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Abstract
Neutron reflectometry is uniquely positioned in structural biology, because of its ability to characterize biomimetic interfacial architectures like lipid membranes and membrane-associated proteins non-destructively and in their native environment. Mimicking biological processes, samples can be manipulated and their structural response can be measured. Specific deuteration is an integral part of biological neutron reflectometry as it is essential for resolving, for example, individual components of membrane-bound protein-protein complexes. Data analysis techniques have been developed in the past decade that extract the maximum structural detail from reflectivity data obtained from samples with complex deuteration schemes while avoiding over-interpretation. This is achieved by employing robust methods for the determination modeling uncertainties. Integrative modeling approaches for neutron reflectometry are emerging as an essential part of the technique.
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[bookmark: _Toc290562477]Biological Neutron Reflectometry
Neutron reflectometry (NR) is a structural technique that is uniquely able to characterize biological interfaces under fully-hydrated biomimetic conditions (Fragneto, 2009; Harroun, Kučerka, Nieh, & Katsaras, 2009; Junghans et al., 2015; Lakey, 2009; Majkrzak, Berk, Krueger, & Perez-Salas, 2006; Wacklin, 2010). One of the most prominent applications for biological neutron reflectometry is the determination of the structure of lipid bilayer membranes and associated proteins (see Figure 1) (Heinrich & Lösche, 2014; Kent et al., 2010; Le Brun, Holt, Shah, Majkrzak, & Lakey, 2011). This chapter will exclusively utilize this particular example when discussing methodical aspects, but all conclusions can be generally applied. Other applications of biological neutron reflectometry include, for example, the association of small molecules with lipid membranes (Benedetto et al., 2014), protein fouling at artificial interfaces (Al-Jawad, Fragneto, Liu, Chang, & Clarkson, 2009; Hollmann, Steitz, & Czeslik, 2008), protein denaturation at solid interfaces relevant for the storage of pharmaceuticals (Brouette et al., 2013), design of biosensors (Le Brun et al., 2011), or the characterization of whole cell adhesion to interfaces (Smith et al., 2010).

[Insert Figure 1 here]

Using NR, biological systems can be studied destruction-free and under conditions close to their native environment. For lipid bilayer membranes this means that experiments can be performed on in-plane disordered, fluid-immersed membranes (Shenoy et al., 2010) with experimental control over environmental variables like chemical composition, temperature, and pH value of the buffer solution (Singh et al., 2013), or the electrical field strength across the lipid membrane (Gupta, Dura, Freites, Tobias, & Blasie, 2012). This is in stark contrast to the currently dominant structural techniques, such as protein crystallography, cryo-electron microscopy and nuclear magnetic resonance. During a typical neutron reflectometry experiment, the biological system can be manipulated and its structural response to different stimuli can be recorded. This makes neutron reflectometry a unique tool to study the conformation and conformational changes of proteins at interfaces (Datta et al., 2011).
NR is a low-resolution technique with a smallest resolvable feature size of about 1-2 nm and it provides structural information only along one direction, normal to the interface, while averaging in plane parallel to the interface.  In order to gain access to in-plane structural information, NR data has to be combined with external information, for example, from computational or auxiliary experimental sources. Therefore, integrative modeling approaches play an important role during data analysis. It is already standard to use existing (partial) high-resolution structures of proteins or peptides obtained by x-ray crystallography or nuclear magnetic resonance during neutron reflectometry data analysis. Under the assumption that the high-resolution structure is invariant, the position and orientation of the molecule within the biomolecular architecture can be determined (rigid body modeling, see Figure 2) (Heinrich et al., 2014; McGillivray et al., 2009; Nanda et al., 2010; Yap et al., 2015). A large number of examples can be found in which molecular dynamics (MD) simulations complement neutron reflectometry (Pfefferkorn et al., 2012; Shenoy, Nanda, & Lösche, 2012a). Mostly, those examples do not truly qualify as integrative modeling, because the MD simulations are not biased by the existing NR data during runtime, but rather time-averaged MD structures are compared to the experimental data after the simulation has finished. Consequently, integrative NR-steered MD simulations are currently under development.

[Insert Figure 2 here]

NR structurally averages not only in plane but also in time. This has the consequence that structural information, for example, about a membrane-bound protein will always be obtained as an ensemble average. While this feature might prove disadvantageous for some applications, it makes neutron reflectometry an excellent tool to study disordered or conformationally flexible molecules at interfaces (Pfefferkorn et al., 2012; Shenoy et al., 2012b).
Finally and to the core of this chapter, the use of deuteration allows NR to distinguish molecular species that would otherwise be indistinguishable based on their scattering properties. Most notably, specific deuteration of components of a protein complex allows resolving their individual contributions to the structure (Clifton, Neylon, & Lakey, 2013; Yap et al., 2015). Therefore, NR is uniquely positioned to structurally characterize protein – protein complexes at interfaces in their native environment under full control of environmental variables, and their structural response to external stimuli.  
[bookmark: _Toc290562478]Deuteration in Biological Neutron Reflectometry
Selective deuteration, or the replacement of protium with deuterium, is an effective tool in neutron scattering to flexibly change the scattering properties of parts of an interfacial architecture with the aim of increasing or decreasing the sensitivity to selected molecules. In particular, deuteration changes the coherent neutron scattering length density (nSLD), ρ, of those molecules. To achieve highest sensitivity in resolving selected molecules within the architecture, generally, the largest difference (contrast) in nSLD to their neighborhood is desirable. In the other extreme, to completely blindfold the experiment to contributions from a certain molecule, its nSLD has to be equal to that of it’s surrounding (contrast matching).
In the case of an interfacially stabilized lipid bilayer membrane with membrane-penetrating protein (see Figure 3), the first possible target for deuteration is the lipid bilayer, and in particular the lipid hydrocarbon chains. The nSLD of protiated lipid hydrocarbon chains is roughly ρ ≈ -0.5×10-6 Å-2, whereas, depending on the lipid type, perdeuterated hydrocarbon chains have a nSLD of ρ ≈ 7×10-6 Å-2. Protiated protein has an average nSLD of ρ ≈ 2×10-6 Å-2. Therefore, to structurally resolve protiated transmembrane proteins, a lipid bilayer with perdeuterated hydrocarbon chains provides a better contrast than their protiated equivalent. The second obvious deuteration target, the protein, has a nSLD of ρ ≈ 7×10-6 Å-2 in its perdeuterated form. Therefore, in combination with a protiated lipid bilayer it exceeds the previous contrast and yields an even greater sensitivity. In practice, however, factors like the availability of deuterated material, the molar fraction of the molecule of interest in the architecture, and the precise location contribute significantly to the choice of the deuteration scheme. 

[Insert Figure 3 here]

One of the currently most exciting applications of deuteration in neutron reflectometry is the structural characterization of membrane-associated protein complexes. Because there is little or no scattering contrast between individual protiated components of a protein complex, two parts of the complex have to be labeled differently. Preparing one part in its protiated and the other in its deuterated form, allows them to be structurally separated during data analysis. It will be discussed in detail how this is technically achieved.
There is a third application of deuteration, which has received little attention so far. In cases where a molecule of interest is present only at low molar or volume fraction, a combined analysis of reflectivity from a protiated and a deuterated sample can significantly improve the sensitivity. Hereby, either the scattering length density of the molecule of interest or its surrounding, or both, can be varied.
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[bookmark: _Toc290562480]Instrumentation
Experimental infrastructure for biological neutron reflectometry is in place at all major neutron scattering facilities world-wide (Dura et al., 2006; Teixeira et al., 2008). In most cases, biological neutron reflectometry does not require special instrumentation that is not available at scattering facilities, and it can be performed on a typical horizontal or vertical cold neutron reflectometer in standard configuration. Biological sample environment tends to be small in comparison to that of other research fields and fits most sample stations without substantial adjustment. In the case of membrane-associated proteins, the main challenge in terms of instrumentation lies in the accuracy of the measured reflectivity and the available neutron flux. Very often, the amount of protein binding to a membrane is low, contributing very little to the measured neutron reflectivity, which is dominated by the solid substrate and the lipid bilayer. It is therefore essential that systematic errors originating, for example, from the beam optics, the initial characterization of the incident neutron beam, or the neutron detection are minimized, while the neutron flux on the sample is maximized. These requirements are even more severe when one attempts to structurally resolve individual components of protein complexes using specific deuteration. In many cases, these types of problems expose the effective resolution limits of current instrumentation and motivate further instrumental development (Majkrzak, Carpenter, Heinrich, & Berk, 2011). 
[bookmark: _Toc290562481]Deuteration of Biological Molecules
Obtaining deuterated materials for biological neutron reflectometry typically involves the synthesis of small molecules, or harvesting small molecules and proteins from cells cultured in deuterated media (de Ghellinck et al., 2014; Pfefferkorn et al., 2012). Since this poses a significant entry barrier for many researchers in neutron scattering, all major neutron scattering centers provide access to bio-molecular labeling facilities that compliment each other in that they specialize in different types of molecules (Teixeira et al., 2008). Typically, access is granted using a peer-review user program. Depending on the facility, the required deuterated molecules will then be produced with a varying degree of participation by the researcher. 
[bookmark: _Toc290562482]Sample Requirements for Biological Neutron Reflectometry
Independent of the use of specific deuteration, samples for current instrumentation in neutron reflectometry are ideally prepared on a relatively large (several cm2), flat, and smooth surfaces that are as transparent as possible for neutrons. This requirement limits the choice of the substrate to polished, single-crystalline silicon, sapphire, or quartz. Fortunately, substrates of this type are commercially available at high quality.
In many cases, the crystalline surface is further modified by adding thin films of various materials using thin film deposition methods, or by chemical functionalization. The deposition of a buried magnetic thin film, for example, enables a magnetic reference layer technique that can be used to increase the effective resolution of the neutron experiment, albeit currently at the cost of measurement time (Holt et al., 2009; Le Brun et al., 2011). Alternative to solid-liquid interfaces, liquid-air interfaces using a Langmuir trough play an important role (Kent et al., 2010), but require a horizontal reflectometer. Solid-air interfaces can be studied under tight control of the H2O and D2O humidity at many facilities using specialized sample chambers.
[bookmark: _GoBack]For our chosen example of the characterization of lipid membrane-associated proteins, a versatile membrane model that fulfills all requirements for NR is the sparsely tethered bilayer lipid membrane (stBLM, see Figure 1) (Budvytyte et al., 2013; Heinrich et al., 2009; McGillivray et al., 2007). As a first preparation step, a self-assembled monolayer of tether molecules is grafted onto a silicon wafer that has been terminated with a 10 - 20 nm thick gold film. Thereafter, a single lipid bilayer membrane is formed, typically via vesicle-fusion to the tether layer.  stBLMs are excellent mimics of natural membranes with respect to lipid fluidity and structure (Shenoy et al., 2010). They can be prepared using a large variety of lipids, including zwitterionic (phosphatidylcholine, phosphatidylethanolamine) or anionic lipids (phosphatidylserine, phosphatidylglycerol, phosphatidylphosphate) with saturated or unsaturated chains, sterols, and phosphatidylinositol or phosphatidylinositol phosphate lipids. Spacing of the synthetic tether lipids, grafted to the terminal gold film of the substrate through thiol chemistry and (typically) an oligo(ethyleneoxide) linker, is achieved by co-adsorption with β-mercaptoethanol (βME). stBLMs can be prepared virtually defect-free, which prohibits unspecific protein adsorption to exposed support areas that would interfere with structural characterization of the membrane-associated protein (Valincius, Meškauskas, & Ivanauskas, 2012). Of similar importance, stBLMs are stable for the time scale of NR experiments (Valincius et al., 2008). stBLMs exhibit low interfacial roughness, because of their proximity to the substrate (≈ 20 Å). From a scattering point of view, this is important for achieving high resolution of the underlying structures (Majkrzak et al., 2011). On the other hand, the proximity of the substrate to the membrane and interference with the tethering chemistry – typically 50 mol% of the lipids located in the inner lipid leaflet are tether lipids – may limit the reconstitution of membrane proteins with large extra-membrane domains. Other lipid membrane model systems in use are solid-supported (Benedetto et al., 2014), floating (Fragneto et al., 2001), and polymer-cushioned lipid bilayer membranes (Burgess et al., 2004; Majewski et al., 1998; Smith et al., 2009).
A typical NR experiment with the aim to characterize a membrane-associated protein, and many other biological neutron reflectometry experiments, use a flow-through cell (Majkrzak et al., 2000) that enables buffer exchange in situ. This allows one to study a sample under different isotopic buffer compositions or to determine the response of the sample structure to external manipulations. Every condition is typically measured at least twice and in isotopically distinct bulk solvents (contrasts), for example, in H2O- and D2O-based buffer solutions. This greatly improves the ability to separate scattering contributions from the solvent and from other interfacial components. For membrane-associated proteins this means that, typically, the as-prepared lipid bilayer is characterized first with at least two contrasts. Thereafter, the protein is either incubated using at least two contrasts, or it is incubated in H2O-based buffer and two different contrasts are measured after rinsing off the protein. The same principle of measuring several contrasts is applied to all following sample manipulations. Co-refinement of these different sets of reflectivity data from one unique sample measured under a variety of conditions then allows determining structural profiles with high confidence (Kirby et al., 2012). It also permits the precise quantification of changes in the interfacial structure after manipulation. The exact experimental procedure depends on a number of factors such as binding affinities, stability of the sample in solution, stability in D2O, and sample availability. Typical flow cell volumes are about 1 mL, which makes neutron reflectometry competitive in terms of the required amount of sample compared to other structural methods. Sufficient statistics for a single contrast are typically collected within a couple to a few hours, depending on the neutron source and instrument, which makes neutron reflectometry a rather low-throughput technique at the moment. Upcoming next generation neutron reflectometry instrumentation is poised to improve counting times by at least one order of magnitude and make high-throughput studies possible. 
[bookmark: _Toc290562483][bookmark: _Ref288397927]Data Analysis
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Neutron reflectivity, like most scattering techniques, suffers from the phase problem, which is the loss of the phase information of the scattered neutron (wave) during detection. The loss of the phase information in most cases prohibits direct inversion of the collected neutron reflectivity data to obtain the one-dimensional structural (scattering length density) profile. Apart from a few special cases for which direct inversion strategies have been developed (Majkrzak & Berk, 1995; 2003), neutron reflectometry typically deals with this situation by using a modeling approach. Since the inverse problem of calculating the neutron reflectivity from a given nSLD profile has a unique solution, a parameterized trial profile is created and the calculated reflectivity is compared to the experimental data. In an iterative process, all model parameters are optimized to obtain the best fit to the reflectivity. Whether it is possible to obtain a good fit to the measured reflectivity, therefore, critically depends on the choice of the model and the performance of the used optimization algorithm.
In the past, and frustratingly until today, neutron reflectivity data analysis has been dominated by the slab model (Ankner & Majkrzak, 1992), which describes the interfacial structure in terms of stratified slabs of constant nSLD. The slab model was greatly successful because of its close relationship with the optical matrix method that allows for an efficient calculation of the parent reflectivity spectrum. However, the slab model is impractical when applied to complex molecular architectures that consist of spatially intermixing sub-molecular groups. A transition to structure-based composition-space modeling (Schalke, Krüger, Weygand, & Lösche, 2000; Shekhar, Nanda, Lösche, & Heinrich, 2011; Wiener & White, 1992), which is standard in other structural techniques such as x-ray diffraction of membranes (Kučerka et al., 2008; Nagle & Tristram-Nagle, 2000), allows one (a) to build detailed molecular models, (b) to directly parameterize relevant structural features of the bio-molecular film, and (c) to include external information about chemical and physical properties of the molecular constituents in the model.
We implemented a composition-space approach that uses error functions for the modeling of component volume occupancy profiles, CVO(z), along the surface normal, z (continuous distribution model, (Heinrich & Lösche, 2014; Shekhar et al., 2011)). Its implementation for lipid bilayer membranes was validated against distributions of sub-molecular components obtained from MD simulations. This modeling strategy provides high flexibility in arranging molecular groups in space while intrinsically maintaining physically valid boundary conditions. For example, the continuous distribution model achieves volume filling of complex molecular architectures without over or under-filling. This feature makes the new parameterization particularly suited for complex molecular architectures such as stBLM with associated proteins, and it can also be readily applied to lipid bilayers physisorbed on solid supports, self-assembled monolayers (SAMs), or Langmuir monolayers at the air-water interface.
The composition-space approach as implemented in the continuous distribution model is readily applicable to interfaces such as surface supported lipid bilayer membranes, whose architecture is in principal known and a model refinement only determines specific values for parameters such as bilayer thickness, lipid composition, and surface coverage. However, if parts of the molecular architecture are of unknown structure, the model needs to be extended by components that are more flexible and can assume different functional forms.  Those strategies typically involve quasi free-form modeling approaches (Berk & Majkrzak, 1995; Kunz, Reiter, Götzelmann, & Stamm, 1993; Laub & Kuhl, 2006; van der Lee, Salah, & Harzallah, 2007). In combination with the continuous distribution model, we implemented a Hermite spline to describe unknown structural elements, in particular, membrane-associated proteins (Shenoy et al., 2012b). The Hermite spline has the advantage that it is a locally parameterized real-space object, in contrast to free-form implementations using truncated expansions of basis functions such as Chebychev polynomials (Laub & Kuhl, 2006). Hermite splines have the advantage over other established spline functions like parametric B splines (Berk & Majkrzak, 1995) in that they require fewer parameters, that they are less prone to yield physically implausible profiles, and that the spline function passes through the defining control points, while still maintaining enough flexibility to describe realistic protein profiles. It is not straightforward to combine continuous distribution model components and Hermite splines in a way that satisfies all physical constraints. With regard to membrane-associated proteins, we achieved a satisfying technical solution that has been discussed in a comprehensive review (Heinrich & Lösche, 2014). This review also details the use of high-resolution atomic structures of known components of the interfacial architecture within a rigid body analysis.
It is of importance to keep in mind that all modeling strategies discussed so far take place in one dimension. While this approach appears to be sufficient for the current statistical quality of reflectivity data, fundamentally, it is clear that projections of molecular distributions onto one dimension cannot be expected to be generally well-described by relatively simple functional forms, such as pairs of error functions used here. One particular example for this is the distortion of a local bilayer structure by a protein closely interacting with surrounding lipid molecules. There are currently no modeling strategies available to account for this apart from free-form methods. If the need arises with the next-generation instrumentation, existing pioneering work can serve a starting point for further model development (Politsch, 2001; 2003; Politsch & Cevc, 2000; 2002).
[bookmark: _Toc290562485]Deuteration Specific Data Analysis
Specific deuteration requires a modeling strategy that can flexibly parameterize specific parts of the biomolecular interfacial architecture. While conventional slab models are able to describe lipid bilayers with deuterated hydrocarbon chains sufficiently well (Wacklin, 2010; 2011), they will intrinsically fail to resolve, for example, the deuterated part of a protein complex that might spatially overlap with the protiated part, or other components of the interface. Fortunately, it is straightforward to apply the composition-space modeling approach discussed in the previous section to interfacial architectures with specific deuteration. The scattering length density of submolecular groups is readily accessible in the continuous distribution-model as a fixed or fittable quantity. Therefore, biomolecular architectures can easily be constructed and parameterized including specifically deuterated components. 
Some modification, however, is needed to extend the discussed free-form spline modeling approach for characterization of parts of the biomolecular architecture that are of unknown structure and that contain specific deuteration. One example for this is the characterization of a membrane bound protein complex in which one component has been perdeuterated (see Figure 4). To separate the structure of both components, we added a nSLD component to the free-form spline modeling approach (Yap et al., 2015). The traditional protein spline describes only a component volume occupancy profile, CVO(z), as a function of position, z, along the surface normal, and the nSLD of the material represented by the spline is fixed. The extended spline adds a second variable component, nSLD(z), which in itself is a spline function. It shares the position of the control points of the CVO spline to reduce the number of fitting parameters. The scattering length density at each control point is allowed to vary between that of the protiated component and that of the deuterated component, taking into account proton exchange of the protein with the buffer solution in which the biomolecular architecture is immersed. Individual profiles for the deuterated and the protiated part of the complex are obtained during post-processing of the fit using a linear decomposition of the CVO(z) and nSLD(z) splines, based on the known scattering length densities of the two parts.

[Insert Figure 4 here]

[bookmark: _Toc290562486]Uncertainty Analysis
In particular, free-form modeling of unknown structures requires a relatively large number of parameters when compared to slab models or to continuous distribution models. It is therefore absolutely necessary to employ a robust method to calculate uncertainties of and correlations between model fit parameters. We prefer using either a Monte Carlo simulation technique (Heinrich et al., 2009), or a Monte Carlo Markov Chain based algorithm (Kirby et al., 2012) to determine those quantities. Besides being able to report accurate confidence intervals for fit parameters, volume occupancy profiles, or neutron scattering length density profiles, accurate confidence intervals play an important role in model optimization. While it is not possible to determine the validity of a particular model with those methods, it is very well possible, using an iterative process, to determine the optimal number of parameters for a given model that are supported by the data. This way, over-parameterization as well as under-parameterization can be avoided. While it is well accepted in the community that over-parameterization should be refrained from, it is generally not recognized that under-parameterization is equally, if not more, problematic. Having a robust uncertainty analysis in place, over-parameterization can be easily recognized by inflated error bars. Under-parameterization, however, tends to give tight error bars on an average quantity that easily could be separated into two parameters. Experience shows that under-parameterization affects fit parameters that are structurally not related to the feature that is under-parameterized. This is due to the nature of reflectivity modeling taking place in real-space while the comparison between model reflectivity and data takes place inverse space. Therefore, it is essential during modeling to find the optimal number of fit parameters using an iterative process of expanding and contracting the parameter space, thus, identifying a good balance between model detail and parameter uncertainties. The goodness of fit, or the χ2 value, is a valuable tool to determine under and over-parameterization, but takes second place to a detailed analysis of parameter uncertainties and correlations. While it is technically possible to automate the model optimization process using methods from information theory, there is no functioning implementation of this, yet.
[bookmark: _Toc290562487]Conclusion
Specific deuteration is an integral part of biological neutron reflectometry. Apart from optimizing scattering contrasts to obtain the highest sensitivity to the structural detail of interest within biomolecular architecture, specific deuteration is essential for resolving individual components of, for example, protein-protein complexes at lipid membranes. Neutron reflectometry is uniquely positioned to address scientific questions in this exciting area of research, because of its ability to structurally characterize those systems non-destructively in their native fluid-like, disordered state. Measurements can be carried out in a biomimetic setting under full control of all environmental variables, and while manipulating the sample to mimic biological processes. Biological neutron reflectometry experiments do not pose any particular technical challenge from a scattering perspective. The largest technical obstacle is the availability and production of deuterated material, which is addressed by all major neutron scattering facilities with the establishment of deuteration facilities with user programs. Data analysis techniques have been developed in the past decade to extract the maximum structural detail from the reflectivity while avoiding over-interpretation of the data by employing robust methods to determine modeling uncertainties. Integrative modeling approaches, which combine neutron reflectivity data with experimental data from other techniques or simulation are emerging.
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Figure Captions

Figure 1: (A) Standard application for biological neutron reflectometry showing a sparsely tethered lipid bilayer membrane (stBLM) on a gold support and a membrane-associated protein (GRASP55). Neutron reflectometry was used to determine the bilayer structure, and the location and orientation of the protein using an integrative modeling approach (Heinrich et al., 2014) utilizing an existing high-resolution structure of the protein (Truschel et al., 2011). (B) Typical neutron reflectometry curves for a stBLM (9:1 DOPC: DOGS-NTA) before and after protein (GRASP55) association, measured using D2O-based bulk solvent. Error bars represent 68% confidence limits. The momentum transfer Qz increases with the incident angle of the neutron beam. The reflectivity (i.e., the flux ratio of reflected and incident neutrons) is normalized to the Fresnel reflectivity RF (i.e., the ideal reflectivity between the two bulk media, silicon and D2O-based bulk solvent). Inset: Modeled neutron scattering length density (nSLD) profiles along the membrane normal that describes the experimental data. Changes in the nSLD profile due to the associated protein are readily visible. (C) Composition-space model of the GRASP55 / membrane complex. The lipid bilayer is parameterized using the continuous distribution model (Shekhar et al., 2011). For simplicity, certain sub-molecular components that were modeled separately have been combined in this representation. The six distinct distributions shown represent the outer 20 Å of the gold substrate layer, the hydrophilic region of the tether molecules and βME that form the hydrated sub-membrane space, the substrate-proximal lipid headgroups and (lipid and tether) hydrocarbon chains, the substrate-distal lipid hydrocarbon chains and headgroups. The protein’s cross-section (component volume occupancy profile, CVO(z)) has been determined using a monotonic Hermite spline. Uncertainties were quantified by a Monte Carlo Markov Chain method and are displayed for the protein envelope as 68% confidence bands (Heinrich et al., 2009; Kirby et al., 2012). Uncertainty intervals for the molecular distributions of the tethered bilayer and the substrate are omitted for clarity, and only best-fit distributions are displayed. This research was originally published in the Journal of Biological Chemistry (Heinrich et al., 2014), © The American Society for Biochemistry and Molecular Biology.

Figure 2: Example of a rigid body modeling of a protein (GCase) associated with a tethered lipid membrane composed of 50: 50 molar fraction POPC: POPS (Yap et al., 2015). (A) Composition-space modeling result. A difference between results obtained from a free form modeling approach using a Hermite spline and an integrative modeling approach using an available x-ray crystal structure is apparent at the substrate-distal headgroup - hydrocarbon interface. It is likely that the protein adopts a different configuration when membrane-bound compared to its crystalline form with a deeper penetration of flexible loops into the hydrocarbon region of the substrate-distal lipid leaflet.  (B) Probability plot of two Euler angles (β and γ) defining the protein orientation at the interface. Robust methods to determine modeling uncertainties are essential for complex modeling approaches. Here, a Monte Carlo Markov Chain algorithm was employed (Kirby et al., 2012). (C) The orientation of the protein at the membrane in agreement with the NR data and further supported by additional fluorescence data (Yap et al., 2015). This research was originally published in the Journal of Biological Chemistry (Yap et al., 2015), © The American Society for Biochemistry and Molecular Biology.

Figure 3: Deuteration schemes in biological NR. (A): Membrane structure and penetration depth of the toxin α-hemolysin as determined by NR (McGillivray et al., 2009) using rigid body modeling based on the x-ray structure of the protein (Song et al., 1996). (B-D): Illustration of scattering contrasts obtained by employing various deuteration schemes. The nSLD is color-coded ranging from light gray (≈ -0.5×10-6 Å-2; H2O; protiated hydrocarbons) to black (≈ 6.5×10-6 Å-2; D2O; deuterated hydrocarbons). The choice of deuteration scheme allows for increasing the sensitivity to certain molecular groups by maximizing their nSLD contrast with the surrounding. (B) Standard solvent contrast using D2O-based buffer, a protiated lipid bilayer, and protiated protein. This contrast shows high sensitivity to the lipid hydrocarbon chains and the protein profile in the bulk solvent region adjacent to the lipid bilayer. (C): Standard complimentary contrast by exchanging the buffer for an H2O-based buffer. The sensitivity to all solvent-containing regions is greatly improved when (C) and (B) are analyzed simultaneously. (C): An exemplary deuteration scheme using deuterated lipid hydrocarbon chains. This scheme is particularly useful to increase sensitivity to transmembrane protein, and to protiated lipid headgroups.
Figure 4: Characterization of a membrane-bound protein – protein complex of α-synuclein and GCase (see Figure 2) at the lipid membrane using NR and specific deuteration (Yap et al., 2015). (A): Modeling result for the lipid bilayer using a continuous distribution model, and for the volume occupancy profile of the protein complex using Hermite splines. Within 68% confidence limits, the volume occupancy profile of deuterated α-synuclein in the complex shows a bimodal envelope, which is in contrast to membrane-bound free α-synuclein that exhibits only one maximum at the headgroup / hydrocarbon interface. Inset: A molecular model of the complex that satisfies the constraints set by NR and auxiliary data from fluorescence spectroscopy. In order to fit the NR profile, the second α-helix has to lift off the bilayer and is most likely closely associated with the GCase protein. (B): Implementation of the free-form Hermite spline modeling for protein – protein complexes with specific deuteration. Two Hermite splines model the volume occupancy profile and the nSLD profile independently, sharing the position of control points that are in this example on average 20 Å apart. The volume occupancy profile can vary between 0 and 100% volume filling, the nSLD profile can vary between values for protiated GCase (1.67×10-6 Å-2) and deuterated α-synuclein (6.12×10-6 Å-2). Individual volume occupancy profiles for the two components as shown in (A) are computed from the two Hermite splines and confidence limits are propagated. This research was originally published in the Journal of Biological Chemistry (Yap et al., 2015), © The American Society for Biochemistry and Molecular Biology.
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