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Bridging the solution divide: comprehensive structural analyses
of dynamic RNA, DNA, and protein assemblies by
small-angle X-ray scattering
Robert P Rambo1 and John A Tainer1,2
Small-angle X-ray scattering (SAXS) is changing how we

perceive biological structures, because it reveals dynamic

macromolecular conformations and assemblies in solution.

SAXS information captures thermodynamic ensembles,

enhances static structures detailed by high-resolution

methods, uncovers commonalities among diverse

macromolecules, and helps define biological mechanisms.

SAXS-based experiments on RNA riboswitches and ribozymes

and on DNA–protein complexes including DNA–PK and p53

discover flexibilities that better define structure–function

relationships. Furthermore, SAXS results suggest

conformational variation is a general functional feature of

macromolecules. Thus, accurate structural analyses will

require a comprehensive approach that assesses both

flexibility, as seen by SAXS, and detail, as determined by X-ray

crystallography and NMR. Here, we review recent SAXS

computational tools, technologies, and applications to nucleic

acids and related structures.
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Introduction
Dynamic macromolecular assemblies composed of

nucleic acids and proteins integrate the environmental

and cellular signals into biological actions. Yet as of 2008,

only 5% of the total structures deposited in the PDB were

of nucleic or protein–nucleic acid composition, and most

macromolecules function in complexes with an average of

5 partners per protein. Macromolecular X-ray crystallo-

graphy (MX), Nuclear Magnetic Resonance (NMR), and

electron microscopy (EM) are our most reliable structural

tools; nonetheless, these techniques have limitations for
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macromolecules with functional flexibility and intrinsic

disorder, which occurs in functional regions and interfaces

[1,2]. Therefore, as structural biology evolves, it will

need to provide structural insights into larger macromol-

ecular assemblies that display dynamics, flexibility, and

disorder.

Solution structures from X-ray scattering
For noncoding functional RNAs and intrinsically disor-

dered proteins, defining their shapes and conformational

space in solution marks a critical step toward understand-

ing their functional roles. Facilitating this goal are ab initio
bead-modeling algorithms for interpreting small-angle X-

ray scattering (SAXS) data. These ab initio models

represent low-resolution shapes and contribute signifi-

cantly to interpretation of flexible systems in solution,

particularly for protein–DNA complexes. SAXS is proving

to be increasingly useful for studying RNA and other

nucleic acids, which scatter five times more strongly than

proteins.

Thus, in recent years, the ‘old’ but with advanced comput-
ing and synchrotron technologies ‘new’ technique of SAXS

has developed into a powerful structural tool that comp-

lements MX and other high-resolution methods [3,4].

SAXS can be performed under many solution conditions,

and is the only structural technique that can be performed

under near native conditions with minimal amounts of

sample (15 mL at 0.1–1 mg/mL). Advances in X-ray

sources, detectors and collection strategies have improved

SAXS measurements and reduced the time from days to

hundreds of milliseconds at synchrotron facilities sup-

porting biological investigations [5��]. The now efficient

combination of SAXS with high-resolution MX and NMR

is providing insights into functional conformations of

dynamic assemblies in solution and thereby fundamen-

tally changing the way we perceive structure–function

relationships [2,3].

Ins and outs of SAXS (basic theory)
Under sufficiently dilute conditions, the SAXS profile,

I(q), represents the simultaneous scattering measurement

of the macromolecule in all orientations. This inherently

reduces the resolution, whereas in MX the scattering from

the ordered macromolecules produces diffraction inten-

sities that are subsequently transformed to an electron

density map. In SAXS, the transformation of the scatter-

ing data, I(q) yields the P(r)-distribution, a histogram of

the interatomic vectors within the macromolecule
www.sciencedirect.com
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Figure 1

SAXS provides accurate information on folding and conformation in

solution for both rigid and flexible macromolecules and their complexes.

(a) The calculation of a SAXS profile from an atomic model (CRYSOL,

XPLOR-NIH, or IMP) is defined by the Debye equation and defines a

relationship between the reciprocal space SAXS observations (orange)

and the real space P(r)-distribution (cyan). Data in either reciprocal or

real space can be used as a target for bead modeling with such

programs as DAMMIN/F [46�], DALAI_GA [47] or GASBOR [48]. Glucose

isomerase is presented as an example above. (b) Kratky plot of the

lysine riboswitch in the presence and absence of Mg2+ [14]. The q2�I(q)

versus q plot demonstrates, for a folded particle, a parabolic

convergence of the data at high q. Such a property fulfills the Porod

invariant, Q, where the area under the curve approaches a constant

value allowing for the calculation of the Porod volume. This is not true for

an unfolded particle, as its scattering curve does not capture a defined

area in a Kratky plot.
(Figure 1a). This relationship makes it possible to directly

calculate a SAXS profile given an atomic resolution

macromolecular structure; however, the reverse is not

true. The atomic details of an underlying macromolecule

are not uniquely determined from its experimental SAXS

profile alone.

The transformation of the SAXS profile, I(q), into the

P(r)-distribution has been the subject of continued de-

velopment. The relationship illustrated in Figure 1a takes

data measured in reciprocal space (Å�1) and transforms it

to real space (Å). Several computational methods have

been developed [6–9] where the final result of interest is

typically an estimate of the maximum dimension of the
www.sciencedirect.com
particle (dmax). Resolution in SAXS is observed as

additional features in a P(r)-distribution [10], a result

of data collected at greater scattering angles, q. In all

cases, an inspection of the P(r)-distribution helps insure a

correct choice of dmax has been made where the distri-

bution is expected to be smooth with minimal oscillations

toward dmax.

A SAXS profile allows direct estimation of the radius-of-

gyration (Rg) within the Guinier region of the data

(q�Rg < 1.3). Rg describes the mass distribution of a

macromolecule about its center of gravity. An increase

in Rg is generally consistent with an opening of the

macromolecule whereas a decrease in Rg suggests com-

paction. Furthermore, for well-folded samples, as shown

by the Kratky plot (Figure 1b), the SAXS data provide the

hydrated volume (Porod Volume) of the scattering

particle [11]. These SAXS parameters represent quanti-

tative assessments derived from a SAXS profile; none-

theless, SAXS can monitor structural changes in a semi-

quantitative manner where comparative changes in a

Kratky plot can reveal flexibility, unfolding or a confor-

mational change (Figure 1b) [3].

Bridging the solution divide
A direct application of SAXS is to test the validity of X-ray

crystal structures for functionally important macromol-

ecular conformations and assemblies in solution. Crystal

packing forces and subsequent cryogenic temperatures

needed for MX experiments constrain the structural

ensemble and beg the question as to how well the crystal

structure models the solution conformation including

possible multiple conformational states. Similarly, a crys-

tal structure may be obtained only with a bound ligand,

raising the question as to whether the crystal structure

changes in the apo form. Moreover, the choice of the

assembly state and biologically relevant interfaces cannot

be determined by the crystal structure alone. SAXS as a

solution technique is ideally suited to address these

structural questions and complements the high-resolution

information obtained by MX and NMR.

SAXS results showed that a relatively small interface seen

in crystal structures of the DNA double strand break

repair (DSBR) Mre11 nuclease bound to DNA was a

dimer interface in solution rather than simply a crystal

contact [12��]. Moreover combined SAXS and mutational

analyses showed that this Mre11 dimer is critical to DNA

binding and Mre11 function in vivo [12��]. Similarly, Vav1

plays an important role in T-cell activation and tumor-

igenesis for the guanine nucleotide exchange factor

(GER) superfamily, but its conformation and domain

contacts were different in MX and EM structures. The

agreement between the Vav1 crystal structure and in
solution SAXS data showed that the compact Vav/Rac

conformation and unusual contacts among the regulatory
Current Opinion in Structural Biology 2010, 20:128–137
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domains are biologically relevant, rather than reflecting

crystal packing [13].

Detecting conformational switching as a
control of biological function
The T. maritima lysine-responsive riboswitch, a 161-

nucleotide regulatory RNA element found in the 50UTR

UTR of several lysine biosynthetic genes, binds the

amino acid lysine and regulates gene expression. Com-

parison of the crystal structures with the SAXS data of the

bound and free states of the riboswitch demonstrated that

the riboswitch does not adopt a different conformation in

any state suggesting that the functional mechanism of

transcriptional regulation does not occur through large-

scale conformational switching of the lysine binding

domain [14]. This is in stark contrast to a similar study

on the SAM-I riboswitch, where the crystal structure

differed significantly from its free form in solution (RT

Batey, unpublished data) (Figure 2A). Inspection of the

SAM-I Kratky plot indicated an increase in the confor-

mational dynamics of the RNA in the absence of ligand.

Here, the solution SAXS studies guided the biochemistry
Figure 2

SAXS results suggest that flexibility in apo-receptors is reduced upon ligand

calculated (red) SAM-I riboswitch SAXS profile to the experimental (black) S

determined in the presence of ligand and the poor fit of the data to the mod

inspection of the Kratky plot demonstrates partial unfolding or increased fle

The three possible dimers inferred from the crystal packing of the PYR1 pro

and a–b (blue and yellow) [15]. SAXS clearly distinguishes the correct asym

assembly in solution.
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developing a hypothesis reflecting conformational switch-

ing as an underlying mechanism for the riboswitch. This

conversion of a flexible unbound state that can open and

close into a less flexible, closed-bound state is emerging as

a common feature for ligand recognition for many macro-

molecular systems ranging from RNA to proteins.

The SAXS profile is principally determined by the shape

of the underlying P(r)-distribution, which can determine

the correct oligomeric isoform in solution. The plant

abscisic acid (ABA) hormone receptor PYR1 crystallized

with distinct ‘open-lid’ and ‘closed-lid’ conformations.

Crystal contacts show three possible dimer assemblies:

symmetric open, symmetric closed, or asymmetric open–
closed [15]. While a calibrated size-exclusion column or

multiangle light scattering system could easily reject the

monomeric form in solution, neither technique could

determine the correct dimeric species. Here, SAXS ident-

ified the asymmetric dimer as the correct assembly in

solution (Figure 2b) [15] and further SAXS studies of the

receptor in the presence of ABA revealed a more compact

dimer assembly not observed in the crystals.
binding for many RNA and protein receptors. (a) Fit of the

AXS data, SAM-free. The crystal structure of SAM-I [49] was

el implies an alternate state of the riboswitch in solution. Further

xibility. (b) Identification of the correct dimer model using SAXS.

tein are designated a–a (orange and blue), b–b (yellow and green),

metric (yellow curve) from incorrect symmetric (blue) dimer

www.sciencedirect.com
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Architectural flexibility and rigidity in
biological outcomes
SAXS can be readily combined with biochemical and

mutational information to define flexible complexes,

despite limited resolution. In MX, flexible regions may

contribute to an incomplete structural model because of

missing electron density. In SAXS, flexible regions will

contribute to the observed intensity giving a complete

assessment of the entire macromolecule. Consequently,

SAXS measurements from a macromolecule with an

incomplete high-resolution structure provide an oppor-

tunity to extend the modeling of the NMR-derived or

MX-derived model [16�] through computational strat-

egies. Thus, site-directed mutagenesis and SAXS com-

bined with computational approaches characterized the

conformational variability and DNA-binding properties

of mammalian polynucleotide kinase (mPNK) [17��].
The 50-kinase and 30-phosphatase activities of mPNK

function to restore 50-phosphate/30-hydroxyl termini at

sites of DNA damage. The flexible attachment of the

FHA domain to the catalytic segment, elucidated by

SAXS, enables the interactions of mPNK with diverse

DNA substrates and protein partners, as required for the

effective orchestration of DNA-end repair [17��].

Objective experimental examination of conformation in

solution by SAXS and other means is important for un-

derstanding biological outcomes including those from

defects associated with human disease. For example,

structural analyses of the DNA repair proteins XPD,

Mre11, and Nbs1 contributed to hypotheses elucidating

how structural defects that alter architectural integrity can

cause cancer and degenerative diseases [12��,18,19��].

Envisioning whole macromolecular systems
SAXS provides powerful restraints for modeling large

macromolecular assemblies [20]. Particularly for folded

RNA whose building block generally consists of 22 Å

helical measure, a SAXS-based ab initio model can serve

as a suitable structural framework for model building.

The VS ribozyme is the largest known nucleolytic ribo-

zyme for which there is no determined crystal structure.

Decades of research have dissected the ribozyme into its

component catalytic pieces, identified catalytically

important residues and contacts and led to partial models

of the abstract ribozyme. Lipfert et al. [21��] collected

SAXS data on four component pieces of the ribozyme to

develop a cylindrical model such that they could unam-

biguously assign the various helices from the VS second-

ary structure to the ab initio model [21��]. Subsequently,

the assigned cylindrical models were converted to resi-

dues specific RNA helices and single-stranded nucleo-

tides were added to link together the assigned helical

regions (Figure 3a). The entire model was energy mini-

mized using the known tertiary interactions as distance

restraints with XPLOR-NIH and refined through several

rounds against the SAXS profile producing a plausible
www.sciencedirect.com
structural model describing how the VS ribozyme pos-

itions the substrate strand for cleavage.

The explicit shape information within a SAXS profile is

particularly useful for assembling a complete picture of a

multidomain protein when only the high-resolution MX

or NMR structures are known of the individual domains.

SAXS data collected on the full-length ERp72, a 5-

domain (a8–a–b–b0–a0) protein disulfide isomerase was

used in a rigid-body refinement incorporating a8, a and

a0 NMR structures with a single b–b0 MX structure [22].

In a Monte Carlo-type sampling of the starting confor-

mations, the rigid-body modeling converged to a C-

shaped structure with all three catalytic domains on the

same side. Similar successes were reported for the extra-

cellular adherence protein of S. aureus [23], picornaviral

loop-to-loop replication complex [24], the PDZ domain of

SAP97 [25] and the large heteromeric a,b-importin-cap-

binding complex [26].

Incorporating SAXS data into NMR structure determi-

nation is an active area of development [27��,28�,29�].
Residual dipolar coupling (RDC) measurements from

NMR provide orientational information between helical

regions of proteins or nucleic acid structures and when

combined with the shape information from SAXS, con-

siderable improvements in modeling multidomain

proteins and complexes can be achieved. Bax and col-

leagues [30�] used RDCs to deduce the correct point

group for dimeric TolR thus creating a C2-restrained

dimer space. Subsequent fits to the experimental SAXS

data identified the correct TolR dimer assembly. For

RNA, a sparse set of RDCs combined with SAXS can

be used to refine a starting homology model such as the

case with tRNAval [27��].

In an impressive multistep deconstruction of a multi-

protein DNA complex, Blackledge and colleagues [31��]
were able to determine the solution structural model of

the entire tumor suppressor p53 protein tetramer in

complex with DNA and the Taz2 domain. p53 is an

intrinsically disordered protein interspersed with two core

structural domains. Unlike the previous application of

RDCs, here RDCs measured along the polypeptide back-

bone captured the conformational ensemble of the intrin-

sically disordered regions. The experimental RDCs were

subsequently used to further refine a preliminary SAXS-

based p53–DNA complex [32]. Additional SAXS and

NMR measurements of free p53, and in complex with

DNA or Taz2 or both demonstrated preferred changes in

the flexibility of the 175 kDa p53 tetramer and proposed a

unique biological perspective of full-length p53

(Figure 3c) where the core domains of tetrameric p53

wrap around the DNA with the intrinsically disordered

regions acting as outstretched arms presenting the N-

terminal domain of p53 for the recruitment of additional

transcription factors. SAXS captures the conformational
Current Opinion in Structural Biology 2010, 20:128–137
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Figure 3

SAXS extends modeling of most large multidomain macromolecular machines and suggests that flexibility and unstructured regions are generally

critical for function. (a) Construction of the VS ribozyme solution structure [21��] started with the ab initio model which was used to place cylindrical

elements that corresponded to the helical elements described by its secondary structure. The resulting cylindrical model was then converted to a

residue specific model and subject to cycles of energy minimization refinement to produce the final atomistic solution model of the entire VS ribozyme.

(b) The entire ERp72 solution structure [22] was achieved by refining the SAXS data of ERp72 against a starting model composed of its individual

domains that were previously determined by a combination of NMR and MX. 380 separate rigid-body modeling runs converged to show a C-shape

ensemble consistent with a separate ab initio reconstruction. (c) The full-length p53–Taz2–DNA complex (right) [31��] was modeled from SAXS data of

the all protein complex (left) [32]. The core (cyan and green) and tetramerization (red) domains were determined by MX and Taz2 was determined by

NMR. The three high-resolution structures were incorporated into a rigid-body analysis to produce the final cross-shaped structure showing fully

extended arms held together by the tetramerization domain. Flexible regions were modeled with dummy residues (gray beads). Additional SAXS data

collected in the presence of DNA (magenta) was then subject to additional rigid-body modeling using an MX-derived structure of the core domain

bound to DNA. The binding of Taz2 to p53 and the associated p53–DNA complex facilitated visualization of the N-terminal regions of p53, an

observation not seen in a previous EM study.

Current Opinion in Structural Biology 2010, 20:128–137 www.sciencedirect.com
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ensemble and can be used as the sole restraint for mod-

eling flexible proteins [33��]. Intrinsically disordered

proteins [1,2] are a significant fraction of the eukaryotic

genome and a comprehensive structural understanding of

these proteins and complexes will require an integrated

structural approach as described above.

For DNA machinery, a SAXS milestone was the solution

structure of the multiprotein DSBR complex of DNA

bound to DNA–PK, which consists of Ku70/80 (Ku) and

DNA-dependent protein kinase catalytic subunit (DNA-

PKcs) [33��]. DNA–PK initiates DSB repair by nonho-
Figure 4

SAXS results suggest that conformational variation in solution is a general f

restraints for ensemble modeling that fully accounts for the scattering speci

flexible regions and regions that demarcate domain boundaries. Structures

(MODELER, XPLOR-NIH, SWISS-MODEL) methods and compiled into a sin

2000–10 000 conformations. Experimental SAXS data are then used as a co

describes the data (EOM or MES). Examination of the selected set should p

limited proteolysis or chemical probing. Additional ensembles can be genera

shows that the minimal number of members required to explain the data is

multiple conformations. The graph of x2 versus Rg shows the entire ensemble

experimental data.

www.sciencedirect.com
mologous end joining (NHEJ). SAXS combined with live

cell imaging and biochemical approaches helped charac-

terize DNA–PK complex assembly and disassembly. In

the Ku80 C-terminal region, a flexible arm extends from

the DNA-binding core to recruit and retain DNA-PKcs at

DSBs. Notably, SAXS allowed definition of the

assembled DNA-PKcs dimer and of the resulting site-

specific autophosphorylation that opens DNA-PKcs to

promote its release from DNA ends. These SAXS results

show how protein and DNA interactions regulate large

rearrangements to control DNA–PK biological functions

as a macromolecular machine orchestrating NHEJ
unctional feature of macromolecular assemblies. SAXS results provide

es in solution. The primary structure of each component is analyzed for

for the domains can be determined by experimental or computational

gle starting model. The initial model is used to generate the ensemble of

nstraint to select the set of members from the ensemble that best

rovide testable hypotheses subject to experimental methods such as

ted by changing the starting conditions. In the case of MES, the example

3 and is largely described by a structure with an extended domain in

with the each x2 goodness-of-fit calculated for each member against the

Current Opinion in Structural Biology 2010, 20:128–137
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initiation. Such control of DNA product release is emer-

ging as a general feature of DNA repair. Structures of

endonuclease IV, which acts in backbone cleavage for

DNA base excision repair, reveal a strained DNA sub-

strate complex that reverts after catalysis to an ideal

geometry to hold rather than release cleaved DNA pro-

duct [34]. Endonuclease V substrate and product com-

plexes with damaged DNA show DNA is wedged opened

and held by a minor groove–damage sensor motif [35].

Similarly stable protein binding without DNA damage

removal can sculpt damaged DNA to switch from base to

nucleotide excision repair pathways [36]. These protein

complexes and DNA distortions appear to have evolved

to promote direct handoffs of repair pathway intermedi-

ates, and SAXS provides an optimal means for defining

such complexes and conformations.

The use of SAXS in model building has been greatly

facilitated by its explicit incorporation in the Integrative

Modeling Platform (IMP) [37��]. IMP is a computational

tool that can integrate a variety of biophysical experimen-

tal observations into spatial restraints for structural mod-

eling [38]. For SAXS, an IMP refinement requires an

initial protein structure derived from either a crystal

structure or comparative homology modeling that is used

in an optimization routine. IMP targets the experimental

P(r)-distribution in a x2 minimization where the model

with user defined rigid bodies is continuously adjusted.

This is similar to X-ray crystallographic refinement where

the model is built and refined against the experimental

data in real space with stereochemical restraints derived

from the chemical structure.

The conformational ensemble
The SAXS profile is a direct interrogation of the thermo-

dynamic ensemble. Typical synchrotron-based SAXS

measurements will measure 10 000 billion molecules

simultaneously and for a protein or complex that may

contain an intrinsically flexible linker between multiple

domains, a single model would be grossly insufficient to

explain the data. Provided an initial starting model, two

promising approaches for modeling the ensemble are

pushing SAXS into an exciting new direction, the Ensem-

ble Optimization Method (EOM) [39��] and Minimal

Ensemble Search (MES) [40��]. The starting model,

often a multidomain Franken-protein composed of pieces

from homology models and high-resolution NMR/MX

structures (Figure 4), is constructed and the missing

linkers are either modeled via a random sampling from

a library of coil conformations (EOM) or created during

high temperature MD simulation (MES). In both algor-

ithms, a large sampling of the conformational space is

sought (>10 000 conformations) and subject to a genetic

algorithm to efficiently search for the set of models that

best fits the data in reciprocal space. MES has an adaptive

ensemble search algorithm that also minimizes the

ensemble size during the optimization (Figure 4). These
Current Opinion in Structural Biology 2010, 20:128–137
techniques appear enormously successful based upon

analyses in several systems: identifying correct subunit

positions for DNA pol d [41�], demonstrating the flexi-

bility in full-length protein kinase R [17��], establishing

the configurational space of Lys-63 linked tetraubiquitin

[42], and detailing the 48 structure of flavorubredoxin

[43]. While these approaches sacrifice atomic details, the

broader scope of knowledge gained from the SAXS mod-

eling is often appropriate to develop hypotheses and

guide biochemical experiments.

Conclusions and outlook
As structural biology advances to include larger and more

flexible systems, SAXS is emerging as an all-purpose tool

in the structural biologists toolkit. SAXS can characterize

sample quality, provide the first structural insights into a

novel complex, identify assembly states in solution, and

detect functional conformational changes in the presence

of substrates or ligands [3,5]. Synchrotron-based facilities

now extend SAXS into the high-throughput regime where

15 mL samples at 1 mg/mL and 0.5-s exposures are prac-

tical [5��]. Nonetheless, sample quality is a paramount

decider for the utility of any SAXS data and is particularly

important for nucleic acids where mis-folded material

may obscure the interpretation for biologically important

structures [44�]. For MX, crystallization provides quality

control and even improves the sample because the crys-

tallization process itself is indeed an additional purifi-

cation. For SAXS and NMR, poor quality samples that is

aggregated or polydisperse, still allow data collection. We

expect improvements to occur with high-throughput

strategies where the exploration of a wide variety of

different conditions will lead to quality SAXS data [5��].

Computational tools for analyzing and modeling SAXS

data are an exciting area of development. Deconstructing

a protein into its constituent stable domains for MX or

NMR studies has become routine in structural biology.

The combination of MX, NMR, and SAXS is a powerful

strategy that defines the overall macromolecular archi-

tectures of assemblies in solution thereby providing

biology with a comprehensive structure. Large multi-

domain macromolecular machines with flexible and

unstructured regions [1] are now tractable to direct

structural investigations. Likewise, a high-resolution

P(r)-distribution may prove to be an ideal target function

for protein folding algorithms thereby producing empiri-

cally validated structural models. Nonetheless, the many

powerful applications of SAXS will fundamentally

require an active community that continues to advance

computational methods through publicly accessible

databases and tools.

SAXS promises to address fundamental questions, for

example induced folding versus conformational selection

in events such as DNA repair, where the DNA is either

captured [45] or converted into a distorted structure
www.sciencedirect.com
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[34–36]. SAXS allows modeling of large multidomain

macromolecular machines and furthermore suggests that

flexibility and unstructured regions are generally critical

for biological functions. SAXS is showing that flexibility

in apo-receptors is reduced upon ligand binding for many

RNA and protein receptors. Moreover, SAXS suggests

conformational variation is a general functional feature of

macromolecules in solution; thus, strengthening the

notion that accurate macromolecular analyses will require

comprehensive approaches.
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