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Introduction

Understanding the diffusive transport of macromolecules in the polydisperse and crowded ensemble within the aqueous intracellular fluid of living cells is crucial to understand their function [START_REF] Maheshwari | Colloidal hydrodynamics of biological cells: A frontier spanning two fields[END_REF][START_REF] Witzel | Heterogeneities shape passive intracellular transport[END_REF] . Polydispersity [START_REF] Cho | Effect of polydispersity on diffusion in random obstacle matrices[END_REF][START_REF] Gonzalez | Impact of polydispersity and confinement on diffusion in hydrodynamically interacting colloidal suspensions[END_REF][START_REF] Ilker | Longtime diffusion and energy transfer in polydisperse mixtures of particles with different temperatures[END_REF] and crowding [START_REF] Ellis | Macromolecular Crowding: An Important but Neglected Aspect of the Intracellular[END_REF][START_REF] Höfling | Anomalous Transport in the Crowded World of Biological Cells Reports on Progress in Physics[END_REF][START_REF] Gupta | Protein Entrapment in Polymeric Mesh: Diffusion in Crowded Environment with Fast Process on Short Scales Macromolecules[END_REF][START_REF] Bucciarelli | Dramatic influence of patchy attractions on short-time protein diffusion under crowded conditions[END_REF][START_REF] Vodnala | Hard-sphere-like dynamics in highly concentrated alpha-crystallin suspensions[END_REF][START_REF] Ostrowska | Modeling crowded environment in molecular simulations Frontiers in[END_REF][START_REF] Fagerberg | Self-Diffusive Properties of the Intrinsically Disordered Protein Histatin 5 and the Impact of Crowding Thereon: A Combined Neutron Spectroscopy and Molecular Dynamics Simulation Study The[END_REF] are, thus, subject to numerous theoretical [START_REF] Makarov | Solvation and Hydration of Proteins and Nucleic Acids: A Theoretical View of Simulation and Experiment Accounts of[END_REF] , simulation [START_REF] Ostrowska | Modeling crowded environment in molecular simulations Frontiers in[END_REF][START_REF] Nawrocki | Slow-Down in Diffusion in Crowded Protein Solutions Correlates with Transient Cluster Formation[END_REF][START_REF] Feig | Crowding in Cellular Environments at an Atomistic Level from Computer Simulations[END_REF] , and experimental studies. Both living cells or even small organisms in their entire complexity [START_REF] Doster | Microscopic Diffusion and Hydrodynamic Interactions of Hemoglobin 11 in Red Blood Cells[END_REF][START_REF] Stadler | Hemoglobin Dynamics in Red Blood Cells: Correlation to Body Temperature[END_REF][START_REF] Jasnin | In Vivo Measurement of Internal and Global Macromolecular Motions in Escherichia Coli[END_REF][START_REF] Anunciado | In Vivo Protein Dynamics on the Nanometer Length Scale and Nanosecond Time Scale[END_REF][START_REF] Mamontov | Microscopic diffusion processes measured in living planarians[END_REF] as well as settings with different degrees of simplification have been explored using spectroscopic methods, such as nuclear magnetic resonance (NMR) [START_REF] Roos | NMR-detected Brownian dynamics of αB-crystallin over a wide range of concentrations[END_REF][START_REF] Roos | Coupling and decoupling of rotational and translational diffusion of proteins under crowding conditions[END_REF] , Mössbauer spectroscopy [START_REF] Nikitin | Effects of Macromolecular Crowding on Nanoparticle Diffusion: New Insights from Mossbauer Spectroscopy The Journal of[END_REF] , and fluorescence correlation spectroscopy [START_REF] Banks | Anomalous diffusion of proteins due to molecular crowding[END_REF][START_REF] Bacia | Fluorescence cross-correlation spectroscopy in living cells Nature Methods[END_REF][START_REF] Kalwarczyk | Apparent anomalous diffusion in the cytoplasm of human cells: the effect of probes' polydispersity The[END_REF] . Drastically simplified model systems with well-defined and adjustable configuration parameters can help to test models, many of which are derived from colloid physics [START_REF] Tokuyama | Dynamics of Hard-Sphere Suspensions[END_REF][START_REF] Nägele | On the Dynamics and Structure of Charge-Stabilized Suspensions[END_REF][START_REF] Banchio | Short-Time Transport Properties in Dense Suspensions: From Neutral to Charge-Stabilized Colloidal Spheres[END_REF] .

To this end, aqueous solutions consisting of a single monodisperse protein species have previously been probed, inter alia, using neutron spectroscopy and NMR [START_REF] Roos | NMR-detected Brownian dynamics of αB-crystallin over a wide range of concentrations[END_REF][START_REF] Roos | Coupling and decoupling of rotational and translational diffusion of proteins under crowding conditions[END_REF][START_REF] Le Coeur | Microscopic Protein Diffusion at High Concentration by Neutron Spin-Echo Spectroscopy[END_REF][START_REF] Roosen-Runge | Protein Self-Diffusion in Crowded Solutions[END_REF][START_REF] Rothe | Transient binding accounts for apparent violation of the generalized Stokes-Einstein relation in crowded protein solutions[END_REF] . On the diffusive short-time scale, direct interactions such as protein-protein collisions are negligible, and hydrodynamic interactions dominate which are considered crucial for biological function [START_REF] Ando | Crowding and Hydrodynamic Interactions Likely Dominate[END_REF] as well as for the quantitative understanding of long-time diffusion [START_REF] Cichocki | Long-time selfdiffusion coefficient and zero-frequency viscosity of dilute suspensions of spherical Brownian particles[END_REF][START_REF] Brady | The long-time self-diffusivity in concentrated colloidal dispersions[END_REF][START_REF] Zahn | Hydrodynamic Interactions May Enhance the Self-Diffusion of Colloidal Particles[END_REF][START_REF] Bleibel | Hydrodynamic interactions induce anomalous diffusion under partial confinement Soft Matter[END_REF] . On this short-time scale it has been found that the self-diffusion (synonymously: tracer diffusion) of well-folded proteins with a compact shape can be quantitatively understood in terms of predictions for monodisperse colloidal hard spheres [START_REF] Roosen-Runge | Protein Self-Diffusion in Crowded Solutions[END_REF] . Notably, the slowing-down of the protein self-diffusion with increasing protein volume fraction in the suspension, i.e., with increasing crowding, has been quantitatively understood for this situation. However, In actual biological systems, polydispersity is prevalent, so it is imperative to check the validity of the colloid picture in a genuinely polydisperse situation.

In this colloid picture, Stokesian dynamics simulations of binary hard spheres show that the larger component diffuses slower and the smaller component diffuses faster in a mixture than in their re-spective pure systems at the same total volume fraction [START_REF] Wang | Short-time transport properties of bidisperse suspensions and porous media: A Stokesian dynamics study[END_REF] . Realistic polydisperse simulations suggest that these rather complex systems can be mapped and understood by studying equivalent polydisperse hard-sphere models [START_REF] Ando | Crowding and Hydrodynamic Interactions Likely Dominate[END_REF] . Experimentally, the diffusion of immunoglobulin tracer proteins has recently been studied in such a naturally polydisperse and crowded setting of macromolecules [START_REF] Grimaldo | Protein short-time diffusion in a naturally crowded environment The[END_REF] and in dense phases after macroscopic phase separations [START_REF] Girelli | Molecular flexibility of antibodies preserved even in dense phase after macroscopic phase separation Molecular Pharmaceutics[END_REF] . Simulations adapted to the particular polydisperse system [START_REF] Grimaldo | Protein short-time diffusion in a naturally crowded environment The[END_REF] generalize the trend seen in binary systems [START_REF] Wang | Short-time transport properties of bidisperse suspensions and porous media: A Stokesian dynamics study[END_REF][START_REF] Grimaldo | Protein short-time diffusion in a naturally crowded environment The[END_REF] . Notably, particles smaller than the average effective radius of the macromolecular ensemble diffuse faster, and particles with a larger than average radius diffuse slower than in the monodisperse case at the same volume fraction. Computational studies showed similar effects influencing the self-diffusion close to interfaces [START_REF] Gonzalez | Impact of polydispersity and confinement on diffusion in hydrodynamically interacting colloidal suspensions[END_REF] . However, the existing explicit comparisons between experiment and colloid theory do not sufficiently address the genuine effects of polydispersity, e.g., the experimental results in Ref. 39 can still be approximately described by an effective monodisperse system due to the experimental restriction to only one type of tracer protein.

Hence, a dedicated study of a model polydisperse system with tunable tracer composition is necessary, which in its simplest case would be a bidisperse system with tunable total volume fraction and relative composition. Up to now, the separation of different diffusive contributions was possible either due to partial deuteration of the samples investigated [START_REF] Grimaldo | Protein short-time diffusion in a naturally crowded environment The[END_REF] or to the use of advanced modelling in hydrated powders [START_REF] Cisse | Dynamics of Apolipoprotein B-100 in Interaction with Detergent Probed by Incoherent Neutron Scattering The[END_REF] . Here, we test the predicted bulk behavior of an aqueous solution of two distinct tracer proteins, namely bovine serum albumin (BSA) and bovine polyclonal immunoglobulin gamma (Ig). We separate the apparent center-of-mass diffusion coefficients measured simultaneously for both proteins from the internal diffusive processes and the solvent contributions. We use both proteins in their native, protonated form and vary the protein volume fraction and ratio. This simplified setting, compared to the highly polydisperse mixtures previously studied, allows for a more quantitative comparison with results from simulations. It also circumvents the need for biological deuteration. Thus, by analyzing the data employ-ing different frameworks, we show the feasibility to investigate the short-time diffusive processes of two distinct species of label-free tracers in a solution and to separate and analyze the corresponding contributions to the scattering signal of the two proteins.

Materials and Methods

Sample preparation

Polyclonal Ig (G5009) (M Ig = 150 kDa 42 ), BSA (A3059) (M BSA = 66.4 kDa 43 ) and D 2 O were purchased from Sigma-Aldrich (now Merck KGaA) and used with no further purification. The samples were prepared by dissolving given masses of the proteins in D 2 O as described in earlier works [START_REF] Grimaldo | Diffusion and Dynamics of γ-Globulin in Crowded Aqueous Solutions[END_REF][START_REF] Beck | Nanosecond Tracer Diffusion as a Probe of the Solution Structure and Molecular Mobility of Protein Assemblies: The Case of Ovalbumin[END_REF] . The sample details can be found in Table S1.

QENS measurements

For the quasielastic neutron spectroscopy (QENS) measurements, the samples were filled in doublewalled cylindrical Aluminum sample containers with 23 mm outer diameter and a gap between the wall containing the sample fluid with a width of 0.15 mm. The containers were sealed with indium wire.

The QENS spectra were measured during the experiments 9-13-526 46 and 8-04-759 [START_REF] Grimaldo | External crowding in protein solutions[END_REF] on the neutron backscattering spectrometer IN16B [START_REF] Frick | Recent Backscattering Instrument Developments at the ILL and[END_REF] at the Institut Max von Laue -Paul Langevin (ILL) in Grenoble, France. For calibration, an empty cylinder, pure D 2 O and Vanadium were additionally measured. IN16B was used with Si(111) monochromator and analyzer crystals, corresponding to the elastic wavelength λ = 6.27 Å. The investigated q-range (0.2 Å -1 ≤ q ≤ 1.9 Å -1 ) corresponds to nanometer length scales. A phase space transformation chopper enhanced the neutron flux at the sample position at the expense of an acceptable beam divergence [START_REF] Hennig | Optimum Velocity of a Phase-Space Transformer for Cold-Neutron Backscattering[END_REF] . A standard Orange cryofurnace was employed to set the sample temperature.

Data reduction

The IN16B data were reduced and analyzed using MATLAB. The empty can contribution was sub-tracted from all samples measured. Vanadium spectra were fitted for each momentum transfer q value with a sum of two Gaussian functions to analytically account for the instrument resolution in the subsequent fits of the sample spectra. The solvent contribution was fixed based on the pure D 2 O measurements following the approach explained in Ref. 44 using the total protein volume fraction φ. Further analysis of the diffusion coefficients was performed with python3 50 using Jupyter Notebooks.

Analysis of the scattering signal with a simplified approach

For the investigated range in the energy transfer ℏω and in the momentum transfer q, the measured scattering function is dominated by the incoherent scattering signal S(q, ω) of the protein solution and can be written as the convolution of the resolution function R(q, ω) and the weighted sum of the contributions from the solvent S D 2 O (q, ω) [START_REF] Grimaldo | Diffusion and Dynamics of γ-Globulin in Crowded Aqueous Solutions[END_REF] and from the protein S Protein (q, ω) [START_REF] Grimaldo | Dynamics of proteins in solution Quart[END_REF] ,

S(q, ω) = R(q, ω)⊗[β • S Protein (q, ω) + β D 2 O • S D 2 O (q, ω)] ,
(1) where β (q) and β D 2 O (q) are scalar parameters. For globular proteins, the signal arising from the diffusive protein motions can be separated into an apparent global center-of-mass S glob (q, ω) and internal S int (q, ω) contribution:

S Protein (q, ω) = S glob (q, ω) ⊗ • • • [A 0 (q)δ (ω) + (1 -A 0 (q))S int (q, ω)] (2) 
with A 0 (q) being the elastic incoherent structure factor (EISF) [START_REF] Grimaldo | High-Resolution Neutron Spectroscopy on Protein Solution Samples EPJ Web of Conferences[END_REF] . Previous studies investigated the dependence of the apparent short-time center-of-mass diffusion coefficients on the protein volume fraction for several proteins in single-component solutions [START_REF] Roosen-Runge | Protein Self-Diffusion in Crowded Solutions[END_REF][START_REF] Grimaldo | Diffusion and Dynamics of γ-Globulin in Crowded Aqueous Solutions[END_REF][START_REF] Beck | Nanosecond Tracer Diffusion as a Probe of the Solution Structure and Molecular Mobility of Protein Assemblies: The Case of Ovalbumin[END_REF] . For different globular proteins, an apparent diffusion coefficient D = D(D r , D t ), consisting of the translational D t and rotational D r diffusion, has been observed for significantly changing environments. For the time and length-scale investigated, it can be described by a Fickian diffusion process, which translates into a Lorentzian function L γ (ω) with the width γ(q) = Dq 2 . [START_REF] Girelli | Molecular flexibility of antibodies preserved even in dense phase after macroscopic phase separation Molecular Pharmaceutics[END_REF][START_REF] Beck | Nanosecond Tracer Diffusion as a Probe of the Solution Structure and Molecular Mobility of Protein Assemblies: The Case of Ovalbumin[END_REF][START_REF] Grimaldo | Dynamics of proteins in solution Quart[END_REF][START_REF] Beck | Temperature and salt controlled tuning of protein clusters[END_REF][START_REF] Sohmen | Nanosecond structural dynamics of the chaperone Hsp90[END_REF] In the energy transfer range investigated, the internal diffusive contribution of the proteins can also be described by a Lorentzian function [START_REF] Beck | Nanosecond Tracer Diffusion as a Probe of the Solution Structure and Molecular Mobility of Protein Assemblies: The Case of Ovalbumin[END_REF][START_REF] Grimaldo | Dynamics of proteins in solution Quart[END_REF] . The incoherent scattering signal can thus be approximated by

S(q, ω) = R(q, ω) ⊗ • • • β • A 0 L γ (ω) + (1 -A 0 )L γ+Γ (ω) + • • • β D 2 O • S D 2 O (q, ω)] (3) 
with L γ (ω) and L Γ (ω) describing the apparent global diffusion and the internal diffusive processes, respectively. Although this approach is developed for monodisperse system, several studies have shown that it can be applied to cluster forming systems [START_REF] Beck | Nanosecond Tracer Diffusion as a Probe of the Solution Structure and Molecular Mobility of Protein Assemblies: The Case of Ovalbumin[END_REF][START_REF] Beck | Temperature and salt controlled tuning of protein clusters[END_REF] .

In this case, Equation 3is averaging on the one hand over the different global diffusive dynamics of the two proteins and on the other hand over their internal dynamics.

Separation of the BSA and Ig contributions in the scattering signal

For n different proteins in the solution, the total incoherent scattering signal from the proteins S ∑ (q, ω) can be written as a weighted sum of the different protein contributions.

S ∑ (q, ω) = n ∑ i=1 s i S i Protein (q, ω) n ∑ i=1 s i (4)
with S i Protein (q, ω) being the scattering signal of the protein i. The incoherent scattering cross-section s i of this protein is calculated as the sum s i = n p ∑ j σ j of the incoherent scattering cross-sections σ j of the atoms present in this protein multiplied by the number of this type of protein n p in solution.

To extract the individual diffusion coefficients of BSA and Ig separately from the experimental data, an advanced algorithm for fitting both the q and ℏω dependence simultaneously, have to be applied to avoid overfitting due to the spectrometer resolution, limited energy transfer, and statistical errors of the measured spectra. The fit according to Equation 3, has to be changed to

S(q, ω) = R ⊗ β (q) A 0 (q) s BSA L γ BSA (ω) + s Ig L γ Ig (ω) + (1 -A 0 (q))S int (q, ω)] + β D 2 O (q)L γ D 2 O (ω) (5) 
with

γ BSA = D (BSA) exp q 2 and γ Ig = D (Ig) exp q 2 and D (Ig) exp < D (BSA)
exp . The scaling parameters s BSA and s Ig are calculated by

s Ig = σ Ig c Ig [mol/l] σ Ig c Ig [mol/l] + σ BSA c BSA [mol/l] (6) 
and

s BSA = σ BSA c BSA [mol/l] σ Ig c Ig [mol/l] + σ BSA c BSA [mol/l] , ( 7 
)
where σ Ig = 1011495.41 barn and σ BSA = 464377.95 barn are the incoherent scattering cross sections of Ig and BSA, calculated based on the pdb files 1IGT [START_REF] Harris | Protein Data Bank: Structure of immunoglobulin[END_REF] and 4F5S (biological assembly 1) [START_REF] Bujacz | Protein data bank: Crystal Structure of Bovine Serum Albumin[END_REF] , respectively [START_REF] Sears | Neutron Scattering Lengths and Cross Sections Neutron News[END_REF][START_REF] Jacrot | The Study of Biological Structures by Neutron Scattering From Solution Reports on Progress in Physics[END_REF] . c Ig [mol/l] and c BSA [mol/l] are the molar concentrations of Ig and BSA, respectively. The internal contribution S int (q, ω) = L (ω) described by a Lorentzian function as well as the EISF A 0 , fitted as q dependent parameter with the limitation to be monotonically decreasing, were averaged over both proteins. The very high energy resolution of IN16B is optimal to accurately determine the protein center-of-mass diffusion, which comes at the cost of a limited energy range. It has to be emphasized that this limited energy transfer available as well as the apparent background given by the solvent does not allow to separate the internal contributions of both proteins. Therefore, a simplified model is used for separating the apparent diffusion coefficients

D (BSA) exp and D (Ig)
exp of BSA and Ig, respectively, but keeping one single Lorentzian function averaging over the internal dynamics of BSA and Ig. The width of this Lorentzian function is chosen to be larger than the width of the Lorentzian function describing the apparent diffusion of BSA. Since the fit averages over the different contributions of the internal diffusion of BSA and Ig as well over the corresponding EISFs, a detailed analysis of the internal dynamics based on this data set is not possible. The goodness of fit is slightly better for the model accounting for the two distinct protein species, compared to the average population model (cf. Figure S3). This improved goodness of fit and the prior knowledge, due to the sample preparation, of the existence of the two protein species therefore justify the application of the latter model. It should be emphasized that the number of fit parameters for the bi-disperse model is increased by just one relative to the model describing only the average center-ofmass diffusion. This number of fit parameters in the fit applied to all q simultaneously is still lower than the number of fit parameters applied in the model free approach using two free Lorentzian functions for each q. By investigating the dependence of χ 2 ν as a function of the optimization parameters, the robustness of the fit can be evaluated. For the two different global fit approaches, these dependencies are shown in Figure S4.

Calculation of the theoretical diffusion coefficients

Computational studies on multi-component solutions indicate that the diffusion coefficient of a tracer changes due to the presence of a second type of tracer particle [START_REF] Wang | Short-time transport properties of bidisperse suspensions and porous media: A Stokesian dynamics study[END_REF][START_REF] Grimaldo | Protein short-time diffusion in a naturally crowded environment The[END_REF] . Therefore, to compare the experimental and simulation results for our two-component system, we use the model reported by M. Wang and J.F. Brady [START_REF] Wang | Short-time transport properties of bidisperse suspensions and porous media: A Stokesian dynamics study[END_REF] for the short-time diffusion of bidisperse suspensions of hard spheres. Specifically, we employed the reported polynomial expressions for the diffusion coefficients (for both translational and rotational). These expressions depend on the volume fraction and the composition of the mixture and are based on pairwise additive approximation (two body interactions) and semi-empirical formulas (more details can be found in the SI). For each sample condition (i.e. for a given composition and volume fraction), the translational diffusion coefficient D t and rotational diffusion coefficients D r were calculated using the volume fraction ϕ i theo = n i We use the relative deviation of the apparent center-of-mass diffusion coefficients D theo (ϕ theo ) from the monodisperse case (y = 0 and y = 1 for pure Ig and BSA, respectively) and multiplied by the corresponding experimental volume fraction dependence determined previously [START_REF] Roosen-Runge | Protein Self-Diffusion in Crowded Solutions[END_REF][START_REF] Grimaldo | Diffusion and Dynamics of γ-Globulin in Crowded Aqueous Solutions[END_REF] to obtain the theoretical apparent diffusion coefficients D theo (φ):

D (BSA) theo (φ, y) = D (BSA) theo (φ, y = 1) • D (BSA) theo (ϕ theo , y) D (BSA) theo (ϕ theo , y = 1) (8) 
D (Ig) theo (φ, y) = D (Ig) theo (φ, y = 0)• D (Ig) theo (ϕ theo , y) D (Ig) theo (ϕ theo , y = 0) (9)
This calculation is necessary, since the direct conversion between the experimentally given volume fraction φ of the mixture and the effective hydrodynamic volume fraction ϕ theo determining the theoretical diffusion is only possible for the pure solutions [START_REF] Roosen-Runge | Protein Self-Diffusion in Crowded Solutions[END_REF][START_REF] Grimaldo | Diffusion and Dynamics of γ-Globulin in Crowded Aqueous Solutions[END_REF] , but not for mixtures.

By following this pathway, it is possible to express the simulation results in terms of the experimental conditions. In addition, by performing this renormalization, a possible presence of dimers of BSA [START_REF] Ameseder | Relevance of Internal Friction and Structural Constraints for the Dynamics of Denatured Bovine Serum Albumin[END_REF][START_REF] Ameseder | Homogeneous and heterogeneous dynamics in native and denatured bovine serum albumin[END_REF][START_REF] Jeffries | Preparing monodisperse macromolecular samples for successful biological small-angle X-ray and neutron-scattering experiments Nature Protocols[END_REF] and Ig 62 and slow domain motions of Ig, which are captured by the thinner Lorentzian function [START_REF] Girelli | Molecular flexibility of antibodies preserved even in dense phase after macroscopic phase separation Molecular Pharmaceutics[END_REF] , are taken into account. We note that a fraction of BSA or Ig dimers might be present in the samples, but the picture of monomers is sufficient to model the results. The effect of possible oligomers might cancel out in the comparison due to the scaling of the theory to the effective hydrodynamic size of the proteins.

Results and Discussion

Experimental average center-of-mass diffusion

To investigate the short-time self-diffusion of Ig and BSA in the same solution, we employ QENS using IN16B [START_REF] Frick | Recent Backscattering Instrument Developments at the ILL and[END_REF] , as this technique proved to be well-suited for the study of the nanosecond protein dynamics at high protein volume fractions [START_REF] Roosen-Runge | Protein Self-Diffusion in Crowded Solutions[END_REF][START_REF] Braun | Crowding-Controlled Cluster Size in Concentrated Aqueous Protein Solutions: Structure, Self-and Collective Diffusion[END_REF] (cf. Section 3.4). In a first, simpler approach, the QENS signal is analyzed for each recorded value of the momentum transfer ℏq individually. Based on Equation 3, the scattering signal of the two proteins was described by one Lorentzian function averaging over the centerof-mass diffusion and one second Lorentzian function averaging over the internal diffusive processes in the two proteins.

A representative fit result is shown in Figure 1a. The inset of Figure 1a depicts the fitted width γ versus q 2 . Although the fit averages over the two apparent diffusion coefficients associated with BSA and Ig, respectively, the relationship γ = D (av) exp q 2 (solid line) is not imposed, yet it arises naturally from the qwise fits. This indicates that on the timescale ranging from some tens of picoseconds to some nanoseconds accessible by IN16B the averaged center-of-mass diffusion of Ig and BSA undergoes a simple Fickian diffusion with an averaged apparent diffusion coefficient

D (av)
exp , comprising the translational and rotational diffusion contributions of both Ig and BSA. Due to the limited energy range |ℏω| ≤ 30 µeV of IN16B, the fitted γ(q) seemingly deviate from this relationship at the highest q (inset of Figure 1a), which can be attributed to this sampling as well as intensity limitation and is absent when spectrometers with a larger energy range are employed [START_REF] Grimaldo | Hierarchical Molecular Dynamics of Bovine Serum Albumin in Concentrated Aqueous Solution Below and Above Thermal Denaturation[END_REF][START_REF] Grimaldo | Salt-Induced Universal Slowing Down of the Short-Time Self-Diffusion of a Globular Protein in Aqueous Solution Journal of Physical[END_REF] .

The average apparent diffusion coefficients D (av) exp

obtained from samples measured at T = 295 K (green pentagons), as well as the volume fraction dependencies of the diffusion coefficients of the pure protein solutions determined earlier [BSA (red solid line) [START_REF] Roosen-Runge | Protein Self-Diffusion in Crowded Solutions[END_REF] and Ig (blue solid line) [START_REF] Grimaldo | Diffusion and Dynamics of γ-Globulin in Crowded Aqueous Solutions[END_REF] ] are shown as a function of the total volume fraction of the system φ = φ BSA + φ Ig in Figure 2b. In this case, φ Ig = c Ig • ν Ig and φ BSA = c BSA • ν BSA are the volume fractions calculated based on the partial specific volume of Ig ν Ig = 0.739 ml/g (Ref. 66) and BSA ν BSA = 0.735 ml/g (Ref. 67), respectively. Overviews of the measured samples and the corresponding parameters are given in Table S1 and Table S2. The dependence of the averaged apparent diffusion coefficient D Figure 1: Spectra with its statistical errors at q = 1 Å -1 with c BSA = 200 mg ml and c Ig = 100 mg ml at T = 295 K displayed in green. a) The total fit based on Equation 3, the averaged center-of-mass, averaged internal as well as the solvent contribution are displayed as red, blue-orange dotted, magenta and cyan lines, respectively. Inset: Width of the Lorentzian function describing the averaged center-of-mass diffusion as a function of q 2 . The solid line represents a fit of γ = D av q 2 . b) Fit result based on Equation 5 (red line), containing the contribution of the apparent center-ofmass diffusion of BSA (blue line) and of Ig (orange line), the contribution of the averaged internal diffusion (magenta line) as well as the contribution of the solvent (cyan line). The filled symbols represent the experimentally determined diffusion coefficients D of the average (green pentagons), of Ig (orange circles), and of BSA (blue squares) in the mixtures, respectively. Note that the confidence bounds on the fits depend on the mixing ratio. In samples with a very low volume fraction of one component, these result in large error bars on the symbols. ure 2b) is not monotonic, because the mixing ratio y = φ BSA /φ varies. Nevertheless, the observed average diffusion coefficients D (av) exp (φ, y) are within the limits given by D (Ig) (φ) and D (BSA) (φ) of the pure Ig and BSA solution, respectively.

Comparison with the calculated average center-of-mass diffusion

In Figure 2(a), the theoretical diffusion coefficients

D (BSA) theo and D (Ig)
theo for the individual components (BSA and Ig) in the mixture, calculated as explained in Section 3.6, are displayed for different mixing ratios y as a function of the total volume fraction φ (dash-dotted lines). The apparent diffusion coefficients for Ig in the mixture D (Ig) theo (φ) are lower than the ones for Ig in the monodisperse solution D (Ig) (φ). In contrast, for the smaller protein BSA, the apparent diffusion coefficient in the presence of Ig, D (BSA) theo (φ) is increased compared to the monodisperse case D (BSA) (φ). This observation is in agreement with several previous studies [START_REF] Wang | Short-time transport properties of bidisperse suspensions and porous media: A Stokesian dynamics study[END_REF][START_REF] Grimaldo | Protein short-time diffusion in a naturally crowded environment The[END_REF] . For the sample conditions investigated, the theoretical diffusion coefficients are displayed in addition as open symbols in Figure 2(a) (note that the mixing ratio y for each symbol is different). Based on these calculated theoretical diffusion coefficients, the averaged diffusion coefficient is calculated using the same approach as for the experimental data by approximating the sum of the two weighted Lorentzian functions with one single Lorentzian function. The calculated averaged diffusion coefficient, displayed as open green symbols in Figure 2(b), agree well with the experimentally determined ones displayed as filled green pentagons.

Individual center-of-mass diffusion of BSA and Ig

In Section 4.2, the deviation of the calculated diffusion coefficient of the protein in the mixture from the diffusion coefficient at the same volume fraction for the single component solution is described. To investigate the diffusion coefficients of BSA and Ig simultaneously, the experimental data was reanalyzed as explained in Section 3.5. Figure 1b displays an example spectrum with the fit of Equation 5extracting simultaneously the apparent global diffusion coefficients of BSA and Ig in the mixtures. The diffusion coefficients are displayed for the different samples in Figure 2(b) as filled blue squares and filled orange circles for BSA and Ig, respectively. As it can be seen, according to this analysis, the experimental diffusion coefficients in the mixtures significantly deviate from the values in the pure protein solutions at the same φ (solid lines). While the larger protein Ig is slowed down due to the presence of BSA at the same total volume fraction φ (i.e.

D (Ig) (φ) > D (Ig) exp (φ)), the smaller protein BSA is accelerated (i.e. D (BSA) (φ) < D (BSA)
exp (φ)). Even though the bi-component model seems to provide physically reasonable results, one must be aware that the data quality even under optimized experimental conditions would not allow such a separation without applying the existing knowledge on the sample composition. Overall, there is a risk of over-interpreting the data. Nevertheless, the χ 2 ν -method employed here, i.e., the maximum likelihood method for Poisson-distributed data, represents the best available statistical test to our knowledge [START_REF] Frome | Regression Analysis of Poisson-Distributed Data[END_REF] . The fact that we obtain reasonable confidence intervals stresses that we have not employed a model with redundant fit parameters.

To investigate the dependence on the mixing ratio y, the relative change of the diffusion coefficients

D = D i exp/theo -D i D i ( 10 
)
for i representing BSA and Ig, respectively, is shown for both proteins in Figure 3 as a function of φ for both proteins for different y.

A systematic trend is seen for both proteins within the investigated range of y. Here, the bigger protein Ig is slowed down while the smaller protein present in solution is accelerated. It should be mentioned, that approaching the limits y = 0 and y = 1, the diffusion coefficients of the proteins in the mixture have to approach the values for the respective pure solutions:

D (BSA) exp (φ, y → 1) ! → D (BSA) (φ) (11) 
D (Ig) exp (φ, y → 0) ! → D (Ig) (φ). (12) 
The good agreement between the experimental D i exp and the theoretically calculated D i theo (Section 3.6) is confirmed in Figure 4, where the individual experimental diffusion coefficients for each component D i exp are plotted as a function of the calculated diffusion coefficient D i theo for each sample (symbols). We note that Ig is not spherical which might cause a small systematic error in the calculation of the apparent diffusion coefficient D i theo based on the translational and rotational diffusion coefficient. The bisector marked by the dotted line would correspond to a perfect agreement of the result from the fit of the measured spectra in terms of the bidisperse model (Equation 5) with the result from the calculation according to Wang and Brady [START_REF] Wang | Short-time transport properties of bidisperse suspensions and porous media: A Stokesian dynamics study[END_REF] . This figure also illustrates the distinct diffusion coefficients of the two components, namely Ig and BSA, in the mixture (orange circles and blue squares, respectively). We Filled blue squares and filled orange points represent the experimental diffusion coefficients of BSA and Ig, respectively. Note that the confidence bounds on the fits depend on the mixing ratio. In samples with a very low volume fraction of one component, these result in large error bars on the symbols.

have not considered the non-isotropic shape of the Ig proteins and their possible patchy interactions, although both anisotropy and charge-mediated interactions have been shown to influence protein-protein interactions in the short-time limit [START_REF] Bucciarelli | Dramatic influence of patchy attractions on short-time protein diffusion under crowded conditions[END_REF][START_REF] Skar-Gislinge | A Colloid Approach to Self-Assembling Antibodies Molecular Pharmaceutics[END_REF] . We attribute the high consistency of our results with a picture of purely hydrodynamic interactions to the fact that our Ig is polyclonal, thus featuring many different charge patterns and resulting in no net large effect of the overall patchy interactions, and to self-buffering of the protein solutions at high concentrations [START_REF] Da | Effective interactions and colloidal stability of bovine γ-globulin in solution[END_REF] .

Due to the restricted energy range of the spectrometer, a further separation of the internal dynamics contributions, which are significantly faster than the center-of-mass diffusion, is not possible. In Figure 5 the averaged EISF is shown for the different samples investigated. We used previously established models to describe the q dependence 44 :

EISF(q) = p + (1 -p) • (ϕ • A 3 j (q) + (1 -ϕ ) • A s (q)) (13) A 3 j (q) = 1 3 (1 + 2 j 0 (qa)) (14) 
A s (q) = 3 j 1 (qR) qR 2

with a = 1.715 Å being the averaged distance between the hydrogens in the methyl group to fit the EISF. The dependence of p, ϕ and R on the mixing ratio y are shown in Figure 5. The width of the Lorentzian describing the averaged internal diffusion is approximated by a jump diffusion model to describe the q dependencies. The corresponding fits and their results are shown in Figure S5 in the Supporting Information. While the parameters for the EISF p and ϕ show trends as a function of y, the jump diffusion parameters, namely the residence time τ as well as the diffusion coefficient of D int , stay nearly constant at τ ≈ 0.1 ns and D int ≈ 100 Å 2 /ns, respectively, as shown in Figure S5. Also, R remains nearly constant close to the value of 10 Å. Therefore, average protein dynamics between BSA and Ig as seen by QENS appear to be rather similar. Otherwise, one would see random jumps in the internal dynamics when the mixing ratio is varied. From a biological point of view, the observation presented in this work is particularly interesting for cases in which reactions are limited or enhanced by diffusion and crowded settings [START_REF] Dorsaz | Diffusion-limited reactions in crowded environments[END_REF] . Examples are red blood cells, where the slow long-time diffusion of concentrated hemoglobin was recently suggested to be crucial in maximizing the oxygen capture at the cell level during the time spent near the alveolar sac [START_REF] Longeville | Hemoglobin diffusion and the dynamics of oxygen capture by red blood cells[END_REF] 

Conclusions

Using quasi-elastic neutron scattering, we have probed the self-diffusion of proteins in crowded bidisperse supsensions at mixing compositions which were precisely set by the design of the experiment. This design constitutes a minimal model system to study effects of polydispersity in a controllable manner. We have provided a benchmark for the analysis of high resolution quasi-elastic neutron scattering spectra by accounting for two distinct proteins in aqueous solution in our model scattering function. We successfully obtained the apparent global center-of-mass diffusion coefficients for both proteins. In addition, the averaged internal diffusion contributions were separated from the signal. Within the experimental accuracy, we find quantitative agreement between the corresponding colloid model system of bidisperse hard spheres and the experimental results for the protein center-of-mass short-time self-diffusion. In particular, there are significant deviations of the diffusion for each component in the mixture when compared to the monodisperse case both in experiment and colloid theory. This short-time diffusion on the nanosecond time scale, where hydrodynamic interactions dominate, constitutes an important quantity for both the cellular function and for the calibration of long-time diffusion. Our results illustrate the predictive power of colloid hard sphere models for protein diffusion on the observation scale of short-time diffusion for the situation of two distinct protein sizes. These results contribute to a better understanding of the role of macromolecular polydispersity in living systems. This polydispersity and resulting dispersion of diffusion rates influences the diffusive transport in living cells and, thus, their function.

4 3 π R i H 3

 43 obtained employing the number density n i = c p [mg/ml]/M i W • N A , the molecular weight M i w , the hydrodynamic radius R i H for protein i and the Avogadro constant N A . The apparent center-of-mass diffusion coefficient D is calculated subsequently using the implicit relation for D = D(D r , D t )[START_REF] Roosen-Runge | Protein Self-Diffusion in Crowded Solutions[END_REF] (see SI for details).
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 2 Figure 2: Diffusion coefficients as a function of the total volume fraction φ. The red and blue solid lines indicate the parametrization of the experimentally determined φ-dependence of the short time self diffusion coefficient of pure BSA and Ig, respectively. a) The dotted and dashed-dotted lines represent the short time self-diffusion of BSA and Ig, respectively, calculated as explained in the main text based on Wang and Brady 38 in mixtures containing both proteins with the mixing ratio y color-coded in the colorbar on the right. The calculated values for the samples investigated are additionally represented by open orange circles and open blue squares for pure Ig and pure BSA, respectively. b) The averaged calculated diffusion coefficient in the mixture is displayed as open green pentagrams for the sample conditions investigated. The filled symbols represent the experimentally determined diffusion coefficients D of the average (green pentagons), of Ig (orange circles), and of BSA (blue squares) in the mixtures, respectively. Note that the confidence bounds on the fits depend on the mixing ratio. In samples with a very low volume fraction of one component, these result in large error bars on the symbols.

Figure 3 :

 3 Figure 3: Relative change of the diffusion coefficients D as a function of the volume fraction φ. The corresponding mixing ratio y is color-coded. Dashed dotted lines represent the deviations predicted by Brady and Wang. The corresponding theoretical values for the specific sample conditions are additionally displayed as open blue squares and open orange circles for BSA and Ig, respectively. Blue and orange filled symbols represent the experimentally determined percentage deviations of BSA and Ig, respectively, in the mixture compared to the monodisperse solution. Note that the confidence bounds on the fits depend on the mixing ratio. In samples with a very low concentration of one component, these result in large error bars on the symbols.

Figure 4 :

 4 Figure 4: Experimentally determined diffusion coefficients D i exp as a function of the corresponding calculated diffusion coefficients D itheo according to the model by Wang and Brady[START_REF] Wang | Short-time transport properties of bidisperse suspensions and porous media: A Stokesian dynamics study[END_REF] as explained in the text. Filled blue squares and filled orange points represent the experimental diffusion coefficients of BSA and Ig, respectively. Note that the confidence bounds on the fits depend on the mixing ratio. In samples with a very low volume fraction of one component, these result in large error bars on the symbols.

  or the DNA replication, where nucleotides are diffusing

Figure 5 :

 5 Figure 5: Averaged EISF as a function of q of the different samples investigated. Fits of Equation 13 are shown as solid lines. Figures b-d represent the fit parameters p, ϕ and R as a function of the mixing ratio y. Red dashed lines are guides to the eye.

  

Acknowledgment

We acknowledge financial support from the Deutsche Forschungsgemeinschaft (DFG) and Agence Nationale de la Recherche (ANR-16-CE92-0009-01, Im-munoglobulinCrowding), the German Ministry of Research BMBF (05K19VTB), as well as support by the Partnership for Soft Condensed Matter (PSCM) in Grenoble. We thank M.K. Feustel née M.K. Braun for help during the experiments and the machine shop of the IAP, University of Tübingen, for producing the sample containers. We are grateful to the allocation of neutron beam time by the ILL.

Associated Content

Supporting Information Available: The Supporting Informations contain details on the calculation of the theoretical translational and rotational diffusion coefficient, as well as on the calculation of the apparent diffusion coefficients and an overview of the measured samples.

TOC Graphic