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SUMMARY: 30 
 31 
Here, we present how Small Angle X-Ray Scattering (SAXS) can be utilized to obtain information 32 
on low-resolution envelopes representing the macromolecular structures. When used in 33 
conjunction with high-resolution structural techniques such as X-Ray Crystallography and Nuclear 34 
Magnetic Resonance, SAXS can provide detailed insights into multidomain proteins and 35 
macromolecular complexes in-solution.  36 
 37 
ABSTRACT: 38 
 39 
Protein-protein interactions involving proteins with multiple globular domains present technical 40 
challenges for determining how such complexes form and how the domains are 41 
oriented/positioned. Here, a protocol with the potential for elucidating which specific domains 42 
mediate interactions in multicomponent system through ab initio modeling is described. A 43 
method for calculating solution structures of macromolecules and their assemblies is provided 44 
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that involves integrating data from small angle X-ray scattering (SAXS), chromatography, and 45 
atomic resolution structures together in a hybrid approach. A specific example is that of the 46 
complex of full-length nidogen-1, which assembles extracellular matrix proteins and forms an 47 
extended, curved nanostructure. One of its globular domains attaches to laminin 𝛾-1, which 48 
structures the basement membrane. This provides a basis for determining accurate structures of 49 
flexible multidomain protein complexes and is enabled by synchrotron sources coupled with 50 
automation robotics and size exclusion chromatography systems. This combination allows rapid 51 
analysis in which multiple oligomeric states are separated just prior to SAXS data collection. The 52 
analysis yields information on the radius of gyration, particle dimension, molecular shape and 53 
interdomain pairing. The protocol for generating 3D models of complexes by fitting high-54 
resolution structures of the component proteins is also given.  55 
 56 
INTRODUCTION:  57 
 58 
Cells contain intricate networks of proteins that act as molecular machines to carry out cellular 59 
functions such as signaling cascades and maintaining structural integrity. The ways in which these 60 
different components move and interact in three-dimensional space gives rise to the specific 61 
functions of the macromolecules. The importance of protein structure, dynamics, and 62 
interactions in determining function has provided the need for continually evolving, complex 63 
techniques to measure these properties.  Of these, Nuclear Magnetic Resonance (NMR), X-Ray 64 
Crystallography (XRC) and more recently, Cryo-Electron Microscopy (CEM) provide high-65 
resolution structural information. However, XRC and CEM yield structures of one of many 66 
biomolecular states and lack information about the dynamics of the protein structure, while 3D 67 
structure determination by NMR is typically limited to smaller globular proteins. One way to 68 
overcome these limitations is to utilize Small Angle X-Ray Scattering (SAXS) to generate molecular 69 
envelopes of large, multidomain, or complexed systems, and combine the high-resolution rigid 70 
macromolecular structures to elucidate the global architecture and dynamic features.  71 
 72 
SAXS produces low-resolution envelopes of macromolecular complexes with a resolution of 73 
approximately 10-20 Å 1, giving insight not only into the structure but also the dynamic 74 
characteristics that the complex displays. Although SAXS utilizes X-rays to uncover molecular 75 
structure, it is unlike XRC in that the random isotropic orientation of the particles in solution does 76 
not lead to diffraction, but rather to scattering, which cannot yield atomic resolution. Instead, an 77 
electron “envelope” of the macromolecule is generated that represents an average of the 78 
conformations that the macromolecule displays. This information can be used in direct fitting of 79 
previously solved atomic resolution structures to infer regions of flexibility in a single protein or 80 
subunit organization, or dynamics in a larger, multi-protein complex. SAXS data is collected at 81 
synchrotrons using high-energy monochromatic X-rays or from in-house sources, which offer a 82 
weaker X-rays source requiring hours rather than seconds of sample exposure time (Figure 1). 83 
SAXS data is often collected from several samples with a single experimental setup and buffer, 84 
requiring an extended time to collect a round of useful data on a system.  Samples should, 85 
therefore, be stable and non-aggregating for at least a few hours based on verifiable quality 86 
control methods such as dynamic light scattering (DLS) and/or analytical ultracentrifuge (AUC) 87 
analysis to obtain high-quality SAXS data2,3. Here we provide a practical description of SAXS, the 88 



   

principles behind its usage, benefits, limitations and sample preparation and focus heavily on 89 
data collection and analysis, along with touching briefly on ab initio modeling using the 90 
extracellular matrix proteins nidogen-1 and laminin 𝛾-1 as an experimental example.  91 
 92 
Principles, Benefits, and Limitations of SAXS:  93 
 94 
The guiding principle(s) behind SAXS is relatively simple: a solution of the monodispersed 95 
preparation of macromolecule(s) of interest is placed within a capillary and is exposed to a high 96 
energy monochromatic X-ray beam. The photons cause electrons of the atomic shell to begin 97 
oscillating, resulting in a spherical wave being emitted of the same energy and wavelength. Since 98 
every electron will oscillate, a constant background will be achieved, and the resulting electron 99 
density of the macromolecule is contrasted to the background. The resulting scattering intensity 100 
is collected as a function of the scattering angle, 2Θ (Figure 1). 101 
 102 
While other techniques such as XRC, NMR, and CEM provide structural information at the atomic 103 
level, there are multiple benefits to SAXS that other techniques cannot provide. SAXS can be 104 
performed in almost any buffer and does not require any special sample preparation. This is 105 
particularly important in studying the behavior and structure of macromolecules under varying 106 
conditions, such as the presence or absence of mono- or divalent cations or changes in pH4,5. 107 
SAXS has the ability to provide information about flexible regions of a macromolecule6, 108 
something the other listed techniques can struggle with. Therefore, SAXS can be used as a strong 109 
complimentary technique with the stable portions of a macromolecule being studied with XRC, 110 
NRM or CEM, and the entire macromolecule or complex analyzed in low resolution with SAXS 111 
and combined using various analysis tools such as FoXSDock7 or CRYSOL8. Since SAXS is a solution 112 
technique, it is often used to confirm if static structures such as those obtained from XRC are 113 
consistent in solution6. SAXS also has the advantage of being a technique that requires a relatively 114 
small amount of sample investment (typically 50-100 µL) and a relatively small amount of 115 
experiment time (30 min-1 h).   116 
 117 
The largest limitation of SAXS is the vulnerability to sample aggregation and/or degradation, 118 
which can lead to incorrect structural predictions. An aggregation, even as low as 5%, can scatter 119 
light in very high amounts, leading to an overestimation of the maximal particle dimension (Dmax) 120 
and radius of gyration (Rg). On the other hand, sample degradation can lead to an underestimate 121 
of molecular properties. This vulnerability arises from SAXS being an averaging technique, which 122 
means that sample homogeneity is critical to achieving reliable and reproducible results. Any 123 
sample that is to be analyzed by SAXS should, therefore, undergo multiple methods of 124 
purification and homogeneity checks, such as denaturing and native gel electrophoresis, size 125 
exclusion chromatography, dynamic light scattering, and analytical ultracentrifugation. Often, 126 
SAXS beamlines will run samples through high-performance liquid chromatography as a final 127 
quality control step before SAXS (S-SAXS)3,9. SAXS data should be collected at multiple 128 
concentrations and the Rg of each data set should be compared, ensuring a close similarity to 129 
avoid interparticle interactions and aggregation, which results in an overestimation of particle 130 
dimensions, leading to inaccurate data analysis and modeling. Since scattering depends on both 131 
concentration and size, smaller macromolecules may require a more specific optimization of the 132 



   

concentration range. This is due to the Reciprocity Theorem, where large sizes scatter towards 133 
small angles and small sizes towards large angles. This manifests in data collection, where IO is 134 
proportional to R6, where R is the particle radius. A final limitation of SAXS is the potential for 135 
radiation damage to the sample during exposure, which can lead to distortion of the data. It is 136 
good practice to compare sample quality before and after SAXS sample exposure to ensure this 137 
is not occurring.  138 
 139 
PROTOCOL:  140 
 141 
1. SAXS Sample Preparation and Data Acquisition 142 
 143 
1.1. Sample Preparation: 144 
 145 
1.1.1. SAXS experiments require homogeneous, stable and non-aggregating protein samples; 146 
observe stability and oligomeric state with size exclusion chromatography (S), DLS and/or AUC 147 
prior to data collection. 148 
 149 
1.1.2. Subject samples (nidogen-1 and laminin 𝛾-1 in this case) to DLS analysis and tricine SDS-150 
PAGE to visualize sample purity10.  151 
 152 
Note: Samples may cover a range of concentrations (1-4 mg/mL) depending on their size, their 153 
solution behavior such as self-association and aggregation along with stability; here, five 154 
concentrations of nidogen-1, (139 kDa), three of laminin 𝛾-1 (109 kDa) and four of the S-purified 155 
equimolar complex were prepared as previously described10.   156 
 157 
1.2. Data Collection: 158 
 159 
1.2.1. Collect SAXS data using an in-house system or synchrotron, according to manufacturer’s 160 
or facility guidelines.  161 
 162 
Note: Data used in this work was collected using an in-house system (see Table of Materials) that 163 
contains a 3-pinhole camera equipped with + 002 microfocus sealed tube (Cu Kα radiation at 1.54 164 
Å) and Confocal Max-Flux (CMF) optics operating at 40 W. The system is also equipped with a 200 165 
nm multi-wire 2D detector for data collection. However, with the availability of modern 166 
synchrotrons in France, Germany, UK, USA, and other countries, which provide access to an S-167 
SAXS set-up that facilitates separation of a monodispersed preparation from possible 168 
aggregation/degradation, we now routinely collect data at synchrotron facilities. A recently 169 
published article on a DNA G-quadruplex11 is an example of an S-SAXS data collection strategy. In 170 
this case, the SAXS data were collected in the range of 0.08 ≤ q ≤ 0.26 Å for 3 hours for nidogen-171 
1 (2.0, 2.5, 3.0, 3.5 and 4.0 mg/mL); the laminin γ-1 (1.5, 2.0 and 2.5 mg/mL) and their complex 172 
(0.8, 1.0, 1.25 and 1.5 mg/mL).  173 
 174 
1.2.2. Reduce data for buffer and samples using processing software specific to the system. 175 
Subtract the buffer contribution from protein data using a program like PRIMUS/qt12 (Figure 2A). 176 



   

 177 
2. Data Analysis  178 
 179 
Note: Currently, there are a few software packages that are useful for SAXS data analysis: 180 
ScÅtter43 (download available at www.bioisis.net), bioXtas RAW44, and the ATSAS suite13. This 181 
section provides an overview of general steps to be taken when analyzing raw SAXS data using 182 
the ATSAS program suite and specific steps are taken from the ATSAS 2.8.1 download.  Other 183 
programs can be used and are briefly discussed later. 184 
 185 

2.1. Buffer Subtraction 186 
 187 
Note: These steps are relevant for static SAXS samples only.   188 
 189 
2.1.1. Select the “TOOLS” menu option in PRIMUS/qt and select the data files of interest (up to 190 
13 at once) using the “SELECT” button. Be aware that data files must be in ASCII format, in which 191 
the first column is the s-vector axis and the second column is the intensity. Repeat this step for 192 
data collected for the buffer itself by inserting this data into a second “TOOLS” menu.  193 
 194 
2.1.2. Select “SUBTRACT” in the Data Processing window, which will generate a subtracted 195 
scattering curve representing only scattering from the macromolecule of interest. Repeat this 196 
step for each concentration.  197 
 198 
2.2. Guinier Analysis  199 
 200 
2.2.1. To perform Guinier analysis, load a buffer subtracted scatter curve into PRIMUS/qt as 201 
previously described in step 2.1.1.  202 
 203 
2.2.2. Click “GUINIER,” which will proceed in opening the Primus Guinier Wizard; a plot of ln(I) vs 204 
q2 will be displayed.  205 
 206 
2.2.3. To obtain a preliminary Rg use the “AUTORG” function, which is an external module built 207 
into PRIMUS/qt. Find the command prompt window and enter “autorg [datafile]”.  208 
 209 
2.2.4. Input multiple files at once by entering the same command prompt, but putting a space 210 
between each datafile name or by inputting all files in the selected folder by typing “autorg *.dat” 211 
which inputs every file ending in .dat.  212 
 213 
2.2.5. Use the Guinier plot created earlier to assess the data quality; the green line under the 214 
Guinier plot shows the residuals plot representing a linearity of the fit. Be aware that non-215 
linearity in the Guinier analysis could be a sign of sample aggregation and further analysis should 216 
not be performed in this case.  217 

 218 
Note: A linear Guinier fit gives an Rg with a small error (<5%) and suggests a high-quality sample.  219 
 220 



   

2.3. Kratky Analysis  221 
 222 
2.3.1. Load the data to be visualized in a similar manner as described above. 223 
 224 
2.3.2. Click on the “SELECT” next to the data file name followed by “PLOT”. This will plot the data 225 
in a separate window. 226 
 227 
2.3.3. Click the “SASPLOT” button below the “PLOT” button.  228 
 229 
2.3.4. Click “VIEW” and subsequently select “Y*s^2::X” which will plot the data as “q2 x L(q) vs q”. 230 
Be aware that globular proteins display a Gaussian peak, while unfolded proteins will display a 231 
plateau instead of a peak and resemble a hyperbolic plot17.  232 
 233 
2.4. Data Merging 234 
 235 
2.4.1. Load buffer subtracted data for each concentration in PRIMUS/qt once again, as in step 236 
2.1.1.  237 
 238 
2.4.2. To merge the data, simply click on the “MERGE” button in the processing window.  239 
 240 
2.4.3. Inspect each curve and the I Scale number, which correlates to the dilutions made from 241 
the original sample. 242 

 243 
Note: Samples at higher concentration display less noise in the tail region of the curves. 244 
 245 
2.5. P(r) Distribution   246 
 247 
2.5.1. To generate the P(r) plot, load the merged data curves into PRIMUS/qt as previously 248 
described.  249 
 250 
2.5.2. Load the “GNOM” module by typing “GNOM” into the command prompt area.  251 
 252 
2.5.3. Click on the “GNOMPLOT” button to open a new window presenting the merged data of 253 
intensity of scattered light vs. q and pair-distance distribution function plot on the right-hand 254 
side. 255 

 256 
Note: The information on the right-hand side presents the overall quality of the pair-distance 257 
distribution function calculations. 258 
 259 
2.5.4. Adjust the data range of the merged data to avoid any significant noise at the tail end of 260 
the raw data. 261 
 262 
2.5.5. Omit data points close to the beam stop in the low-q region.  263 
 264 



   

2.5.6. To determine the Dmax, start with a range of ~5 times the Rg obtained from the Guinier 265 
analysis. Gradually decrease this value until the P(r) plot does not abruptly drop to zero on the Y-266 
axis and does not have a long-tail before approaching zero.  267 
 268 
2.5.7. Check that the Experimental Rg/I0 (derived from Guinier approximation) and P(r) Rg/I0 269 
numbers are similar.  270 

 271 
Note: In some cases, further manipulation on the range of data, data points, and ALPHA (a 272 
regularization parameter which tells the program the ratio of how much attention is paid to the 273 
smoothness of the distribution compared to fitting the experimental data) is also required21 to 274 
obtain a good quality P(r) plot. 275 
 276 
3. Ab initio bead modeling and averaging 277 
 278 
3.1. Once the data collected at multiple concentrations are merged, or the data collected using 279 
S-SAXS is minimized, and the Kratky plot, P(r) plot and Guinier analysis have been verified, 280 
calculate low-resolution structures of macromolecules and their complexes. This pipeline can be 281 
used to study solution structures and interactions of nucleic acids, proteins, and nucleic acids-282 
protein or protein-protein complexes10,11,21–34. One of the most popular programs is DAMMIN, 283 
developed by Svergun35 and a part of the ATSAS package13, which employs simulated annealing 284 
protocols with preliminary input information on Rg and Dmax. The ab initio modeling approaches 285 
and principles are described in detail elsewhere18,36.  286 
 287 
REPRESENTATIVE RESULTS:   288 
 289 
The data analysis approach described above was utilized to calculate the Rg and Dmax for nidogen-290 
1, laminin γ-1, and their complex using the P(r) function. We obtained Rg values of 7.20 (±0.10) 291 
nm, 8.10 (±0.20) nm, and 10.9 (±0.4) nm for nidogen-1, laminin γ-1 and their complex respectively 292 
(Figure 2A-B). In addition, Dmax values of 24 nm, 26 nm, and 35 nm for nidogen-1, laminin γ-1, 293 
and their complex respectively (Figure 2)10 were obtained. The DAMMIF program was used to 294 
obtain low-resolution structures of nidogen-1 and laminin γ-1, which suggested that both 295 
proteins adopt an extended shape in solution. The X and NSD values for nidogen-1 (~1 and 0.8) 296 
and laminin γ-1 (~0.9 and 0.8 respectively) were also in the acceptable range. The alignment of 297 
high-resolution structures, two domains of nidogen-1 and two of laminin γ-1, on their low-298 
resolution structures obtained using SAXS allowed identification of their N- and C-terminal 299 
regions10. 300 

 301 
Nidogen-1 was identified as an interacting partner of laminin γ-139,40 and the interaction site was 302 
mapped using X-ray crystallography to the C-terminal domains41. However, high-resolution 303 
structures only involved interacting domains and not the full-length nidogen-1 or the entire 304 
laminin γ-1 arm. Therefore, we purified a complex containing nidogen-1 (full length) and the 305 
laminin γ-1 arm to identify the interacting regions as well as to study the relative orientation of 306 
the N-terminal domains of both proteins. The SAXS data for the complex yielded an Rg of 10.9 307 
(±0.4) nm and a Dmax of 35 nm. We utilized MONSA to obtain the low-resolution structure of the 308 



   

entire complex, which suggested that indeed, only the C-terminal region of both proteins 309 
participate in mediating interactions, whereas the rest of the domains are far apart from each 310 
other (Figure 3, Video 1). 311 
 312 
FIGURE AND TABLE LEGENDS:  313 
 314 
Figure 1. Schematics of SAXS set-up. A monodispersed preparation of biomolecules or their 315 
complexes is prepared, followed by exposure with high energy X-rays. Depending on the source 316 
(e.g., in-house vs. synchrotron), the energy of X-rays and the sample to source distance can vary. 317 
The X-rays’ scattering pattern (that depends on the size and shape of biomolecules) is recorded 318 
and radially averaged to obtain a 1-dimensional plot (1D) that contains information on the 319 
intensity of scattered light with respect to the scattering angle. As buffer molecules also scatter 320 
light, the contributions from these molecules are subtracted to obtain a scattering pattern of the 321 
biomolecules of interest. At the synchrotron, prior to the SAXS data collection, an additional 322 
purification step using in-line size exclusion/high-performance chromatography is also typically 323 
performed (top view). This step is critical to remove any aggregated and/or degraded product as 324 
well as to remove any unbound biomolecules from the complex. The 1D scattering plot is 325 
converted to the electron pair-distance distribution plot (P(r) plot), which provides the radius of 326 
gyration and maximum particle dimension of biomolecules. This plot is used as the input file for 327 
the ab initio modeling packages (i.e., DAMMIN/DAMMIF) to obtain low-resolution structures of 328 
biomolecules, or other packages (i.e., SASREF/CORAL) if the high-resolution structure of parts of 329 
the biomolecules or individual biomolecules of the complex is known.  330 
 331 
Figure 2. (A) A plot of an intensity of scattered light vs. scattering angle (q=4πsinθ/λ, nm-1) 332 
suggesting the quality of biomolecules (low region) and shape (high region) of biomolecules. (B) 333 
The electron pair-distance distribution P(r) determined from the scattering data suggest an 334 
elongated shape of biomolecules under investigation (laminin γ-1, nidogen-1, and their complex). 335 
(C) Kratky plot suggesting that nidogen-1 and laminin γ-1 proteins are not unfolded. (D) Guinier 336 
plot for nidogen-1, laminin γ-1 and their complex, indicating the linear region for determination 337 
of the radius of gyration using data at low-scattering angle.  338 
 339 
Figure 3. Low-resolution structure of the complex of nidogen-1, and laminin γ-1 obtained by 340 
analysis of merged data sets using the program MONSA. The color scheme is the same as Figure 341 
2. 342 
  343 
Video 1. The low-resolution structure of the nidogen-1 and laminin γ-1 complex. This movie was 344 
prepared using PYMOL to visualize various structural features of the complex. The crystal 345 
structure of the laminin-nidogen complex (PDB ID: 1NPE) is shown as ribbon cartoons, 346 
highlighting the interacting sites for this complex. The color scheme is the same as Figure 2. 347 
 348 
DISCUSSION:  349 
 350 



   

The critical steps of SAXS data analysis outlined in the protocol section of this paper include buffer 351 
subtraction, Guinier analysis, Kratky analysis, data merging and P(r) distribution. The ab initio 352 
bead modeling is too extensive to be covered here in detail and is therefore only covered briefly.  353 
 354 
At synchrotrons (e.g. DESY in Germany, DIAMOND in the UK and ESRF in France), it is possible to 355 
collect SAXS data for a very tiny fraction (~few µL) of each sample as the fractions are being eluted 356 
from the s column that is connected in-line (see Figure 1). The elastically scattered SAXS data is 357 
radially averaged using the packages provided by the instrument manufacturer or by the 358 
synchrotron before buffer subtraction can take place. The resulting 1D data represents the 359 
amount of scattered light (In I(q)) on the Y-axis and scattering angle (q=4πsinθ/λ, where λ is the 360 
wavelength of incident X-rays) and is outlined in Figure 1. The program PRIMUS/qt12 is used to 361 
directly subtract any background due to buffer and is described in section 1.1. Other programs 362 
such as; ScÅtter43 (download available at www.bioisis.net) with a tutorial available at 363 
https://www.youtube.com/channel/UCvFatdC5HcZOLv6OSjblfeA, and bioXtas RAW44 (available 364 
at https://bioxtas-raw.readthedocs.io/en/Latest/index.html) can be utilized as an alternative to 365 
the ATSAS package. 366 
  367 
The Guinier analysis provides information on sample aggregation and homogeneity as well as 368 
providing the Radius of Gyration (Rg) for the macromolecule of interest based on the SAXS data 369 
from the low s region14. A plot is constructed with PRIMUS/qt for SAXS data obtained from each 370 
concentration, followed by curve fitting with the maximum range of up to 1.30 for q x Rg. A 371 
monodispersed sample preparation should provide a linear Guinier plot in this region (Figure 2D), 372 
whereas aggregation results in a nonlinear Guinier plot15,16. If the Guinier analysis is linear, the 373 
degree of “unfoldedness” of a macromolecule of interest can be observed with the Kratky plot, 374 
which is useful when deciding whether to perform rigid body modeling or construct ensembles 375 
of low-resolution models. A globular protein will appear in a Kratky plot to have a bell-shaped 376 
curve, whereas extended molecules or unfolded peptides will appear to plateau or even increase 377 
in the larger q range and lack the bell-shape (Figure 2C). 378 
 379 
Obtaining the Rg from Guinier analysis only considers data points from the low q region of the 1D 380 
scatter plot (Figure 2D), however, it is possible to use almost the entire dataset to perform an 381 
indirect Fourier transformation to convert the reciprocal-space information of ln(I(q)) vs. (q) into 382 
a real space distance distribution function (P(r)) which provides information on Dmax and Rg 383 
(Figure 2B) The shape of the P(r) plot represents the gross solution conformation of the 384 
macromolecule of interest18,19. the conversion of reciprocal-space data to real-space data is a 385 
critical step but a detailed description is not within the scope of this paper. Therefore, refer to an 386 
article by Svergun20 to understand each parameter.  387 
 388 
Once the buffer subtracted data at individual concentrations are processed through Guinier 389 
analysis with a consistent value for Rg, followed by investigating their folding pattern using Kratky 390 
analysis, these data can be merged. The merged data for nidogen-1, laminin γ-1, and their 391 
complex were processed as described above and the resulting P(r) plots are presented in Figure 392 
2B. Ideally, one should also calculate the pair-distance distribution function P(r) for each 393 
concentration to determine if SAXS data collected for each concentration provides similar Rg and 394 

http://www.bioisis.net/


   

Dmax values. If the Rg and Dmax remain similar over a wide range of concentrations, then the user 395 
should proceed. It should be noted that depending on the signal, data can be truncated prior to 396 
data merging. This is often the case if the concentrations and/or molecular weight of the 397 
macromolecules under investigation is low.  398 
 399 
Low-resolution shape analysis using DAMMIN can be performed in various modes (e.g. Fast, 400 
Slow, Expert modes, etc.). The Fast mode is an ideal first step to evaluate if the P(r) plot provides 401 
good quality models. Typically, at least 10 models should be obtained for each P(r) plot to check 402 
if reproducible results, in terms of the low-resolution structure, are obtained, with a low 403 
goodness of fit parameter called χ (a value of 0.5-1.0 is considered good based on our extensive 404 
work), a value that describes an agreement between experimentally collected SAXS data and 405 
model-derived data. For publication purpose, we typically use Slow or Expert mode and calculate 406 
at least 15 models. In addition to DAMMIN, a faster version of it, DAMMIF37, as well as GASBOR38 407 
are also alternatives. Furthermore, to study protein-protein or protein-nucleic acid complexes, it 408 
is possible to use the MONSA program35, which facilitates simultaneous fitting of the individual 409 
SAXS data for both macromolecules as well as their complex. For more details on high-resolution 410 
model calculations as well for RNA-protein interaction studies, refer to a recent article by Patel 411 
et al3. 412 
 413 
SAXS is theoretically simple but undoubtedly a highly complementary method to other structural 414 
biology tools and results in low-resolution structural data that can be used on its own or in 415 
conjunction with high-resolution techniques to elucidate information about macromolecular 416 
structure and dynamics. As long as a monodispersed preparation of macromolecules and their 417 
complexes can be obtained, SAXS can be utilized to study in-solution structure and interactions 418 
of any type of biological macromolecule. In the case of the complex discussed here, it is 419 
remarkable that less than 10% of the overall accessible surface area of nitrogen-1 and laminin γ-420 
1 is buried in this complex, whereas the rest of the domains of both proteins are freely accessible 421 
to interact with other proteins at the extracellular matrix to maintain its structural rigidity (Figure 422 
3). Obtaining such information for a complex with ~240kDa would be very challenging using other 423 
structural biology techniques such as X-Ray Crystallography, NMR, and Cryo-EM Microscopy.  424 
 425 
Uncovering protein structure via X-Ray Crystallography or NMR is an inherently time-consuming 426 
process. This bottleneck in structure determination is one area where SAXS shows its strength as 427 
a structural technique; data acquisition for a single SAXS experiment can take less than an hour 428 
and with the help of streamlined analysis software, analysis can be done quickly and efficiently. 429 
SAXS has the potential to greatly increase throughput of structural studies as a stand-alone 430 
technique because it offers a low-resolution model of the macromolecular structure before high-431 
resolution data is available. A barrier to other structural techniques is the requirement for a 432 
highly pure, concentrated sample for data acquisition, which necessitates a high level of protein 433 
expression and stability over a long period of time. While SAXS samples also need to be pure and 434 
concentrated, the sample volumes are roughly 100 µL making SAXS a relatively inexpensive 435 
method of analysis compared to other structural techniques. Moreover, SAXS coupled with size 436 
exclusion chromatography is becoming increasingly common which provides an additional 437 
quality control step. Recently there has been strong advances in the combination of NMR and 438 



   

SAXS data using the Ensemble Optimization Method (EOM)45,46 to elucidate flexible systems. In a 439 
recent paper by Mertens and Svergun47, the authors describe multiple recent examples of EOM 440 
SAXS in combination with NMR, along with many other examples of SAXS data being used in 441 
conjunction with NMR. Advances are continually being made in the field of SAXS, and new 442 
techniques are being developed for SAXS to be used in conjunction with, not just complimentary 443 
to, other structural techniques. Consequently, we believe that the demand for SAXS will only 444 
increase over time, especially in conjunction with NMR to characterize dynamic systems where 445 
functions are defined by flexibility.  446 
 447 
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consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video.  To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE. 

6. Grant of Rights in Video – Open Access.  This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above.  In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above.  The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees.  If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such

statute.  In such case, all provisions contained herein that are 
not in conflict with such statute shall remain in full force and 
effect, and all provisions contained herein that do so conflict 
shall be deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 

8. Likeness, Privacy, Personality.  The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties.  The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials.  If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party.  The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion.  If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution.  If more than one
author is listed at the beginning of this Agreement, JoVE may, 
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author.  JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE.  JoVE and its
employees, agents and independent contractors shall have
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Dear Editor, 
 
We thank you and the reviewers for your suggestions to improve our manuscript. We have 
revised our manuscript accordingly and have summarised our changes below. 
 
Editorial comments: 
 
Changes to be made by the Author(s) regarding the written manuscript: 
 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are 
no spelling or grammar issues. 
 
O We have read the article carefully.  
 
2. Please rephrase the Summary to clearly describe the protocol and its applications in 
complete sentences between 10-50 words: “Here, we present a protocol to …” 
 
O We have revised this section. It currently has 50 words. 
 
3. Please use SI abbreviations for all units: L, mL, µL, h, min, s, etc. 
 
O We have used SI abbreviations. 
 
4. Please include a space between all numbers and their corresponding units: 15 mL, 37 °C, 60 
s; etc. 
 
O We have ensured that there is a space between all numbers and their corresponding 
units. 
 
5. JoVE cannot publish manuscripts containing commercial language. This includes trademark 
symbols (™), registered symbols (®), and company names before an instrument or reagent. 
Please remove all commercial language from your manuscript and use generic terms instead. 
All commercial products should be sufficiently referenced in the Table of Materials and 
Reagents. For example: Rigaku, S-MAX3000, MicroMax, Mac OS, YouTubeTM, etc. 
 
O We have ensured that no commercial trademark symbols are present in the manuscript.  
 
6. Please revise the protocol to contain only action items that direct the reader to do something 
(e.g., “Do this,” “Ensure that,” etc.). The actions should be described in the imperative tense in 
complete sentences wherever possible. Avoid usage of phrases such as “could be,” “should be,” 
and “would be” throughout the Protocol. Any text that cannot be written in the imperative 
tense may be added as a “Note.” Please include all safety procedures and use of hoods, etc. 
Please move the discussion about the protocol to the Discussion. 
 

Rebuttal Letter Click here to access/download;Rebuttal Letter;JoVE
Rebuttal.docx

http://www.editorialmanager.com/jove/download.aspx?id=883315&guid=922c36a7-1e3c-4fbb-9a43-2afcaf1d2831&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=883315&guid=922c36a7-1e3c-4fbb-9a43-2afcaf1d2831&scheme=1
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O We have revised this section and Discussion accordingly. 
 
 
7. Please revise the protocol text to avoid the use of any personal pronouns (e.g., "we", "you", 
"our" etc.). 
 
O We have revised this section to include the changes recommended. 
 
8. The Protocol should be made up almost entirely of discrete steps without large paragraphs of 
text between sections. Please simplify the Protocol so that individual steps contain only 2-3 
actions per step and a maximum of 4 sentences per step. Use sub-steps as necessary. Please 
move the discussion about the protocol to the Discussion. 
 
O We have revised this section to include the changes recommended. 
 
9. Please include single-line spaces between all paragraphs, headings, steps, etc. 
 
O We have implemented this suggestion throughout the manuscript. 
 
10. After you have made all the recommended changes to your protocol (listed above), please 
highlight 2.75 pages or less of the Protocol (including headings and spacing) that identifies the 
essential steps of the protocol for the video, i.e., the steps that should be visualized to tell the 
most cohesive story of the Protocol. 
 
O The Protocol section is highlighted by the bold-font title – PROTOCOL in grey 
background.  
 
11. Please highlight complete sentences (not parts of sentences). Please ensure that the 
highlighted part of the step includes at least one action that is written in imperative tense. 
 
O We have implemented this suggestion In Protocol section. 
 
12. Please include all relevant details that are required to perform the step in the highlighting. 
For example: If step 2.5 is highlighted for filming and the details of how to perform the step are 
given in steps 2.5.1 and 2.5.2, then the sub-steps where the details are provided must be 
highlighted. 
 
 
13. Please number the figures in the sequence in which you refer to them in the manuscript 
text. 
 
O Figures are numbered according to their order of description in the text. 
 
14. As we are a methods journal, please revise the Discussion to explicitly cover the following in 
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detail in 3-6 paragraphs with citations: 
a) Critical steps within the protocol 
b) Any modifications and troubleshooting of the technique 
c) Any limitations of the technique 
d) The significance with respect to existing methods 
e) Any future applications of the technique 
15. Please remove trademark (™) and registered (®) symbols from the Table of Equipment and 
Materials. 
 
O We have implemented these suggestions in a revised Discussion section. 
 
===================================================================== 
 
Reviewers' comments: 
 
Reviewer #1: 
Manuscript Summary: 
In this manuscript the authors provide a protocol for using SAXS (small angle X-ray scattering) 
to determine hybrid structures of macromolecular assemblies. The authors provide a recent 
example of the complex of full length nidogen-1 and laminin which assembles into an extended 
curved shape. This manuscript is well written and provides a very nice introduction to SAXS 
including an overview of its benefits and limitations. This manuscript is acceptable for 
publication, however I have concerns about the current format of the protocol because it 
contains numerous lengthy paragraphs that should be broken down into smaller segments. 
 
Major Concerns: 
The protocol is written in paragraph format, which differs from the typical JoVE protocol 
format. The authors provide very detailed descriptions of each step in the SAXS data processing 
pathway but they combine everything into one paragraph and don't break things down into 
discrete steps. For example Section 3.4, should be broken down into individual steps as follows: 
3.4.1 Load the GNOM module …. 
3.4.2 Generate the p(R)plot … 
3.4.3 Quality control check of the data … 
3.4.4 Adjust the Dmax … 
 
O We have addressed reviewers’ suggestions in a revised Protocol section. 
 
Minor Concerns: 
1. SAXS Sample Prep: This section is not really part of the protocol but a comment since no 
specific details are included. The authors should either include specific details or make this a 
simple note about sample prep and not part of the protocol. 
 
O We have included the importance of sample preparation in SAXS Sample Preparation 
and Data Acquisition section. 
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2. Data Acquisition: This section is also more of a comment and not part of the protocol. The 
authors should either include the details for specific data collection of the Lamin complex or 
format this as a comment/note and not the protocol. 
 
O We have revised Protocol section to implement reviewers’ suggestion. 
 
Reviewer #2: 
Manuscript Summary: 
The JOVE manuscript from Mrozowich et al. "Structural Studies of Macromolecular Interactions 
in Solution using Small Angle X-Ray Scattering" seeks to provide a detailed protocol for 
scientists using SAXS as a tool in their research. The manuscript is well timed and with some 
additional work should achieve this aim. 
 
However, a major concern is that the detailed description of the ATSAS software is very much 
out of date. The authors describe in detail how to use the original windows version of PRIMUS, 
which is no longer in common use (at the very least this is what the package maintainers say 
during their many workshops and recent publications). I feel that if the authors were to 
describe their protocol using the latest cross-platform version (primusQt for example) it would 
be a more useful and appropriate contribution. An alternative is to provide the analysis steps 
using another modern program that has been published and available such as bioXtas RAW 
(Hopkins, J.B., Gillilan, R.E. and Skou, S., 2017. BioXTAS RAW: improvements to a free open‐
source program for small‐angle X‐ray scattering data reduction and analysis. Journal of applied 
crystallography, 50(5), pp.1545-1553.; Nielsen, S.S., Toft, K.N., Snakenborg, D., Jeppesen, M.G., 
Jacobsen, J.K., Vestergaard, B., Kutter, J.P. and Arleth, L., 2009. BioXTAS RAW, a software 
program for high-throughput automated small-angle X-ray scattering data reduction and 
preliminary analysis. Journal of applied crystallography, 42(5), pp.959-964). The authors 
indicate that another program called Scatter can be used, however, there appears to be no 
publication in a peer reviewd journal of this software, so perhaps it is better to focus on ATSAS 
and RAW. 
 
 
O We have revised the Protocol section for PrimusQt version. Due to the constraints with 
space (~2.5 pages for Protocol section), we were unable to include the detailed description of 
other data analysis packages suggested by the reviewers. However, we recommend that 
subsequent protocol/methods papers should be published in the future describing the packages 
suggested by the reviewer.  
 
In addition, several  
suggestions to improve the reader experience are: 
 
1. Make it clear that the scattering phenomenon under discussion is elastic. 
 
O We have made this clear in the Discussion section. 
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2. Provide a better explanation of the determination of concentration dependence (not just 
suggest "the Rg of each data set should be compared to avoid interparticle interaction"). 
 
O We have briefly described this in the Principles, Benefits, and Limitations of SAXS 
section.  
 
 
3. In the SAXS Sample Preparation section: explain why particle size is an important parameter 
in the range of concentrations one should consider. 
 
O We have included this in Principles, Benefits, and Limitations of SAXS section. 
 
4. Ensure that a figure is made available of the Guinier analysis and also the Kratky plot, 
showing graphically what interparticle interaction and "foldedness" look like. 
 
O We have revised Figure 2 to include Guinier and Kratky plots. 
 
And finally, make sure that the aims of the manuscript as defined in the abstract are clearly 
met: 
 
1. protocol is provided for elucidating the "specific domains" that mediate interactions. I don't 
think this is clear, a protocol for basic analysis is provided but I do not it currently addresses this 
specific aim sufficiently. 
 
O We have revised sections of the manuscript to address this change. 
 
2. method is provided for calculating hybrid solution structures... I do not think it is currently 
clear to the reader that what is described provides a method for doing this. A little work is 
required to address this. 
 
O We have revised sections of the manuscript to highlight that SAXS can be used to study 
macromolecules and their complexes. 
 
3. "allows large numbers of samples to be analysezed..." This I don't think is addressed at all. 
 
O We have revised this sentence in Abstract. 
 
Reviewer #3: 
Manuscript Summary: 
This manuscript reviews the method of SAXS to study macromolecules in solution. When 
combined with other high resolution structural methods, SAXS analysis provides important 
insights into the mechanisms of macromolecular interactions. The manuscript has reviewed the 
basic and essential methods, such as Guinier, P(r) analyses, as well as the ab initio methods to 



Page 6 of 6 

restore molecular shapes using DAMMIN and Monsa. The manuscript is certainly worthy to be 
published. 
 
Major Concerns: 
The authors might also discuss some of the recent progress in ensemble analysis of SAXS data, 
which is quite useful when combining with NMR methods. 
 
O We have included a paragraph in the Discussion section for this. We believe that the 
combination of SAXS and NMR for ensemble analysis merit a separate publication to provide an 
in-depth description of benefits of these two powerful tools.   
 
Minor Concerns: 
Some of the sentences in the text are long, and awkward to read. 
 
O We have revised sentences to ensure that they are not too long and awkward to read.  


