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Abstract

Biomolecules such as proteins or nucleic acids are polymers that sustain life through their ability to
function in a variety of conditions. This fascinating resilience of biomolecules does however pose
significant experimental hurdles, because it means they are extremely reactive to their
physicochemical environment. From isolating meaningful samples in sufficient amounts, to
deconvoluting their structural and dynamic diversity, researchers face challenges. Given that the
neutron cross section of many biomolecules is relatively small, Small Angle Neutron Scattering
studies of biomolecules (BioSANS) require careful planning. Lysozyme, a well-known model protein
for investigations of protein conformational and colloidal stability, will be used to provide an example
of common pitfalls while highlighting the tremendous potential of BioSANS. Students will simulate
SANS curves to compare to experimental data collected for lysozyme solutions, where subtle
variations in ionic strength were introduced. During the BioSANS course students will assess data
collection strategies, learn how contrast variation can be used, analyze SANS data collected at the
NCNR and fit it using form and structure factor models.

1. Introduction

The structure of lysozyme was the first ever solved for an enzyme [1]. Lysozymes are ubiquitous in
mammalian tissues and are present in phagocyte-like cells in nonmammalian organisms as well.
There are three dominant families of lysozymes with different structure and activities: chicken-type
(c-type), goose-type (g-type) and invertebrate-type (i-type). Generally, both c- and g-lysozymes are
basic proteins due to their high isoelectric point (pl) values. c-Lysozyme is a single chain of 129 amino
acids (14.3 kDa) that folds into a globular structure containing 4 a-helices and 5 B-strands, stabilized
by 4 disulfide bridges. The enzyme is able to lyse peptidoglycan in the bacterial cell wall (see Figure
1), as well as act synergistically with other antimicrobial polypeptides.

Hen egg-white c-lysozyme (HEWL) is extensively used in food due to its abundant availability
and properties. The electrostatic charge distribution of HEWL (calculated pl=9.28 [2]), with 9
negatively charged and 17 positively charged residues, imparts important binding affinities (see for
example [3, 4]). There is extensive ongoing research towards improving the inhibitory effects of
HEWL, relevant to its antimicrobial applications, namely through the formation of protein gels or



complexes with other compounds (for a review see for example [5]). Further developments require
systematic studies under different conditions (pressure, pH, salts, etc).
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Figure 1. The enzymology and charge distribution of human lysozyme (PDB ID 1REX). (A) The active site
accommodates up to 6 consecutive sugars annotated A-F. Lysozyme hydrolyzes the B-1,4 glycosidic bond
between the subsite D and the subsite E. (B) Ribbon model of human lysozyme highlighting the essential active
site residues in blue and orange. (C) Electrostatic potential map of human lysozyme, contoured at + 5kT/e;
blue, positive; red, negative; white, hydrophobic). Abbreviations: NAG, N-acetylglucosamine; NAM, N-
acetylmuramic acid; PDB, Protein Data Bank. Image source: Ragland and Criss (2017) [6].

1.1. General SANS concepts

The solution environment sets the stage for protein stability and for the nature of intermolecular
interactions present. Phase transitions are often caused by a combination of short-range attraction
and long-range repulsive interactions, such as liquid-liquid phase transitions, where the solution
separates into a protein-rich and a protein-deficient liquid phase [7]. Neutron scattering is
particularly powerful to probe interactions because it covers a broad range of sizes: from =20A to
=20um. The nondestructive nature of neutrons (i.e. no radiation damage) also facilitates in-situ
measurements while various parameters are changed, e.g. ionic strength or temperature, or ligands
are added. Furthermore, the penetrating power of neutron radiation allows for studies of samples
contained in a variety of holders, such as pressure cells [8, 9] or chromatography columns [10], and
a range of concentrations from a dilute to crowded regime [11]. SANS measures the elastic
differential scattering cross section per solid angle (d2/dQ) as a function of the magnitude of the
momentum transfer (q):

dx
E (CI) =n (pProtein - pSolvent)ZszroteinP(q)S(Q) + B (1)
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where n is the number density of protein molecules, p is the neutron scattering length density (SLD),
P(q) is the square of the form factor F(g), S(g) is the structure factor and B is the incoherent neutron
scattering background of the data. The momentum transfer depends on the scattering angle (20)
and is defined as:

q= (47”) sin @ (2)

The form factor F(q) depends on the intraparticle interactions and describes the size and shape of
the individual protein molecules. The structure factor S(g) is determined by interparticle interactions

and contains information on the range and type of interactions between the protein molecules. In
dilute conditions, where the protein-protein interactions can be considered negligible, S(g) = 1. For
globular proteins, particularly when an atomic structural model is incomplete or unavailable, it is
often possible to approximate the form factor with an ellipsoidal shape defined by equatorial (a) and
polar radii (b = ¢):

1

P(q) = f F?(q, ) du (3)
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where u is the cosine of the angle between the directions of a and g. For an isotropic system, where
interactions are uniform across the sample solution and do not depend on the orientation of the
molecule, the structure factor can be written as:

sin (qr)
—r

S(q) =1+ 4nn J-[g(r) - 1] dr (7)

where g(r) is the radial distribution function, governed by the interaction potential. g(r) is the
probability of finding a protein molecule at a distance r from a reference particle centered at the
origin.

1.2. Concentrated solutions of biological molecules

Solutions of biological molecules are often polydisperse and intermolecular interactions are affected
by anisotropy in the solution. To account for these effects, equation (1) can be rewritten as:

d 1]
(@) = N APV EroreinP (@S (@) + B (8)



where the scattering contrast, i.e. the difference between the SLD of the protein and the SLD of the
solvent, is written as Ap. Equation 8 describes the so-called f-approximation [12]: the structure
factor is replaced by an apparent or effective structure factor S'(g) :

5'(q) =1+ B(q)[S(q) —1] 9

_ KF(@)P?

P =F R

(10)

where [ is a g-dependent factor that suppresses oscillations of S(g) due to the presence of
polydispersity and molecular shape effects. For monodisperse spheres, f=1 and equation 1 provides
a good fit to the measured intensities. At high concentrations, 0 < < 1 and equation 8 should be
used instead.

1.3. Dilute solutions of biological molecules

For dilute solutions, f= 0 and S'(qg) = S(g) = 1. When structure factor effects on the scattered
intensities can be neglected, model-independent parameters can be obtained from SANS data for
the individual proteins in solution, such as the forward scattering intensity /(0). The intensityat g =0
is defined as:

1(0) = nAPZVerotein (11)

where n, the number density of protein molecules defined in equation 1, can be written in terms of
the protein concentration, ¢ (g/cm3):

n=— (12)

where Na is Avogadro’s number and My, is the molar mass of the protein. If the SANS data are on an
absolute scale (cm™), equations 11 and 12 can be used to relate /(0) from the data to My, from which
the presence of a monomer, dimer, or multimer may be inferable. Size information can also be
extracted directly from SANS data without prior structural information, namely the radius of
gyration, Ry, which provides an indication of the overall size of the molecule. The Ry can be calculated
directly from the scattering curve using the Guinier approximation [13]:

I(q) = 1(0) exp(~q*2) (13)

Equation 13 is valid on the low-q portion of the data to obtain Ry and /(0), where gRy < 1.3 for globular
proteins (for intrinsically disordered proteins the Guinier range can be extended up to a gRg~2 [14]).
A second method that can be used to obtain Ry and /(0) is to calculate the distance distribution
function, P(r) [15]. This method makes use of the full g-range of the SANS data and is typically
obtained using an indirect Fourier transformation of the intensities [16-18]:
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Dmax .;
I(q) = 4nV j qu#P(‘r) dr  (14)
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where Dmax is the maximum dimension beyond which P(r) =0, and r describes distances in real space.

Although interatomic distances cannot be measured with SANS, the folding state of a polymer
such as a protein can be assessed by plotting g?/(g) as a function of g: a Kratky plot [15, 19]. Taking
equation 13 and multiplying both sides by (gRg)%/1(0):

1 R
%(ng)z = (qRy)* exp (—q%) (15)

Dividing I(g) by /(0) normalizes the scattering profiles by mass and concentration (equations 11-12).
Multiplying by (gRg)? renders the plot dimensionless, so that a semi-quantitative assessment can be
made for the flexibility and degree of unfolding of the molecules present in solution, provided that
an accurate incoherent background subtraction has been carried out. It can be shown, by taking the
derivative of the function in equation 15, that the first maximum of the function should be 1.104 at

(qR,) = V3 (see Figure 2).
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Figure 2. Schematic representation of a dimensionless Kratky plot for different types of proteins. A globular
compact protein (blue) should have a Gaussian peak with an intensity of 1.104, regardless of its size,

composition and concentration. Deviations from this behavior indicate a change in the flexibility or
asymmetry. A hyperbolic plateau, as shown in red for an intrinsically disordered protein (IDP) is indicative of

flexibility, while a deviation of the peak position from /3 (green) is characteristic of an asymmetry in the
molecular shape.

1.4. Contrast variation and deuteration

As shown in equation 8, SANS intensities are a function of the contrast between the molecule of

interest and the surrounding environment. Figure 3 shows a plot of the SLDs of common biological

macromolecules, where the black line for water is indicative of the SLD expected for aqueous buffers.
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The SLD increases with increasing volume fractions of D0 for almost all types of biomolecules, due
to the exchange of labile hydrogen atoms against deuterium from the solvent.
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Figure 3. Typical scattering length densities (SLDs) of common biological macromolecules as a function of the

volume fraction of D,0 in the solution. The transparent circles highlight match points: where scattering from
the aqueous solvent and protein, or from the aqueous solvent and a nucleic acid, are effectively
indistinguishable and contrast is zero.

For proteins, isotopic exchange occurs between amide nitrogen atoms of the protein backbone and
the solvent. Other labile hydrogen atoms include those bound to O, N or S. Isotopic exchange is
governed by pH, temperature and the solvent accessibility of the atoms within the protein structure.
The sensitivity of neutron scattering techniques to differences between scattering from different
nuclei, such asin Hand D isotopes, enables SANS to distinguish between multiple types of molecules.
Furthermore, by varying the percentage of D,0 present in solution, the contrast can be tuned to
enhance or match out parts of the sample. For example, in a protein/DNA complex, contributions to
scattering from the protein can be nominally reduced to zero, by dissolving the complex in a solution
of = 40% D0 (see figure 3 match points). In the range 70-80% D,0, on the other hand, the scattering
profile of a solution of a protein/DNA complex would be determined by contributions from the
protein only. It should be emphasized that contrast variation does not require isolating different
components to study their structure: SANS probes the structure of individual components directly
within a macromolecular complex [20]. This is a significant advantage over SAXS techniques, which
are mostly insensitive to scattering from light isotope such as H or D: X-ray contrast variation requires
more invasive sample preparation protocols, for example by varying salt concentration.

For single proteins in solution, using a solution with a large volume fraction of D,0 has the
advantage of significantly reducing the incoherent neutron scattering background, which is largely
dominated by contributions from the H atoms in the solvent. Proteins can also be selectively
deuterated (a domain, for example), to highlight a particular structural feature of interest [21].
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Protein-protein complexes can be resolved if one of the proteins is deuterated (see the difference
between the SLD of a protein and its deuterated counterpart, shown in Figure 3).

¢. Methods and exercises

¢.1. Experiment planning: estimating contrast, minimum concentration and q-range of interest

SASSIE-web is an online program suite, freely available, to create atomistic models of molecular
systems, calculate their scattering profiles and compare model profiles to experimental data [22, 23].
Using the Contrast Calculator [23] module in SASSIE-web, calculate the neutron SLD of HEWL (in
buffers with D,O fractions between 0 and 1), Ap and /(0) values, taking isotopic exchange into
account. Using the SasCalc [24] module in SASSIE-web, calculate a model SANS curve — /(g) as a
function of g — from the provided PDB model structure for HEWL (modified from PDB ID code 193L,
to include hydrogen atoms and for compatibility with the atom naming conventions used by the
software). Compare the model curve to the SANS data that do not contain a structure factor, S(q).

¢.2. Sample and experimental data information

HEWL was obtained from Sigma (L-4919) and used without further purification. Two stock solutions
of 150 mg/mL lysozyme were prepared gravimetrically in (A) DO and (B) 150 mM NaCl and D;O.
Dilutions of the stock solutions produced two series of samples in the absence (A) and presence (B)
of salt, respectively, as described in Table I. All samples were degassed prior to data collection.
Sample concentrations were confirmed by measuring UV absorption at 280 nm (theoretical
extinction coefficient 38940 M cm). For higher concentration samples (45, 75 and 100 mg/mL),
data were collected using 1 mm-thick cuvettes, while for lower concentration samples (1, 2.5, 5 and
15 mg/mL) the samples were loaded in 2 mm-thick cuvettes.

SANS data were collected for all samples at 25°C, using the NG7SANS 30m instrument of the
NIST Center for Neutron Research [25] and a neutron wavelength of 6 A (AA/A = 12.5%). Three
sample-to-detector distances were used to cover a g-range of 0.003 — 0.55 AL, Scattered intensities
were recorded in a 640 mm x 640 mm 3He position-sensitive proportional counter detector, with a
5.08 mm x 5.08 mm resolution.

¢.3. Experimental plan and Data reduction

IGOR Pro can be used with the SANS macro routines developed at the NCNR [26] — the SANS tab
includes modules to simulate the collimation and configurations on several instruments at the NCNR
— to suggest the best instrument configurations. This is a helpful feature to help plan experiments
depending on sample stability and goals of the experiment. The NCNR packages enable
customization of a reduction protocol for all instrument configurations and sample thicknesses used
at the NCNR, so that raw counts can be normalized to a common monitor count, and corrected for
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empty cell counts, ambient room background counts, and nonuniform detector response. The data
were reduced to an absolute scale by normalizing the scattered intensity to the incident beam flux.
For each sample, 3 instrument configurations were sorted into a single file, where the radially
averaged intensity, /(g), can be plotted to show the scattering curve. Finally, the incoherent neutron
scattering background was subtracted from the data.

Table I. Sample formulations. The sample pH was measured before degassing.

Expected [Lysozyme] Measured [Lysozyme] Measured
mg/mL mg/mL (Azs0) pD
Buffer A 0 0 6.8
1.0 1.0 5.8
2.5 2.4 4.7
5.0 5.0 4.9
Series A 15.0 15.1 4.5
D,O 45.0 42.0 4.5
solution 75.0 74.6 45
100.0 101.0 4.5
Buffer B 0 0 5.3
1.0 1.0 5.1
2.5 2.5 4.6
5.0 5.1 4.2
Series B 15.0 15.4 4.3
150 mM 45.0 43.8 4.3
NaClin D20 75.0 72.7 43
100.0 99.8 4.3

2.4. Data analyses (dilute solutions)

All data analyses will be conducted using SasView, a freely-available small-angle scattering analysis
software package [27]. Load the reduced and background-subtracted data for the dilute samples into
SasView. For this exercise, the dilute samples are assumed to be those that do not obviously show
an interaction peak due to contribution from S(g): 1.0 mg/mL data from Series A and 1.0 mg/mL, 2.5
mg/mL and 5.0 mg/mL data from Series B. Calculate Ry in two ways: 1) using the Guinier linear fit to
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the low g region of the curve (linear form of equation 13) and 2) using the Guinier shape-independent

model in SasView. Determine P(r) for these data using the inversion option in SasView.

¢.5. Data fitting

Load the reduced data into SasView. Fit the data to a model using equations 8 - 10 with an ellipsoidal
form factor P(q) and a Hayter-Penfold Means Spherical Approximation (MSA) structure factor, S(qg).
First, fit the 1.0 mg/mL data from both Series A and Series B where S(g) = 1. This will provide the
parameters for the ellipsoid. Then, fit the 100.0 mg/mL data from both Series A and Series B, with
the corresponding ellipsoid parameters fixed, to obtain S(g). Plot the fitted S(g) curves for each
sample on the same graph to compare the effects of concentration and the presence of salt in the
buffer. Fit the rest of the data. For each of the 2 series A and B, plot the fitted S(g) curves on the
same graph to compare the effects of concentration.

3. Goals of the BioSANS course

At the end of the BioSANS course, students will be able to plan a SANS experiment for writing a strong
beamtime proposal and optimizing data collection strategies. Students will learn how to simulate
SANS data from a protein sequence, an all-atom model, or a shape approximation to the structure.
Sample preparation, including formulation conditions, sample thickness and sample environment
will be discussed in the context of HEWL, a model protein with antiviral properties that can be
explored in clinical studies [28]. Model-independent parameters from experimental data will be
compared with the simulated parameters from an all-atom model of HEWL; the students will use the
theoretical background to discuss differences. The advantages and limitations of the dilute and
concentrated solution regimes will be identified. The course emphasizes a typical BioSANS
experiment, where the models available for fitting are not necessarily the best description of the
solution structure under a certain sample environment. A discussion on experimental strategies will
include the potential need for isotope labelling, the role of sample environment in the success of an
experiment, and the use of complementary techniques to support reliable data fitting.
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