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Diffraction anisotropy is a phenomenon that impacts more specifically membrane proteins, compared to soluble ones, but the reasons for this discrepancy remained unclear. Often, it is referred to a difference in resolution limits between highest and lowest diffraction limits as a signature for anisotropy. We show in this article that there is no single correlation between anisotropy and difference in resolution limits, with notably a substantial number of structures displaying various anisotropy with no difference in resolution limits. We further investigated diffraction intensity profiles, and observed a peak centred on 4.9 Å resolution more predominant in membrane proteins. Since this peak is in the region corresponding to secondary structures, we investigated the influence of secondary structure ratio. We showed that secondary structure content has little influence on this profile, while secondary structure collinearity in membrane proteins correlate with a stronger peak. Finally, we could further show that the presence of this peak is linked to higher diffraction anisotropy. These results bring to light a specific diffraction of membrane protein crystals, which calls for a specific handling by crystallographic software. It also brings an explanation for investigators struggling with their anisotropic data.

Introduction

Membrane proteins and soluble proteins differ in their 3D arrangement of amino acids. For their insertion in the membrane, membrane proteins harbor a series of amino acids displaying significant hydrophobicity towards the outside of the protein, facing the lipid tails of the membrane. These amino acids fold into typical secondary structures, being either all alpha helices, or all beta strands that form a beta barrel.

For their biochemical and biophysical studies, membrane proteins often need to be extracted from the membrane and stabilized in solution using amphipathic molecules (detergents, amphipols, nanodiscs, polymers, etc.) [START_REF] Johansen | Structural and biophysical properties of supercharged and circularized nanodiscs[END_REF][START_REF] Dufourc | Bicelles and nanodiscs for biophysical chemistry[END_REF][START_REF] Marconnet | Solubilization and stabilization of membrane proteins by cycloalkane-modified amphiphilic polymers[END_REF][START_REF] Krishnarjuna | Detergent-free extraction, reconstitution and characterization of membrane-anchored cytochrome-b5 in native lipids[END_REF][START_REF] Ravula | Polymer nanodiscs: advantages and limitations[END_REF][START_REF] Nguyen | Glycosyl-substituted dicarboxylates as detergents for the extraction, overstabilization, and crystallization of membrane proteins[END_REF][START_REF] Matar-Merheb | Structuring detergents for extracting and stabilizing functional membrane proteins[END_REF][START_REF] Chae | Maltose-neopentyl glycol (MNG) amphiphiles for solubilization, stabilization and crystallization of membrane proteins[END_REF][START_REF] Bayburt | Membrane protein assembly into nanodiscs[END_REF][START_REF] Overduin | Memtein: the fundamental unit of membrane-protein structure and function[END_REF][START_REF] Dörr | The styrene-maleic acid copolymer: a versatile tool in membrane research[END_REF][START_REF] Oluwole | Solubilization of membrane proteins into functional lipidbilayer nanodiscs using a diisobutylene/maleic acid copolymer[END_REF][START_REF] Salnikov | Solid-state NMR structural investigations of peptide-based nanodiscs and of transmembrane helices in bicellar arrangements[END_REF]. This can have in turn an influence on their studies. For example, in membrane protein crystals, detergents prevent lateral packing thus decreasing the possible amount of crystal contacts [START_REF] Robert | X-ray diffraction reveals the intrinsic difference in the physical properties of membrane and soluble proteins[END_REF]. Alternatively, crystallization can be performed in-meso (for example in lipidic cubic phase, LCP), inducing a different type of crystal packing [START_REF] Caffrey | A comprehensive review of the lipid cubic phase or in meso method for crystallizing membrane and soluble proteins and complexes[END_REF][START_REF] Krauss | An overview of biological macromolecule crystallization[END_REF]. Surprisingly, membrane proteins diffract X-rays differently than soluble proteins, resulting in higher diffraction anisotropy (Aniso_B factor calculated with Phaser [START_REF] Read | A log-likelihood-gain intensity target for crystallographic phasing that accounts for experimental error[END_REF]) at a given resolution. In our earlier study, we found that this fact is seen regardless of the nature of the membrane protein constituting the crystal (type of membrane insertion or function), or the type of crystal packing and arrangement (Type I in-meso, vs Type II in detergent), but we were unable to identify the root cause for this discrepancy. We concluded that only their membranous nature is responsible for this phenomenon as nothing can distinguish them in respect to anisotropy [START_REF] Robert | X-ray diffraction reveals the intrinsic difference in the physical properties of membrane and soluble proteins[END_REF].

Protein crystals diffract X-rays following characteristic intensity profiles. In 2003, an experimental curve was created from an ensemble of protein crystals diffracting to very high resolution, from protein of various shapes and folds, and thus representing a "typical" protein diffraction profile [START_REF] Popov | Choice of data-collection parameters based on statistic modelling[END_REF]. On this typical intensity profile, several zones, or resolution regimes, have been assigned with the presence of specific protein characteristics like secondary structures, the presence of nucleic acids, or ligands [START_REF] Morris | On the interpretation and use of <|E|2>(d*) profiles[END_REF][START_REF] Zwart | Distance distributions and electron-density characteristics of protein models[END_REF]. Diffraction anisotropy is often defined as variation from this experimental curve [START_REF] Read | A log-likelihood-gain intensity target for crystallographic phasing that accounts for experimental error[END_REF][START_REF] Mccoy | Experimental phasing: best practice and pitfalls[END_REF].

Diffraction anisotropy is also associated with a difference in resolution limits, creating an ellipsoidal type diffraction pattern rather than a circular one [START_REF]The Staraniso Server[END_REF][START_REF] Chaptal | Diffraction anisotropy falloff in the direction of the detergent belt for two centered monoclinic crystals of OmpF[END_REF][START_REF] Sawaya | Methods to refine macromolecular structures in cases of severe diffraction anisotropy[END_REF][START_REF] Chacko | Severe diffraction anisotropy, rotational pseudosymmetry and twinning complicate the refinement of a pentameric coiled-coil structure of NSP4 of rotavirus[END_REF][START_REF] Strong | Toward the structural genomics of complexes: crystal structure of a PE/PPE protein complex from mycobacterium tuberculosis[END_REF][START_REF] Sheriff | Description of overall anisotropy in diffraction from macromolecular crystals[END_REF][START_REF] Evans | How good are my data and what is the resolution?[END_REF]. Diffraction anisotropy is measured/calculated in terms of the largest difference between principal axes of the thermal ellipsoid, giving an overall value. This difference in resolution limits of a data set has a large impact on data completeness in the high-resolution shells, which affects electron density map quality and results in more noise in difference maps. Diffraction anisotropy also impacts map quality and could create artifacts or deformation of helices [START_REF]The Staraniso Server[END_REF]. Often, the two phenomena co-exist but not always, in our experience.

To investigate further this relationship, and the link between the two, we downloaded the whole Protein Data Bank [START_REF] Wwpdb_Consortium | Protein Data Bank: the single global archive for 3D macromolecular structure data[END_REF] for which we calculated anisotropy and difference in resolution limits for each entry, and submitted them to comparison. We found no obvious correlation, even though these two events indeed often co-occur. We then analysed intensity profiles of membrane or soluble proteins and identified a peak at 4.9 Å resolution, more prevalent for membrane proteins. We could assign this peak to not only the presence of secondary structures, but rather to the collinearity of alpha helices and beta strands in membrane proteins. We finally related the presence of this peak to the distribution of diffraction anisotropy. We conclude on the influence of secondary structure elements collinearity in membrane proteins on diffraction anisotropy. All together, these results bring an explanation to this physical phenomenon and allow membrane protein investigators to rationalize their data when faced with diffraction anisotropy. The data also call for a specific handling of membrane protein diffraction data, like it is the case for nucleic-acids containing crystals.

Methods

PDB data mining and processing

A local copy of the RCSB Protein Data Bank (PDB) [START_REF] Wwpdb_Consortium | Protein Data Bank: the single global archive for 3D macromolecular structure data[END_REF] was made including all the deposited structures in PDB formatted coordinate files as well as all the crystallographic structure factors in mmCIF format, as of November 6th, 2020. This local copy was processed using software from the CCP4 software suite version 7.0 [START_REF] Winn | Overview of the CCP4 suite and current developments[END_REF][START_REF] Berman | The protein data bank[END_REF] and in-house automated Linux script in a similar way as described in [START_REF] Robert | X-ray diffraction reveals the intrinsic difference in the physical properties of membrane and soluble proteins[END_REF]. The anisotropic delta-B value, denoted Aniso_B(I) was computed with Phaser. Emphasis was placed on making sure we use data collected all the way to the maximum of their diffraction limit, and not truncated artificially before. Indeed, investigators could sometimes cut the data where the lowest diffracting direction drops below signal/noise (I/ σ) = 2, which would introduce bias in our analysis. We thus only kept data for which the I/σ ratio was falling below 2.0 for each of the 3 principal axes of the anisotropic ellipsoid, determined using the program Truncate from CCP4. The 'Delta_res' value consists in the subtraction of the lowest resolution limit from the highest one. Finally, intensity profiles, divided in 20 resolution bins, were calculated using the raw anisotropy data listed by the 'ANO' mode of Phaser.

From this database, we also extracted, or computed when not available, an ensemble of usual data such as resolution, space group, solvent content, etc. We further calculated the content in secondary structure elements (helices, beta strands, turns and random coils) with the program DSSP [START_REF] Touw | A series of PDB-related databanks for everyday needs[END_REF][START_REF] Kabsch | Dictionary of protein secondary structure: pattern recognition of hydrogen-bonded and geometrical features[END_REF] together with their ratio in the asymmetric unit. The entries were then divided between soluble and membrane proteins, the later based on interrogation of the 'Membrane proteins of known structures' database (http://blanco.biomol.uci.edu/mpstruc/) leaded by S.H. White (University of California, Irvine) and the PDBTM database [START_REF] Kozma | PDBTM: Protein Data Bank of transmembrane proteins after 8 years[END_REF].

Fully embedded membrane proteins ('MB_EMB') are membrane proteins for which no part is significantly protruding on either side of the membrane. This set of proteins have been identified in our previous study [START_REF] Robert | X-ray diffraction reveals the intrinsic difference in the physical properties of membrane and soluble proteins[END_REF][START_REF] Robert | Au courant computation of the PDB to audit diffraction anisotropy of soluble and membrane proteins[END_REF] by manually checking each membrane protein entry and these identified entries have been directly used in the present study.

Database curation

The data was curated to keep only for which intensities were available (i.e., all data for which Aniso_B(I) could be computed). Also, in or-der to compare reasonably well-behaved structures, only data diffracting to less than or equal to 5 Å resolution were kept, and anisotropic delta-B values above 150 Å 2 were rejected. Thus, our final dataset consisted of 48,149 records divided into two subsets of 47,065 soluble proteins and 1084 membrane proteins. All data are deposited in supplemental information of this manuscript, composed of two files containing the separated soluble and membrane proteins entries, and intensities for these entries. The data have been concatenated under one zip archive, for which the legend is available in SuppTable 1.

Statistical analysis

Based on our previous analysis of diffraction anisotropy across the entire PDB [START_REF] Robert | X-ray diffraction reveals the intrinsic difference in the physical properties of membrane and soluble proteins[END_REF], we performed both parametric (Student's t-test with Welch correction) and non-parametric (Mann-Whitney) statistics on each question where statistics can be applied. In the case of multiple comparison, analysis of variances (ANOVA) was used to compare variances between groups, and Kruskal-Wallis for analysis of variances on ranks. Caution was used to enforce the same significance statement for parametric and non-parametric statistics before affirming the claim in the manuscript. Statistical analyses and charts rendering were conducted using Excel 2019 (Microsoft Corporation), PRISM 9 (GraphPad Software, Inc.), or the R statistical environment [START_REF] Core | R: A Language and Environment for Statistical Computing[END_REF] with the ggplot2 package [START_REF] Wickham | ggplot2: Elegant Graphics for Data Analysis[END_REF].

Smoothed profile for diffraction intensity profiles

On plots showing intensity profiles as a function of resolution, smoothed profiles were estimated by fitting piecewise cubic polynomials (natural splines) using the splines package in R [START_REF] Core | R: A Language and Environment for Statistical Computing[END_REF] and displayed using ggplot2 [START_REF] Wickham | ggplot2: Elegant Graphics for Data Analysis[END_REF].

Collinearity determination of secondary structures

The program DSSP [START_REF] Touw | A series of PDB-related databanks for everyday needs[END_REF][START_REF] Kabsch | Dictionary of protein secondary structure: pattern recognition of hydrogen-bonded and geometrical features[END_REF] was used to map above-mentioned secondary structure elements on each residue of all entries of our dataset. The helix geometry was analysed using the 'Helix packing software' [START_REF] Dalton | Calculation of helix packing angles in protein structures[END_REF] as follows. We considered the local axes, computed for four consecutive residues in helix, and defined a collinearity index as the percentage of inertia along the first principal component after the principal component analysis of the local axes centered on the same origin. The collinearity index varies between 0.3 (random orientation of local axes) and 1 (all axes perfectly collinear). The strand collinearity index was computed using the same procure, on local axes computed on four consecutive residues in strands. The collinearity indices were computed at the level of the asymmetric unit. An example of secondary structure collinearity is displayed in SuppFig. 1.

Results and discussion

Very weak correlation between diffraction anisotropy and difference in resolution limits

First, we wanted to evaluate the link between diffraction anisotropy and the difference in resolution limits. To this end, we followed the same procedure as we established in [START_REF] Robert | X-ray diffraction reveals the intrinsic difference in the physical properties of membrane and soluble proteins[END_REF]; we downloaded the whole PDB, and crossed it with two databases of membrane protein structures ('Membrane proteins of known structures' database (http:// blanco.biomol.uci.edu/mpstruc/) and the PDBTM database [START_REF] Kozma | PDBTM: Protein Data Bank of transmembrane proteins after 8 years[END_REF]) to identify membrane proteins. We selected only structures for which structure factors were available in the form of intensities. We then calculated diffraction anisotropy, denoted Aniso_B(I), on intensities using Phaser [START_REF] Read | A log-likelihood-gain intensity target for crystallographic phasing that accounts for experimental error[END_REF]. We also extracted resolution limits along principal reciprocal space directions using Truncate from CCP4, identifying the resolution at which the signal/noise ratio was falling below 2.0, and calcu-
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lated the difference between the highest and lowest resolution limits, denoted Delta_res. Of note, since anisotropic data can give rise to many interpretations on its handling by different investigators, great care was placed towards selecting only dataset that have been deposited with the whole resolution regime, and not cut too early (see M&M section for specific details). Fig. 1 reports diffraction anisotropy (Aniso_B(I)) as a function of difference in resolution limits (Delta_res). For all structures (Fig. 1A), there is an apparent spread of anisotropy values for each range of difference in resolution limits. There is a trend to higher anisotropy for larger difference in resolution limits, which corresponds with the general idea described in the introduction. But there is a high variability at every Delta_res range (see Fig. 1A), with many proteins with very high and very low anisotropy, regardless of the difference in resolution limits. In addition, there is a high variability of anisotropy values even for structures with no difference in resolution limits (Fig. 1B). To avoid pitfalls linked with constraints on cell axis of higher symmetry space groups, we investigated structures belonging to space group P 1 2 1 1 only (Fig. 1C,D). Indeed, this space group is well populated and has minimal constraints on cell parameters. The data in P 1 2 1 1 scatter similarly to the whole population of structures, and show a substantial number of structures with no difference in resolution limits while having a large spread in anisotropy values. All these observations led us to reconsider the correlation between anisotropy and difference in resolution limits, but rather appreciate these two variables as distinct while often converging.

Intensity profiles for soluble and membrane proteins

Diffraction anisotropy is also defined as a deviation from the experimental observation made by Popov & Bourenkov on 72 crystals of soluble proteins diffracting to very high resolution [START_REF] Popov | Choice of data-collection parameters based on statistic modelling[END_REF]. We thus investigated diffraction intensity profiles for membrane proteins and compared them with soluble ones (Fig. 2). Intensity profiles were calculated for each entry by Phaser, which normalises them to unity compared to the curve described by Popov & Bourenkov. A deviation from unity shows a deviation from the experimental curve. Fig. 2 displays the intensity profiles for each entry, overlaid, as a function of resolution for different categories of proteins. Each line corresponds to a PDB entry. Some variability is seen at low resolution, as expected in this region. Then profiles follow unity with a small degree of variation for soluble proteins, as was also observed previously for a chosen set of soluble proteins [START_REF] Morris | On the interpretation and use of <|E|2>(d*) profiles[END_REF]. The smoothed profile is highlighted in blue (see M&M section for a description of the fit). Membrane protein profiles show a remarkable difference in the secondary structure elements zone [START_REF] Morris | On the interpretation and use of <|E|2>(d*) profiles[END_REF], with a higher peak centred on 4.9 Å and two valleys at 3.5 and 6.75 Å deeper that soluble protein profiles. The peak can be more or less pronounced in between proteins, but is always present. Fully embedded membrane proteins show a more pronounced profile. This observation is important and will be discussed more in depth later. One important fact about embedded membrane proteins is that they display a particular fold, nearly all alpha helical or all beta strands, oriented normal to the membrane plane. 

Presence of secondary structures alone is not enough to describe the peak centred on 4.9 Å resolution

Secondary structure elements in folded protein structures produce characteristic repeated distances in the 4.5-7 Å range [START_REF] Morris | On the interpretation and use of <|E|2>(d*) profiles[END_REF][START_REF] Zwart | Distance distributions and electron-density characteristics of protein models[END_REF][START_REF] Morris | Sheldrick's 1.2 A rule and beyond[END_REF]. Thus, the more secondary structure elements, the larger the amount of distance repeats in these resolution regimes. We investigated the influence of secondary structures content on the formation of the peak centred on 4.9 Å. Soluble and membrane proteins were separated by percentage of secondary structure elements constituting their fold and intensity profiles displayed (Fig. 3). Separation on the percentage of alpha helices alone (Fig. 3A) reveals that for membrane proteins the peak is very present even for low content in alpha helices. The peak, and the inflections around it, are more pronounced as the proportion of alpha helices increases. For soluble proteins however, the trend reverses with a small peak detectable for low alpha contents that then flattens for higher alpha percentage (Fig. 3A left panel). A similar trend is observed when the separation is performed on beta strands only for membrane pro-teins. Soluble proteins show a peak for high beta strand content, albeit smaller in height compared to membrane proteins (Fig. 3B).

Since proteins are mostly constituted of a combination of alpha helices and beta strands, and a low content in one element is usually balanced by a higher content of the other, the influence of all secondary structure elements on intensity profiles was investigated (Fig. 3C). While on one hand the trend is confirmed for membrane proteins, for soluble proteins on the other hand the influence of both secondary structure elements counter balance and the average intensity profile is close to unity for all proportions of secondary structure content. All these information together show that the ratio of secondary structures per se is not the sole source of an increase in intensity profile in the 4.9 Å resolution range. 
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Selected soluble proteins for a peak at 4.9 Å resolution show a higher proportion of beta strands

In the intensity profile for soluble proteins a variability was observed (Fig. 2A), and a small number of structures were recognized to display the same intensity profile as membrane proteins, with a marked peak centred on 4.9 Å resolution. We selected out these soluble proteins on the criteria to have an intensity ratio over 1.25 at 4.9 Å resolution (Fig. 4A) to further investigate the origin of this specific intensity profile and compare it to membrane proteins. These selected soluble proteins have fewer alpha helices than other soluble proteins, and have more beta strands and turns (Fig. 4B,C). This observation reaches the conclusion drawn from Fig. 3B, that soluble proteins with higher content in beta strands show a peak in intensity profile. Separation of the intensity profile by secondary structure content (Fig. 4D,E,F) shows that the percentage of secondary structure doesn't influence the peak 
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height, and is more visible on the inflection around 6.5 Å resolution. The behavior of these selected soluble proteins thus does not exactly match the one of membrane proteins, leading to think that the reasons for the appearance of this peak originate from different sources.

The peak centred on 4.9 Å resolution originates from alpha helices and beta sheets collinearity in membrane proteins, and high content beta sheets for selected soluble proteins

The fact that embedded membrane proteins display a very marked peak in their intensity profiles, as shown in Fig. 2, is remarkable. Indeed, these proteins have been selected to be only present in the membrane [START_REF] Robert | X-ray diffraction reveals the intrinsic difference in the physical properties of membrane and soluble proteins[END_REF][START_REF] Robert | Au courant computation of the PDB to audit diffraction anisotropy of soluble and membrane proteins[END_REF], with no outside domains protruding in the periplasm or cytoplasm. They are constituted of alpha helices or beta strands oriented perpendicular to the membrane plane. This observation led us to investigate the influence of secondary structure collinearity on intensity profiles. DSSP parameters [START_REF] Touw | A series of PDB-related databanks for everyday needs[END_REF][START_REF] Kabsch | Dictionary of protein secondary structure: pattern recognition of hydrogen-bonded and geometrical features[END_REF] were extracted for each entry, and collinearity index of secondary structures calculated. A collinearity value of 0.3 for alpha helices or beta strands means a random orientation of these secondary structure elements. Membrane proteins have very collinear alpha helices with most of the values above 0.6 (Fig. 5A). There is also a cluster at high helix proportion and high collinearity, meaning that when there is a high proportion of alpha helices, they tend to distribute in a collinear fashion. This trend is confirmed for embedded membrane proteins. Soluble proteins have much lower collinearity, with most of the values distributing below 0.6, with a wellformed cluster around 40 % helices and 0.5 collinearity index, denoting a similar distribution of alpha helices across all the soluble protein structures. The soluble proteins selected on the basis of a high peak at 4.9 Å resolution show a distribution similar to other soluble proteins. Beta strands for membrane proteins show two clusters, centred on 25 and 55 % in strand content. The first peak at 25 % strand content corresponds to the distribution seen for soluble proteins (Fig. 5B). The second peak at 55 % strand content likely corresponds to proteins fully embedded in the membrane, folding as beta barrels [START_REF] Robert | X-ray diffraction reveals the intrinsic difference in the physical properties of membrane and soluble proteins[END_REF]; their strand collinearity is thus a little greater, being normal to the membrane plane (SuppFigure 2-3). For selected soluble proteins, showing a greater content of beta strands, they have a bimodal distribution of beta strands resembling the one of membrane proteins in terms of secondary structure elements proportion (Fig. 5B). The strand collinearity index is however similar in both distributions. We confirmed these observations by exploring the influence of secondary structure collinearity on the height of the peak at 4.9 Å resolution (Fig. 5D,E). For membrane proteins, there is a clear trend to a higher peak with more collinearity of alpha helices or beta strands. For soluble proteins, collinearity has no influence on the peak height.

The reasons for the peak in intensity profiles are thus different for both classes of proteins. Membrane proteins have more alpha helices than soluble ones, and these helices are more collinear. When the peak is due to beta sheets, it is also because these beta sheets are oriented. Soluble proteins with a peak in intensity profiles have larger proportion of beta sheets, not necessarily more collinear than soluble protein without the peak, but this larger proportion results in a different intensity profile.

Proteins showing the peak at 4.9 Å resolution correspond to a higher diffraction anisotropy population

Finally, the relationship between the presence of a peak in intensity profile and diffraction anisotropy was explored. Diffraction anisotropy was calculated for each entry and the population represented as a function of diffraction anisotropy (Fig. 6). Each class of protein was separated for analysis. This type of representation was the initial identification that membrane proteins didn't follow the same distribution as soluble proteins [START_REF] Robert | X-ray diffraction reveals the intrinsic difference in the physical properties of membrane and soluble proteins[END_REF]. Here, with more data than before, we confirm what was originally identified by comparing these two categories of proteins, which makes this observation even mode statistically significant. There is a clear identification that soluble and membrane proteins are different objects in regard to anisotropy, with membrane proteins displaying higher anisotropy (Fig. 6A,B). Interestingly, selected soluble proteins also follow a different distribution compared to soluble proteins, corresponding to a higher diffraction anisotropy distribution (Fig. 6C), intermediate between the membrane and soluble ones. Parametric and nonparametric statistics clearly identify these distributions to be different (see legend Fig. 6), unmistakably establishing the fact that the presence of the peak at 4.9 Å resolution allows to select a set of soluble proteins displaying higher anisotropy. This is a first observation of a physical characteristic that can isolate a population of soluble proteins that draws closer to membrane proteins in terms of anisotropy distribution. This observation also links diffraction anisotropy to the peak in intensity profiles. Of course, this link should also be put in perspective of the anisotropy distribution that shows a large scattering of points with a fair number of structures with low anisotropy.

Discussion

Diffraction anisotropy is a very prevalent problem in membrane protein crystallography, but the root of this problem still remains unknown, and the reason why membrane proteins display more anisotropy than soluble proteins is still in the dark.

Here we show that diffraction anisotropy and difference in diffraction limits are two separated, yet coupled, issues. They often tend to appear in tandem, which is the origin of the claims that the difference in diffracting limits causes diffraction anisotropy [START_REF] Strong | Toward the structural genomics of complexes: crystal structure of a PE/PPE protein complex from mycobacterium tuberculosis[END_REF][START_REF] Sheriff | Description of overall anisotropy in diffraction from macromolecular crystals[END_REF][START_REF] Dauter | Pathological crystallography: case studies of several unusual macromolecular crystals[END_REF]. At the core, difference in diffraction limits comes from the absence of crystal contacts in specific directions of space, resulting in more order and thus stronger diffraction [START_REF] Chaptal | Diffraction anisotropy falloff in the direction of the detergent belt for two centered monoclinic crystals of OmpF[END_REF][START_REF] Sheriff | Description of overall anisotropy in diffraction from macromolecular crystals[END_REF]. Diffraction anisotropy itself originates from a deviation from an experimental curve obtained from a set of crystals diffracting at high resolution, the BEST curve [START_REF] Popov | Choice of data-collection parameters based on statistic modelling[END_REF]. Often these two phenomena appear in concert, but not always as judged by the large scattering of data points in Fig. 1, and the large variation of anisotropy seen when there is no difference in resolution limits. There is nevertheless a trend to more anisotropy with more difference in resolution limits, coupling the two otherwise-separated events. On top of it, these two events occur more prevalently on low resolution datasets, which increases the effects and lowers electron density map qualities. The lack of completeness in the highest resolution shells due to difference in resolution limits increases noise in maps, and diffraction anisotropy creates artifacts [START_REF]The Staraniso Server[END_REF].

It has been clearly established that membrane proteins harbor more diffraction anisotropy, regardless of their crystallization techniques (in detergent or in-meso), of their insertion in the membrane, of their function, nor if they are fully embedded in the membrane or having large parts protruding outside [START_REF] Robert | X-ray diffraction reveals the intrinsic difference in the physical properties of membrane and soluble proteins[END_REF]. It is their membranous nature that give membrane proteins their capability to diffract X-rays more anisotropically compared to soluble proteins. The insertion into the membrane is made exclusively by alpha helices or by beta strands forming a beta bar-
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rel (SuppFigure 3). Secondary structure elements are thus at the centre of attention. We analysed diffraction intensity profiles and identified a peak centred on 4.9 Å resolution, a zone previously annotated to correspond to secondary structure elements, which display many repeated distances in this resolution regime (SuppFigure 2). We showed that the proportion of secondary structure elements is not enough to attest for the presence of this peak, and of its height. Following the observation that fully embedded membrane proteins show a very directional fold, normal to the membrane plane (SuppFigure 3), we explored the influence of secondary structure collinearity on the presence of the peak. We could show that secondary structures of membrane proteins distribute more collinearly, and that the peak increases in height with increasing secondary structures collinearity; the more collinear alpha helices or beta sheets (in a barrel), the higher the peak at 4.9 Å resolution (Fig. 5). For soluble proteins however, such trend could not be seen, likely due to the fact that secondary structure elements tend to distribute more "randomly" within their structure than for membrane proteins (Supp-Figure 1).

Of note, other factors could contribute to the presence of the peak at 4.9 Å resolution, like solvent. Membrane proteins are surrounded by an amphipathic belt, made out, in protein crystals, of detergents or lipids (LCP). Separation of membrane proteins crystallized in detergent or LCP (SuppFigure 4) show a higher peak at 4.9 Å resolution for proteins crystallized in LCP, similar to proteins fully embedded in the membrane. Indeed, proteins crystallized in LCP tend to be rather small, corresponding mostly to embedded proteins, which is confirmed by the distributions of secondary structures collinearity (SuppFigure 4B, C). Also, their solvent is highly disordered, very few detergent/lipid molecules are observed in electron density maps, and thus few repeated distances will be conserved to create a collinear distance in the crystal. Since membrane proteins crystallized in detergent and LCP display nondistinguishable distributions for anisotropy, it is likely that their anisotropy stems from secondary structure collinearity rather than the presence of a specific solvent around them.

We could then establish a clear link between the peak at 4.9 Å in intensity profile and a protein distribution to higher anisotropy (Fig. 6). Selected soluble proteins for a high peak in intensity profile follow a distribution drawing closer to anisotropy distribution of membrane proteins, that always have the peak. This observation is definitely intriguing, allowing for the first time to extrapolate a set of soluble proteins following the anisotropic distribution of membrane proteins. Acknowledgedly, the present analysis was performed in one dimension, averaging the 3D intensity profiles, and should be continued in 3D by scrutinizing intensity profiles following the anisotropy ellipsoids [START_REF]The Staraniso Server[END_REF]. Since diffraction anisotropy is occurring in 3D, being different on every cell axis or directions of the diffraction ellipsoid, it would be interesting to investigate the intensity profiles of these different classes of proteins as a function of the ellipsoid main axis, in a follow-up article.

An additional important consideration is that an X-ray diffraction dataset is obtained from a rotation of the crystal in respect to a fixed axis linking the X-ray beam to the detector. We showed here that secondary structure collinearity is an important factor linked to anisotropy, but there are also other factors at play as shown by the distribution of anisotropy (Fig. 6). The root of diffraction is scattering of individual elements, repeated in space and thus amplified by the spatial arrangement in the crystal. It is tempting to speculate that the source of diffraction anisotropy is collinearity of secondary structure, not only within the protein, but collinearity of secondary structures in the whole crystal in respect to the X-ray beam-detector axis. These orientations are found more prevalently in membrane proteins for two reasons: 1/ membrane proteins have intrinsically more collinear structures and 2/ their hydrophobic belts prevents crystal contacts, thus orienting crystal contacts in some places leading to more overall collinearity. All together, these data bring to light the fact that the special 3D arrange-ment of membrane proteins brought by the membrane insertion induces a specific X-ray diffraction.

For the past decades, investigators have developed specific tools to handle membrane proteins biochemically (detergents, amphipols, polymers, nanodiscs, etc.…), being clear that even if they are made of the same building blocks as soluble proteins, they couldn't be handled experimentally the same way. Here we show that membrane proteins also behave differently in regard to X-ray diffraction. These results thus call for a specific data handling of membrane proteins by crystallographic software in the hope to enhance electron density maps and build better models.

Statement of significance

Membrane proteins are built of the same building blocks as soluble proteins, but their 3D arrangement makes that the two types of proteins behave completely differently. It is well known that specific tools need to be used to purify and study membrane proteins in solution. Here we show that they also behave differently in response to X-ray diffraction, displaying a distinct diffraction pattern. We show that their unique fold allowing their insertion in the membrane is responsible for this, through secondary structure collinearity. This thus calls for a specific handling of membrane protein diffraction data.
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Fig. 1 .Fig. 2 .

 12 Fig. 1. Diffraction anisotropy as a function of difference in resolution limits. A/ 2D plot representing anisotropy values in Å 2 (Aniso_B(I) calculated on Intensities) as a function of the difference in resolution limits (Delta_res). The right panel is a zoom on the section with Aniso_B(I) lower than 60 Å 2 and Delta_res lower than 0.6 constituting the most populated area of the graph. Each point represents a PDB entry; soluble proteins are in blue, membrane proteins are in red. Full data set of 47,244 PDB entries. B/ Scatter plot for all entries with no difference in resolution limits (Delta_res = 0). The median is shown as a black bar. C/ and D/ are same as A/ and B/ for entries belonging to space group P 1 2 1 1 (8180 PDB entries). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3 .

 3 Fig. 3. Influence of secondary structure proportion on intensity profiles. A/ Separation on helix content alone. B/ Separation on beta strand content alone. C/ Separation on the content of helices and strands.

Fig. 4 .

 4 Fig. 4. Soluble proteins showing a peak in intensity profile and relation to secondary structure elements. A/ Intensity profile and smoothed profile (cyan) for soluble proteins selected to have an intensity profile >1.25 at 4.9 Å resolution. Proportion of alpha helices (B/) or Beta strands (C/) in soluble (SOL) and selected soluble (selected_SOL) proteins vs membrane proteins (MB). D/E/F/ overlaid smoothed intensity profiles separated by alpha helices percentage, beta strands percentage of the sum of secondary structures, for selected soluble proteins. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5 .

 5 Fig. 5. Collinearity of secondary structures. A/ distribution of alpha helices collinearity as a function of helix proportion. Each entry is represented by a transparent circle for clarity. Level lines help to identify clusters and more populated zones. The panel is divided and color-coded as the other figures above. B/ same as A/ on strand collinearity. D/ E/ influence of helix and strand collinearity respectively on diffraction intensity profiles.

Fig. 6 .

 6 Fig. 6. Link between diffraction anisotropy and presence of a peak at 4.9 Å in intensity profiles. Distribution of anisotropy values calculated on intensities (Aniso_B(I)) separated by type of protein. Distributions for soluble proteins are in blue (A/), for membrane proteins in red (B/) and for selected soluble proteins in cyan (C/). Embedded membrane proteins were omitted due to the low number of structures in the current database. The black line corresponds to the exponential decay fit calculated on each class separately. ANOVA statistical testing on means or Wilcoxon testing on ranks clearly show a difference between each distribution (p-values <2.2e-16). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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