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Applications of Small-Angle X-ray Scattering in 
Protein Folding Studies
Small-angle X-ray scattering is a powerful tool for investigating protein structures and dynamics under 
diverse experimental conditions. It is particularly useful in investigating conformational changes 
pertinent to protein folding and misfolding. 

U nderstanding the mechanism by which polypeptide 
chains fold into specific three-dimensional (3D) 

structures to confer biological functions has been a decade-
long challenge. The protein folding problem is not only 
fundamental to physical chemistry but also medically 
relevant because the failure of a protein to fold correctly 
or the tendency to misfold can cause debilitating diseases, 
such as cancer and neurodegenerative diseases. Protein 
folding can be considered a conformational sampling 
process of a funnel-like free-energy landscape, which 
involves all possible conformation combinations according 
to the degrees of freedom accessible to the polypeptide 
chain. Thus, the most energetically favorable state is 
assumed to correspond to the native state. The free-energy 
funnel often exhibits different degrees of roughness, or 
frustrations, that can trap folding intermediates in local 
minima. In addition to globular proteins that exhibit 
robust folding characteristics, a significant proportion of 
the proteome encodes for intrinsically disordered regions 
covering segments or the entirety of given proteins is 
becoming increasingly evident. The free-energy landscapes 
of these intrinsically disordered proteins (IDPs) exhibit 
many energetically equivalent local minima to populate an 
ensemble of conformations that can differ vastly. Many IDPs 
exhibit high aggregation propensities and self-associate 
into amorphous oligomers before forming highly ordered 
filamentous assemblies, amyloid fibrils. Environmental 
stress conditions, posttranslational modifications, or 
genetic mutations can also considerably perturb the 
native states of proteins such that their hydrophobic cores 
become more exposed, increasing their aggregation 
propensities. Therefore, understanding the structure-
function relationships of disease-associated proteins 

requires in-depth understanding of the atomic structures 
and dynamics involved in protein folding.

Although protein crystallography has been instrumental 
in providing atomic insights into protein structures, it 
primarily addresses how the target protein folds into the 
defined native structure in its crystalline state. Likewise, the 
emergence of cryo-electron microscopy (cryo-EM) has  
pushed the frontier of structural biology, but 
conformational heterogeneity remains a limiting factor 
for effective single-particle reconstruction. Solution-state 
nuclear magnetic resonance (NMR) spectroscopy can be 
used to determine protein structures at atomic resolution 
under either native or nonnative (denaturing) conditions. 
NMR spectroscopy can be used to quantitatively describe 
protein dynamics at atomic resolution across a broad range 
of timescales. However, a major disadvantage of solution-
state NMR spectroscopy is the size limitation of the system 
of interest, which is typically less than 30 kDa. Advanced 
NMR experiments aided by elaborately stable isotope 
labeling can increase size limits to the order of MDa, but 
such applications are exceptional. 

In addition to the big three of structural biology—X-ray 
crystallography, NMR spectroscopy, and cryo-EM—small-
angle X-ray scattering (SAXS) is exceptionally versatile 
in providing structural information of proteins across a 
broad range of spatial and temporal resolutions.1 SAXS 
data can essentially be collected under any experimental 
conditions. Furthermore, SAXS does not have fundamental 
size limitations, although it is intrinsically more sensitive 
to larger particles. SAXS is particularly suited for protein 
folding studies that require the use of concentrated 



054 NSRRC ACTIVITY REPORT 2022

chemical denaturants, extreme pH values, high 
temperatures, or high pressures. The one-dimensional 
(1D) SAXS profile as a function of the momentum 
transfer, q, which is proportional to the scattering angle, 
is encoded by the 3D structure (or ensemble of structures) 
of the system of interest. Robust modeling procedures 
have been developed to generate ab initio models that 
fit experimental SAXS profiles, with the caveat that 
degenerate solutions exist because the 3D solutions are 
derived from 1D information. A more practical use of SAXS 
data is to back-calculate the theoretical SAXS profile of a 
3D atomic model to evaluate whether the model agrees 
with experimental SAXS data (Fig. 1(a)). When structural 
polymorphism and molecular dynamics are considered, an 
ensemble average of SAXS profiles can be generated to 
quantitatively describe the conformational features of the 
protein of interest.

In protein folding studies, model-free SAXS analysis is 
particularly useful in characterizing solution structures as 
a function of different physicochemical variables. First, 
the radius of gyration Rg of the particle of interest can be 
approximated using a Guinier plot—ln I(q) vs. q2—that 
focuses on the low-q region (q•Rg < 1.3; Figs. 1(b) and 
1(c)). Second, the Kratky plot—I(q)q2 vs. q—indicates the 
degree of folding of the protein; a bell-shaped profile 
indicates a well-folded structure (Fig. 1(d)). By contrast, 
the up-tilting profile in the high-q region is indicative of 
conformational disorder. Third, the pair-wise distance 
distribution, P(r), of the SAXS profile is used as the input for 
ab initio modeling. However, the raw SAXS profile already 

indicates the overall dimension, Dmax, and the likely number 
of globular domains of the system (Fig. 1(e)).

The laboratory of Shang-Te Danny Hsu (Academia Sinica) 
has systematically used SAXS to verify whether the 
analyzed protein crystal structures resemble their solution-
state counterparts.2,3 Importantly, the team members 
have extensively used SAXS for protein folding studies. 
For instance, they demonstrated that an engineered, 
truly 31-knotted YibK without open ends followed the 
same dimension scaling law as predicated using polymer 
theory.4 They also reported an unusual case of a chemically 
induced protein folding intermediate of 52-knotted UCH-L1 
that can form a specific dimer despite the loss of most 
secondary structures.5 Furthermore, the integration of 
SAXS, far UV circular dichroism, and intrinsic fluorescence 
spectroscopy enabled them to comprehensively describe 
the folding pathway of the most complex 61-knotted DehI6 
and the smallest 31-knotted MJ0366.7 More recently, they 
used SAXS to investigate how several cancer-associated 
mutations affect the structure-function relationship of the 
52-knotted ubiquitin C-terminal hydrolase (UCH) domain 
of BRCA1-associated protein 1 (BAP1). Some mutations 
significantly destabilized the UCH domain of BAP1, 
leading to a substantial increase in their Rg values, which 
correlated strongly with reduction in melting temperature 
and enthalpy of unfolding (Figs. 1(f) and 1(g)).8 In some 
cases, the mutations substantially enhanced aggregation 
propensity, and the BAP1 variants readily formed 
intracellular aggregates that limited their ability to enter 

Fig. 1:	 (a) Structural mapping of cancer-associated high-frequency mutations in BAP1-UCH. The homology model of BAP1-UCH is shown in a ribbon 
representation, whereas ubiquitin is shown in a surface representation. The positions of the Cα atoms of the mutation sites are shown as 
colored spheres. Inset: Comparison of the experimental SAXS profiles (open circles) and back-calculated SAXS profile based on a homology 
model of BAP1-UCH in a complex with ubiquitin (gray). (b) Overlay of experimental SAXS profiles with wild type (WT) shown in black and 
those of the other mutants shown in colors corresponding with those in (a). (c) Overlay of Guinier plots of BAP1-UCH variants with estimated 
Rg values indicated. (d) Overlay of Kratky plots of BAP1-UCH variants. (e) Overlay of P(r) profiles of BAP1-UCH variants. (f) Differential scanning 
calorimetry (DSC) isotherm of WT BAP1-UCH. The profile was deconvoluted into two Gaussian functions, the areas under the curve of which 
indicate enthalpies of unfolding, ∆H1 and ∆H2. (g) Correlation plot of SAXS-derived Rg values corresponding to ∆H1 and ∆H2 derived from DSC. 
[Reproduced from Ref. 8]
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cellular nuclei to execute their biological functions.8,9 

These case studies exemplify how SAXS provides key 
structural information on functional states of biologically 
important protein systems. The integration of size exclusion 
chromatography for online UV and SAXS detection, as has 
been implemented at TLS 23A1 and TPS 13A beamlines, 
has been instrumental in the success in obtaining high-
quality SAXS data for difficult-to-analyze biological systems. 
(Reported by Shang-Te Danny Hsu, Academia Sinica)

This report features the work of Shang-Te Danny Hsu and his 
collaborators published in J. Mol. Biol. 434, 167553 (2022).
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