins in response to external triggers. Pertaining to the first, information regarding the oligomerization state in solution for the cyanobacterial light-harvesting complexes phycocyanin, and for monomeric and trimeric PSI, has been supplied through SANS and SAXS. As to the second, many photosynthetic pigment protein complexes are transmembrane proteins and can only be extracted from the membrane by solubilization using amphipathic detergent molecules [30] to prevent unspecific aggregation [14,15,31]. This implies that a detergent belt encircles isolated membrane proteins in buffer solution, a feature not discernible in crystal structures due to its intrinsic structural heterogeneity. In this regard, the solution structures of detergent-protein complexes were determined for the major light-harvesting complex LHC II of green plants [15,32], the bacterial light-harvesting complex LH2 at physiological temperatures [33], of PS I [34,35,36], and PSII [37] using SANS and SAXS measurements. Lastly, the most distinctive potential for employing SANS and SAXS resides in probing large-scale structural alterations upon external triggers, as exemplified by the case of the orange carotenoid protein (OCP) [11,16,17]. These structural rearrangements are often elusive to high-resolution methods e.g., owing to their transient nature or the obstruction of large-scale motions by crystallization or cooling.



Despite the substantial corpus of literature concerning the exploration of solution structures in photosynthesis research via SANS and SAXS, the full potential of these methods remains to be harnessed. Predominantly, the limitations arise from the low resolution attainable and the ensuing challenge of correlating the structural data acquired from SANS and SAXS to high-resolution structures. Recent developments in modeling tools, along with a potential combination with molecular dynamics simulations, are poised to enhance the utility of SANS and SAXS, positioning them as complementary methodologies to X-ray crystallography and cryo-EM.



In the current review, developments in SAXS/SANS, particularly on photosynthetic protein complexes, will be described. Initially, a brief overview of the fundamental theory of SAXS and SANS is provided, complemented with illustrative model calculations. Subsequently, a review of chosen applications of SAXS and SANS to photosynthetic pigment protein complexes is presented. In conclusion, more recent advancements are discussed, anticipated to markedly amplify the impact of SAXS/SANS studies, comprising four subsections: (i) progress in modeling of SAXS/SANS data; (ii) the employment of selective deuteration in SANS with contrast variation; (iii) prospects for an amalgamation of SANS with molecular dynamics simulations; and (iv) direct integration of SANS with functional studies for the examination of structure-function relationships. We end with an overview about recent time-resolved SANS/SAXS experiments.




2. Basic SANS/SAXS Theory


We will now compile the most necessary theoretical expressions needed to analyze SAXS/SANS data. For a better understanding of the principle of both methods, we will also supply some illustrative model calculations at the end of this chapter. Briefly, SANS and SAXS are complementary experimental techniques that measure the form factor P(q) representing the size and shape of a biomolecule in an aqueous solution at physiological temperatures as a function of the scattering vector q [18,20]. The latter is related to the scattering angle 2θ and to the wavelength of the incident quasi-monochromatic radiation λ0 by the relation


  q =   4 π     λ   0       sin  ⁡  (   θ ) ,  



(1)







Then, the intensity measured in a SANS experiment as a function of the scattering vector q is related to the form factor P(q) by the master equation [18,20,36]


  I   q   = n Δ   ρ   2     V   2   P   q   S   q   ,  



(2)




where n is the particle number density, ∆ρ is the difference in scattering length density (SLD) between the particles and the solvent defining the contrast, and V is the volume of the particles. The effective structure factor S(q) is assumed to be equal to unity in the case of a diluted solution of monodisperse particles. P(q) describes the scattering from a single particle and depends on its size, shape, and internal structure and fulfills the condition that P(0) = 1. The mathematical expression for P(q), which is the space average for all possible particle orientations, can be written as:


  P   q   =       1   V    ∫  ρ ( r )   e   − i q r   d r       2   ,  



(3)




where ρ(r) is electron or nuclear density in the case of X-ray or neutron scattering, respectively. From the Formula (3), P(q) can be calculated for many particles with defined geometrical shapes of spheres, cylinders, ellipsoids etc. [38].



A model-independent analysis of small-angle scattering data applies the Guinier law [39], which is widely used to determine the basic particle parameters, such as radius of gyration (Rg) and molecular weight (MW). The Guinier approximation is valid for diluted solutions of monodisperse particles and at small q values satisfying the condition qRg < 1.3 [39], when the formula for P(q) can be rewritten as


  P   q   ~       1   V    ∫  ρ ( r ) d r       2     1 −   q   2       R   g   2     3   + …   ,  



(4)







The integration of the right part of the formula corresponds to the forward scattering intensity I(0), and the other part in the bracket can be written in exponential form. Therefore, this approximation leads to a relatively simple relation between the measured intensity and the radius of gyration according to


  I   q   = I   0     exp  ⁡    −   q   2       R   g   2     3       ,  



(5)







I(0) is the forward scattering, which is a shape-independent function of the total scattering power of the sample. Literally, I(0) is the sum of the scattering lengths of all atoms inside the particle. If the chemical composition of a particle is known, the evaluation of I(0) allows the molecular mass of the particle to be determined in both X-ray and neutron experiments.



If SAS data are normalized to the absolute values and the concentration of the protein is known, one can estimate the MW as [40]:


  M W = (     N   A   I   0     c   ) / ∆   ρ   M   2   ,  



(6)




NA is the Avogadro number, c is the protein concentration, and ΔρM is the scattering contrast per mass [40].



It is important to remember the limitations of the method. For instance, I(0) cannot be measured experimentally, so the extrapolation to the zero value of q must be used. In some cases obtaining an estimate of protein concentration is challenging, and the typical accuracy of the MW determination in practice is about 10–15% [40,41].



The scattered intensity can also be related to a function P(r) describing the distribution of pair distances of all atoms in a biomolecule. In the case of monodisperse macromolecular solutions, the scattering intensity is proportional to the scattering of a single particle averaged over all orientations is given by a Fourier transformation following


  I   q   = 4 π   ∫  0     D   m a x      P   r       sin  ⁡  (   q r )   q r     d r ,  



(7)




where P(r) is the pair distance distribution function, Dmax corresponds to the maximum distance in the particle. The P(r) function and the particle maximum dimension Dmax can be determined using the Inverse Fourier transform (IFT) method employing the software routine Gnom [42].



The principle of deriving structural information from SAXS/SANS data is illustrated in Figure 1 by using four model protein systems based on an approximated monomeric cylinder with a diameter of 30 Å and a length of 60 Å. From left to right, a monomer, a long dimer, a compact dimer, and a trimer are constructed from the same basic unit. The resulting P(r) functions calculated from the model systems are shown on the left bottom, the SAXS data calculated from the same model systems on the right bottom of Figure 1. The P(r) function of the monomer has a peak at about 30 Å and extends to a maximum length Dmax of a bit more than 60 Å. The latter values appear to be intuitive for the given monomer structure. It is now instructive to follow the P(r) functions of the other oligomers. The long dimer retains the main peak at 30 Å characterizing the two monomer structures within the dimer, but also exhibits a second distribution of higher radii above a length of 60 Å accounting for the extended dimer structure. The compact dimer, in contrast, has a P(r) function shifted to generally higher values, but not as high as the Dmax-value of the long dimer. This effect becomes even more pronounced for the even bigger compact trimer system. The resulting SAXS data can then be calculated according to Equation (4). Here, the curve of the (smallest) monomer structure is found at the highest q-values, since SAXS data are obtained in the Fourier space. Consequently, the higher-order oligomers (dimers, trimers) appear to be shifted to generally smaller q-values. It is interesting to note that there are subtle differences between long and compact dimer, though, which allow to distinguish their shapes in an experiment.



While both SANS and SAXS techniques provide information about size and shape of biomolecules, their nature of interaction with a sample is different. Neutrons interact with the nuclei of a biomolecule, while X-rays get scattered by electrons. Due to the sensitivity of neutrons for different isotopes of the same atom, SANS has the special advantage of contrast variation by isotope exchange, e.g., the replacement of hydrogens by deuterium. Therefore, SANS is a useful tool to study multi-component protein complexes with selective deuterium labeling of individual components. Moreover, SANS is a powerful technique to probe systems containing components with different scattering length densities e.g., lipid (or detergent)-protein systems. The structural information of each individual component can be probed by varying the D2O ratio in the solvent referred to as contrast variation or scattering length density matching. As examples, the match points for lipids/detergents, proteins and nucleic acids are about 5–25%, 40–45% and 65–70% of D2O respectively, see Figure 2 [43].



However, SAXS does not permit isotope contrast variation since isotopes such as hydrogen and deuterium have the same X-ray scattering length; SAXS has considerable advantages in other respects. SAXS instruments are more widely available for practical use and their photon flux is several orders of magnitude higher than that of SANS instruments. Despite the risk of radiation damage occurring in SAXS experiments, the small amount of sample required and short measurement time in comparison to SANS experiments make this technique quite attractive to study biological systems. According to the statistic of the Small Angle Biological Data Bank (SASBDB), 93% of deposited SAS entries were measured on synchrotron radiation facilities and only 2% were obtained using neutrons [44].




3. Applications and Recent Developments of SANS/SAXS


SANS/SAXS has been routinely applied for studies of oligomerization states of proteins in aqueous solutions. As an example, the trimeric and hexameric forms of the light-harvesting complex phycocyanin (PC) from T. elongatus were distinguished using SAXS [45]. PC is involved in efficient light-harvesting and excitation energy transfer to reaction center complexes in cyanobacteria [46,47,48]. Aggregation can be easily verified by Guinier plots and manifests itself by a deviation from expected linearity in the low q-region indicating the presence of large particles in the sample solution (see, for example, the case of LHCII [31]).



Another prototypical application of SANS with contrast variation is the determination of solution structures of membrane proteins solubilized in a belt of detergent molecules [19]. As already mentioned in the introduction, SANS with contrast variation was used in photosynthesis research e.g., to characterize the solution structure of the major light-harvesting complex LHC II of green plants [15], the bacterial light-harvesting complex LH2 [33], trimeric PS I [34,35,36], and PSII [37]. The latter applications of SANS/SAXS were reviewed in detail by Golub et al. [36].



In the following, we discuss the recent progress in SANS and SAXS studies taking into account four aspects with a significant potential for further development of the methods. First, there are novel modeling tools linking SANS and SAXS data with high-resolution structures, but also enable the development of structures for flexible proteins or complexes undergoing structural changes upon external triggers. Also, selective deuteration of biomolecules bears a great potential to improve the spatial selectivity of the method through SANS with contrast variation. The same is true for combinations of SANS with molecular dynamics simulations. Finally, functional studies on photosynthetic proteins may greatly benefit from a direct combination with structural studies using SANS and SAXS.




4. Modeling


Although SAXS/SANS are low-resolution methods, recent advances in data modeling have significantly improved the opportunities of linking SAXS/SANS data to high-resolution structures available from crystallography or cryo-electron microscopy. Figure 3 illustrates different modeling approaches applied to the same SAXS curve of an OCP mutant conceived as an analogue of its active state OCPR. Generally, the spherical averaging of the SAXS/SANS scattering intensity caused by the random orientation of particles in solution leads to a considerable loss of information contained in the scattering data. Therefore, even if all of the particles in a solution under study are monodisperse, usually only some integral parameters can be evaluated from the scattering curve without a priori information. Below, we will list different methods of analyzing SAXS/SANS curves from isotropic monodisperse systems with special emphasis on recent developments.



The most straightforward analysis of small-angle data is the model-independent analysis of Guinier [39], which can estimate such parameters as the radius of gyration and I(0), which is related to the molecular mass of the studied system.



Another model-independent analysis approach applies the Inverse Fourier Transform (IFT) to calculate the pair distance distribution function P(r) from the small-angle scattering curve. The P(r) function represents the histogram of distances between atoms within the particle under study and can, therefore, guide which type of shape the particle has [42]. For monodisperse particles in solution, the scattering is proportional to the scattering of a single particle averaged over all orientations. One of the most widely used approaches to analyzing SAXS/SANS data is a “trial-and-error” modeling method. The experimental scattering intensity is compared with the scattering curves of some model bodies chosen based on a priori information on the particle.



The first attempts for the “trial-and-error” modeling were made with simple geometrical shapes such as spheres, cylinders, and ellipsoids, for which analytical equations to calculate scattering profiles are available. Such modeling gave only approximate information about protein dimensions as illustrated by the elliptical cylinder model in Figure 3.



Over the last decades, the development of tools for analyzing SAXS/SANS data has made significant progress. An important step forward was made by the development of the ab-initio modeling tool DAMMIF [51], which builds a reconstituted structure based on the P(r) function (illustrated by grey spheres in Figure 3). DAMMIF has options to apply symmetry or asymmetry limitations such as oblate or prolate types of structures. In combination with a developed algorithm to exclude non-compact sphere structures and the opportunity to calculate an average solution, DAMMIF analysis has become the most popular tool for the data analysis of SAXS/SANS data. However, certain limitations remain, such as the inability to account for inhomogeneous scattering length density of a particle. It may also fail in the case of flexible proteins with partly unfolded (non-compact) structures.



In contrast to ab initio modeling, the routines CRYSON or CRYSOL [52]. Can be used to calculate SAXS/SANS data based on high-resolution structures available from crystallography or cryo-electron microscopy. However, this approach delivers satisfactory results only in the case when the protein in solution is identical to the high-resolution structure.



The next step in the recent developments for the analysis of SAXS/SANS data from flexible proteins was the CORAL (COmplexes with RAndom Loops) routine [41]. This software performs SAXS-based rigid body modeling of defined components of protein complexes, while other components such as interdomain linkers may be defined as flexible. CORAL translates and rotates the atomic models of the rigid domains linked together by artificial flexible linkers. These rearrangements are not entirely random: the distances between the N- and C-terminal portions of the subsequent domains belonging to one chain are constrained. A simulated annealing protocol is employed to find the optimal positions and orientations of available high-resolution models of domains and the approximate conformations of the flexible portions of the polypeptide chain(s). A CORAL structure derived from SAXS data of the mutant OCPW288A is shown in Figure 3 and compared to a DAMMIN structure. Blues spheres are indicating the flexible linker residues. In addition, CORAL can take into account symmetry as a constraint. Nevertheless, the addition of artificial linkers limits the use of CORAL structures. As a result, CORAL structures cannot be used as a direct input for MD simulations. Moreover, SANS data cannot be modeled by CORAL.



Finally, flexible refinement of protein structure by normal mode deformation can be achieved using software routines such as SREFLEX [53], MuliFOXS [54], and PEPSI (Polynomial Expansions of Protein Structures and Interactions) [55], which permit to analyze both SAXS and SANS data of flexible proteins based on their crystal structure. The Pepsi program applies the Nyquist-Shannon-Kotelnikov sampling theorem, where a multipole expansion order is adapted to the model’s size and the experimental data’s resolution. Applying the cubic spline interpolation speeds up the running time of PEPSI. The FlexFit mode of PEPSI performs SAXS/SANS-based flexible modeling of protein complexes. Similar to CORAL, rigid protein parts can be reoriented with respect to the initial position to fit the small-angle scattering data. However, PEPSI does not require the application of artificial linkers to mimic the flexible loops of proteins and uses the native sequence of residues of a given protein. Figure 3 illustrates the evolution of modeling for the case of SAXS data of the mutant OCPW288A, comparing the cylinder model, a DAMMIF sphere structure, a CORAL model, and a PEPSI model (data and models taken from Golub et al., 2019 [16]). The latter comparison underlines the remarkable progress made in modeling of SAXS/SANS data in the recent years. The availability of the latter modeling tools enables not only a verification of existing high-resolution structures in solution state, but especially also a modelling of solution structures obtained after external triggers as in the case of OCP:




5. (Specific) Deuteration


An important issue for the full exploitation of the potential that SANS with contrast variation offers for structural studies of multicomponent systems in solution, is the need for deuteration of individual constituents of such multicomponent systems. Contemporary applications of selective deuteration for SANS studies have recently been summarized by Duff et al. [56]. This principle can be well applied to the case of complex formation out of different constituents. We illustrate this in Figure 4 using the example of the complex of the orange form of OCPΔNTE (blue) with deuterated FRP (yellow), structures are reproduced following Golub et al., 2023 [50]. The different matches achieved at contrasts of 0%, 42% and 100% D2O (from top to bottom) are indicated by different colors. At a contrast of 100% D2O, the deuterated FRP becomes completely matched so that the P(r) function obtained reflects that of OCP. The opposite is true for the contrast of 42% D2O, where only FRP is visible. Finally, at a contrast of 0%, the full complex can be studied. The latter approach allows to selectively assess the conformations of each constituent within the full complex and verify the possibility of conformational changes during complex formation. In the case of the OCP-FRP complex, the structures of two photocycle intermediates could be assigned by combining SANS with selective deuteration of complex partners [50] and optical spectroscopy [57].



Another significant advancement in deuteration capabilities pertains to elucidating solution structures of membrane proteins solubilized within a surrounding belt of detergent molecules as first used by Midtgaard et al. [53]. This is discussed here using SANS data of the PSI-detergent complex shown in Figure 5A,B below. Until recently, the conventional approach for minimizing the contribution from detergent signals involved selecting a contrast match point based on the average SLD of the entire detergent molecule (see illustrating sketch in Figure 5C). In the case of DDM, this corresponded to approximately 18% D2O contrast. However, a closer inspection of Figure 5C reveals that the SLDs of the detergent head and tails are very different so that the average SLD does not yield a proper match for any of the detergent components. Therefore, proper matching of detergents requires a targeted specific deuteration of detergent head and tail groups. This specific deuteration results in the head and tail groups having identical SLDs, which can be accurately matched with a single contrast.



Specifically deuterated detergent has been successfully applied to study the solution structures of PSI-dDDM and PSII-dDDM complexes [31]. Figure 5A shows SANS data of PSI from T. elongatus acquired using regular DDM measured at two contrast points: 5% D2O (green dots) and 18% D2O (navy dots) corresponding to the match point of DDM tails and of DDM on average, respectively. The SANS curves are only roughly consistent with trimeric PSI [11,35,36,37], suggesting that conventional contrast matching of protonated detergents leads to seemingly larger complex sizes, as previously observed for PSI [11,35,36,37]. In contrast, the red dots in Figure 5A represent PSI isolated with the help of specifically deuterated dDDM measured at 100% D2O. The corresponding P(r) functions are given in Figure 5B. Comparing the experimental P(R) functions for all three SANS curves shown, one sees that the maximum particle dimension (Dmax) obtained from the PSI-dDDM SANS curve is 206.5 Å, while PSI-DDM curves at 5% and 18% D2O yield much larger Dmax-values of 230 Å and 215 Å, respectively.



The higher values of Dmax in the case of PSI-DDM samples can be explained, taking into account the heterogeneous nature of the detergent, as illustrated in Figure 5C, since the contrast match points of detergent tails and head groups differ significantly. In the case of regular DDM, the head group’s SLD of about 1.5 10−6 Å−2 is positive, corresponding to a match point of 30% D2O. However, the SLD of the tail group of −0.2 10−6 Å−2 is negative, leading to a match point of 5% D2O. In the instance of the dDDM employed here, the deuteration levels for the hydrophobic and hydrophilic groups are 89% and 57%, respectively, resulting in an SLD of 6.36 10−6 Å−2, which can be almost perfectly matched out at 100% D2O [31,58].



Figure 5D compares the solution structures of the PSI-dDDM complex in 100% D2O (represented by red dots) and the PSI-DDM complex in 5% D2O (indicated by green spheres). These structures were derived from their P(r) functions using ab-initio reconstruction using the DAMMIN program. Notably, the length of a single detergent molecule is approximately 23 Å, roughly equivalent to the size of two spheres within the DAMMIN bead models shown in Figure 5D. The disparity between the two DAMMIN structures primarily amounts to 1–2 spheres. This discrepancy likely arises from an incomplete matching of the DDM belt that surrounds the protein in the case of DDM.



Furthermore, the distinction between the reconstructed structures implies that the solution structure of the PSI-DDM complex appears artificially enlarged, providing only a rough approximation of the native solution structure due to the incomplete matching of the DDM belt around the protein. In contrast, a proper detergent match is achieved only with the PSI-dDDM sample, resulting in a realistic representation of the solution structure. In summary, solution structures of membrane proteins involving detergent solubilization should routinely be measured by SANS using specifically deuterated detergents.




6. Combination with Molecular Dynamics Simulations


Despite the experimental advantages of SAXS/SANS, possible applications remain limited mainly due to the low resolution of the experimental data and due to a relative lack of theoretical tools to interpret the data. On the other hand, molecular dynamic (MD) simulations can predict the structure and dynamics of proteins at atomic resolution would certainly benefit from experimental benchmarking. The latter observations beg for a combination of the complementary techniques. Both SAXS/SANS and MD can be combined to validate the theoretical force field, the correctness of which is essential for MD, and overcome the low-resolution limit for SAXS/SANS structural models. For instance, the SAXS/SANS has already been successfully applied to verify the CHARMM36m force field for folded and intrinsically disordered proteins [59]. In that study, it was shown that the optimized CHARMM36m force field could predict the SAXS curve of the disordered arginine-serine peptide in water better than its previous iteration [59].



SAXS/SANS data give unique insight into the solution structure of proteins. MD simulations can complement the SAXS/SANS studies by modeling the flexibility between domains of proteins, which is often a key factor for its function. To note, proteins with large-scale flexibility, in general, are often not readily amenable to conventional structural analysis such as X-ray crystallography, nuclear magnetic resonance spectroscopy (NMR), or electron microscopy [60]. A combination of SAXS/SANS and MD has been applied to model flexible regions of the carotenoid-binding protein, which is the C-terminal homolog of OCP, and to optimize the conformational space of its C- and N-termini [61].



Another aspect where the simultaneous application of SAXS/SANS and MD shows tremendous potential concerns the modeling of membrane proteins, solubilized by either detergent or nanodiscs in solution [62]. By employing MD simulation in the analysis of the SAXS data, Mirandela et al. were able to estimate the number of DDM detergent molecules in the detergent belt of the ammonium transporter AmtB from Eschirichia coli [62]. Notably, most software packages for calculating SAS profiles employ simplified, implicit models for the hydration layer. However, this approach introduces uncertainties into the calculations. For instance, as pointed out by Mirandela et al. [62], it is challenging to estimate the number of DDM detergent molecules within the detergent belt using the implicit hydration layer approximation framework. This limitation can be addressed through MD simulations, which enable the consideration of an explicit hydration layer. In this explicit model, the density of the hydration layer around biomolecules varies depending on the nature of the water-surface interactions. Such calculations can be performed using the WAXSis web platform, albeit at the expense of higher computational resources [63,64] (see Figure 6).



The above examples show that, despite of apparent intrinsic limitations [67], the combination of SAXS/SANS and MD has a great potential for a deeper understanding of solution structures and dynamics of protein complexes. It has to be added that solution structures obtained by PEPSI can be directly used as an input structure to derived force fields for MD simulations since it keeps the initial protein sequence.




7. Structure-Function Correlation


As outlined in the introduction, a major advantage of both SAXS and SANS is the possibility to perform structural studies in buffer solution, i.e., in nearly physiological conditions very similar to those employed in spectroscopic experiments to investigate functional properties of photosynthetic protein complexes. This leads to the opportunity to directly correlate structural information with protein function. This is especially important when the oligomerization state of the protein complex under investigation is not known or deviates from the corresponding crystal structure. Examples include the oligomerization state of PC [68] and phycobiliproteins (PBP) from cyanobacteria [45] and the light-harvesting complexes LH1 and LH2 from purple bacteria [33] and LHCII from green plants [32].



In the case of phycocyanin, Tsoraev et al. [68] showed using SAXS that the functional unit in their spectroscopic experiments was the PC trimer. Golub et al. [45] employed SANS to study PBP from Acaryochloris marina in different buffer solutions yielding different functional competence and made use of the fact that this light-harvesting complex is composed of known components: one allophycocyanin trimer (APC) and an unknown number of PC trimers. Complementary spectroscopic experiments had revealed that PBPs in buffer solution containing phosphate exhibit excitation energy transfer to the terminal emitter, while no such transfer is observed in phosphate-less buffer.



The SANS data shown in Figure 7A can be described well using a cylindrical shape with a length of about 225 Å and a diameter of approximately 100 Å. This finding is qualitatively consistent with earlier electron microscopy studies reporting a rod-like shape of the phycobiliproteins with a length of about 250 [69] or 300 Å [70]. In contrast, phycobiliproteins dissolved in buffer lacking phosphate revealed a splitting of the rods into cylindrical subunits with a height of 28 Å only, but also a pronounced sample aggregation. Complementary small SANS experiments suggest that the cylindrical subunits may represent either trimeric phycocyanin or trimeric allophycocyanin (see Figure 7B). This is in agreement with the assumption that a phycobiliprotein rod with a total height of about 225 Å can accommodate seven trimeric phycocyanin subunits and one allophycocyanin (see Figure 7C), each of which having a height of about 28 Å. The structural information obtained by SANS/SAXS can be used to interpret variations in the low-energy region of the 4.5 K absorption spectra of phycobiliproteins dissolved in buffer solutions containing and lacking phosphate, respectively.



Tang et al. investigated the solution structures of bacterial light-harvesting complexes LH1 and LH2 from several different purple bacteria and based their analysis on the ring-shape of known crystal structures [33]. Golub et al. [32] found that different preparations of plant LHC II adopted different solution structures. The SANS data of the LHCII-βDM complex shown in Figure 8A reveal that only the lowest protein concentration of about 1 mg/mL is free of aggregation and exhibits a linear behavior in a Guinier plot. This suggests that the sample was prone to aggregation depending on the protein and detergent concentration The data of the LHCII-OG complex were consistent with the trimeric form of LHCII expected from the crystal structure (see Figure 8B), while the LHCII-βDM complex data yielded an unexpected nonameric form (see Figure 8C).



The observation of an oligomerization state deviating from that of the crystal structure implies the presence of unexpected pigment-pigment interactions between the different LHCII trimers discussed by Lambrev et al. [74], which may remain unnoticed without the SAXS/SANS experiments presented here. Lambrev et al. [74] concluded that trimer-trimer interactions may mimic the native organization of LHCII in the formation of energy-dissipative states for photoprotection. A potential candidate is neoxanthin protruding out of the LHCII crystal structure and being in close contact to Chl b606 and Chl a604. It is remarkable that Chl a604 was proposed to be a potential lowest energy state of LHCII [75,76] so that a photoprotective function via interaction with neoxanthin appears to be extremely physiologically relevant. The LHCII oligomer comprising three trimers shows that stable complexes mimicking trimer-trimer interactions are stable and can be used for spectroscopic studies.



The latter combined SANS/SAXS approach may thus provide a missing link to understand the photoprotective mechanism in LHCII.




8. Time-Resolved SANS/SAXS (TR-SANS/SAXS)


The continued development of time-resolved small-angle neutron scattering (TR-SANS) and of the corresponding instrumentation holds great promise for the future of structural biology in general. With the advancements in TR-SANS, we can expect to obtain more precise and detailed insights into dynamic biological processes involving larger scale conformational changes, enabling us better to understand the underlying mechanisms of many biological phenomena. As argued above, large-scale structural changes are usually not accessible to high-resolution methods since they are hindered by crystallization or cooling.



The latest advances in TR-SANS experiments permit the examination of the development of biological structures at a length scale ranging from nanometers to micrometers and over a timeframe that spans from seconds to days [29]. The duration of each time frame is dependent on various factors, such as the incoming neutron flux, collimation length, sample volume, sample concentration and contrast, incoherent background, and detector efficiency.



The supplementary sample environment must be adjusted to initiate the biochemical or biological process simultaneously with the commencement of neutron acquisition in the TR-SANS experiment. An example of such a biological process is the photocycle of the OCP, where the time scales of the intermediates are well-documented (see Figure 9) [57]. Therefore, this method goes beyond e.g., static SANS/SAXS experiments with in-situ illumination [16]. In TR-SANS, different triggering events, including fast mixing [77], temperature changes [78,79], and photo-spectroscopic methods [80], have been employed.



TR-SANS was demonstrated to be a valuable tool in studying the kinetics of protein aggregation and fibrillation. This technique is particularly well-suited for analyzing these processes due to the substantial scattering signal generated by the voluminous and extended structures involved and the considerable changes in aggregation numbers that occur. Notably, TR-SANS can detect observable changes in parameters such as I(0) and Rg during these processes, adding to its effectiveness in this field of study [29].



A second category of systems that TR-SANS routinely examines involves membrane structures and their dynamics, which are located at the intersection of biology and soft matter. Examples of these include lipid exchange processes in vesicles [81,82], the impact of phospholipidase on liposomes [83], the formation of liposomes in bile salts [84], lipid transfer between solid and free-standing membranes [85], and the dynamic interaction of peptides with membranes that mimic Escherichia coli [86].



TR-SANS can also investigate cellular ultra-structures. Numerous SANS studies on thylakoids have demonstrated changes in orientation and inter-membrane distances depending on external stimuli such as light illumination applied over a timeframe of seconds to minutes [87,88]. TR-SANS, combined with a specialized sample environment, has also been utilized effectively to investigate the effects of chemical and thermal treatment on cellulose and lignin biomasses [89,90,91,92].



Finally, TR-SANS can also be exploited to examine the conformational kinetics of individual bio-macromolecular structures and assemblies, although this approach is more challenging than the previous categories. The smaller bio-macromolecule size, the absence of periodic structural features, and lower concentrations of fibrils, membrane structures, and cellular ultra-structures make this approach more demanding. Still, TR-SANS has demonstrated excellent results in some studies, such as investigating the assembly process of the 800 kDa GroELGroES chaperonin from the archaeon Thermoplasma acidophilum [93] and the structural dynamics during the active unfolding and degradation process of the archaeal PAN-proteasome complex and GFP [78,79].



There is a large potential to apply TR-SAXS to photosynthetic and other photoactive proteins undergoing large-scale structural changes upon external (light) triggers. Examples include rhodopsin [94], PYP [95], the photocycle of OCP revealing structural changes between dark-adapted and active state, but also variations in oligomerization state and formation of oligomers [17].



To conclude, encouraging developments in biological TR-SANS experiments are underway. One of the areas of focus for improving TR-SANS experiments is the development of new instrumentation. The European Spallation Source in Lund is currently developing advanced instrumentation to reduce the amount of sample required. By minimizing the required sample amount, the new instrumentation will reduce the cost and time needed for TR-SANS experiments, making the technique more accessible to researchers. In addition, developing new instruments will broaden the range of accessible time scales, providing more precise and detailed information about dynamic biological processes. Another aspect of improving TR-SANS experiments is the enhancement of the sample environment. For TR-SANS to produce accurate and meaningful results, the ancillary sample environment must be appropriately adjusted to trigger the biochemical or biological process parallel to the start of neutron acquisition in the TR-SANS experiment. Developing a more specialized sample environment will allow for the more precise triggering of these processes, further improving the accuracy and sensitivity of TR-SANS measurements.
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Figure 1. Top: Illustrative model systems consisting of approximate cylinders with a diameter of 30 Å and a length of 60 Å (from left to right): (A) monomer, (B) long dimer, (C) compact dimer and (D) trimer. Bottom, left: P(r) functions calculated from the model systems. Bottom, right: SAXS data calculated from the same model systems and normalized to I(0) = 1. The color scheme is kept throughout all figure parts. 
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Figure 2. Illustration of contrast variation SANS experiments: variations of the SLD with increasing D2O content of the solvent for selected sample systems common in structural biology: proteins (red line), deuterated proteins (blue), DNA (light blue), lipids/detergents (light brown), CH2- and CD2-groups. The SLD of water (black line) increases drastically with increasing D2O content. Each crossing point of the black line with another SLD line indicates a specific D2O content (“match point”) where a specific constituent of a multi-component system cannot be distinguished from the solvent and is, thus, “matched out” in a SANS experiment. 






Figure 2. Illustration of contrast variation SANS experiments: variations of the SLD with increasing D2O content of the solvent for selected sample systems common in structural biology: proteins (red line), deuterated proteins (blue), DNA (light blue), lipids/detergents (light brown), CH2- and CD2-groups. The SLD of water (black line) increases drastically with increasing D2O content. Each crossing point of the black line with another SLD line indicates a specific D2O content (“match point”) where a specific constituent of a multi-component system cannot be distinguished from the solvent and is, thus, “matched out” in a SANS experiment.



[image: Molecules 28 07414 g002]







[image: Molecules 28 07414 g003] 





Figure 3. Top, left: The evolution of modeling development for SAXS/SANS data shown for the case of OCP (crystal structure of the ground state OCPO pdb 3MG1 [49] shown in the upper left corner), Top, right: SAXS data of the mutant OCPW288A assumed to be a structural analogue of the light-induced active state structure. Bottom: different models of the SAXS data shown in the upper right corner. SAXS data, DAMMIN and CORAL models taken from Golub et al. 2019 [16] with permission. The PepsiFlex structure was adapted from Golub et al., 2023 [50]. 
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Figure 4. Left panels: Illustration of the principle of contrast matching for the structure of a complex of OCPΔNTE (blue) with deuterated FRP (yellow), structures are reproduced following Golub et al., 2023 [50]. The different matches achieved at contrasts of 0%, 42% and 100% D2O (from top to bottom) are indicated by different colors. Top, right: SANS data calculated for the complex of OCPΔNTE with deuterated FRP at the different contrasts. Bottom, right: P(r) functions calculated from the SANS data. The color scheme is kept throughout all figure parts. 
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Figure 5. (A) SANS data of PSI obtained using specifically deuterated and protonated detergent are shown for the PSI-dDDM complex in 100% D2O (red points), the PSI-DDM complex in 18% D2O (navy), and the PSI-DDM complex in 5% D2O (green). The data of PSI at 5% D2O (green) are shown for comparison and taken from Kölsch et al. [11]. (B) Experimental P(R) functions corresponding to the SANS data shown in (A). (C) Scheme illustrating the principle of contrast matching of DDM bound at the surface of PSI, the SLD (right) and corresponding contrast match (left) are shown for the hydrophilic and hydrophobic groups as well as for the average of DDM. (D) Comparison of the structures obtained for the PSI-dDDM sample in 100% D2O (red spheres) and for the PSI-DDM sample in 5% D2O (light green spheres) reconstructed from the SANS data using the DAMMIN routine. 
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Figure 6. Illustration of the implicit and the explicit hydration layer approaches. An image of the 290-DDM protein-detergent complex and anticipated SAXS curves from four different predictors is presented. The protein-detergent complex is shown from the overhead perspective (A) and the lateral perspective (B), with the detergent omitted to display the structure of the lipid tail, as in reference [65]. DDM is depicted as spheres, while aquaporin-0 is illustrated in a cartoon style. (C) The projected SAXS intensities are color-coded, adjusted to match the experimental curve (in gray), and staggered vertically for better visualization. The software used is listed in the accompanying legend. A pure DDM micelle SAXS curve from reference [66] is also shown for comparison. The Figure is taken from reference [63] with permission. 
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Figure 7. (A) SANS data of PBPs from A. marina, which are dissolved in buffers containing (PBP +P, blue squares) or lacking phosphate (PBP −P, red triangles), respectively. The full black lines are simultaneous fits of both data sets assuming a linear superposition of a cylinder (Equation (4)) and a power law (Equation (3)) accounting for aggregation in the case of PBP −P. (B) The crystal structure of PC from T. elongatus in trimeric form based on PDB code 4Z8K [71]. The grey spheres show the low-resolution structure of PC obtained using the program DAMMIF from the SAXS data shown in Figure 5. (C) schematic representation of PBPs from A. marina as a cylinder (black rectangle) based on the SANS data of the present study. The crystal structures of seven PC (red and turquoise) trimers (see [71], PDB code 4Z8K) and one APC (blue) trimer (see [72], pdb code 1B33) are superimposed on the cylinder structure, see text. The approximate sizes of one PC homodimer and one PC/APC heterodimer are indicated by orange ellipses. The images are taken from Golub et al., 2017 [45] with permission. 
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Figure 8. (A) SANS data of LHCII-β-DM complex obtained at different protein concentrations and at a contrast of 100% D2O. Green dots correspond to the measurement at a protein concentration of 5 mg/mL; blue dots—2.5 mg/mL and red dots—1 mg/mL. The inset shows the Guinier plot of the same SANS data. (B) The crystal structure of trimeric LHC II as obtained by Liu et al. [73]. (C) Structure reconstruction of LHCII–β-DM-sample based on SANS and SAXS data. The grey spherical structure is the reconstruction of the complex using DAMMIN. The images are taken from Golub et al., 2022 [32] with permission. 
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Figure 9. Scheme illustrating the photocycle of OCP when FRP is present, as described by Tsoraev et al. [57]. The red and orange symbols denote the intermediate states, the time values represent their relaxation times. OCP is represented by white and grey squares corresponding to the CTD and NTD domains, respectively. The chain-like molecule inside of the OCP domains is the carotenoid shown in the color of the specific intermediate. The Figure is reproduced from reference [57] with permission. 
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