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Small-angle scattering is becoming a mainstream technique for structural

molecular biology. As such, it is important to establish guidelines for publication

that will ensure that there is adequate reporting of the data and its treatment so

that reviewers and readers can independently assess the quality of the data and

the basis for any interpretations presented. This article presents a set of

preliminary guidelines that emerged after consultation with the IUCr

Commission on Small-Angle Scattering and other experts in the field and

discusses the rationale for their application. At the 2011 Congress of the IUCr in

Madrid, the Commission on Journals agreed to adopt these preliminary

guidelines for the presentation of biomolecular structures from small-angle

scattering data in IUCr publications. Here, these guidelines are outlined and the

reasons for standardizing the way in which small-angle scattering data are

presented.
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1. Introduction

The last two decades have seen a rapid increase in the use of small-

angle scattering for the study of biomolecular structures (Jacques &

Trewhella, 2010; Mertens & Svergun, 2010). The explosion in the use

of this technique has largely been driven by the increasing desire to

characterize biomolecular structures in solution and the availability of

easy-to-use software for the analysis and interpretation of small-angle

scattering (SAS) data. The latter now also include modelling algo-

rithms for generating three-dimensional models from solution scat-

tering data that provide results in the form of bead or atomic

coordinates. To date, no community-agreed set of publication

requirements has been available, leading to inconsistencies in which

data are reported in publications and to what level of detail. In order

to evaluate the interpretation of SAS data, information concerning

sample quality, data acquisition and experimental validation are

essential, especially when detailed three-dimensional structures are

presented. The omission of these important data can lead to inaccu-

rate structural parameters and the generation of erroneous and

misleading structural models, the validity of which cannot be inde-

pendently assessed.

With SAS emerging as a mainstream structural biology technique,

and a growing market in commercial instrumentation as well as new

SAS beamlines at synchrotron and neutron sources, there has been

considerable community drive for the establishment of publication

requirements and standards for structural biology applications. The

increasing use of SAS in high-throughput efforts (Round et al., 2008;

Hura et al., 2009; Grant et al., 2011) also underscores the need for such

guidelines. The IUCr, through its Commissions on Small-Angle

Scattering and on Journals, has acted to introduce a series of guide-

lines for the presentation of SAS data in IUCr journals. These

guidelines may be found at http://journals.iucr.org/services/sas/. In

parallel, a Small-Angle Scattering Task Force has been established to

advise the Protein Data Bank on whether models based on SAS data

analysis should be deposited and, if so, in what format and with what

kinds of supporting data and validation.

Importantly, the guidelines presented here are not being developed

to define a quality requirement for SAS experiments that would be

acceptable for publication. Rather, the purpose is to establish the way

in which SAS experiments should be presented in order to enable a
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reviewer and a reader to independently assess the validity of the

interpretations made by the authors.

In the present paper, we make the IUCr agreed guidelines broadly

available to facilitate their consideration by the research community

and potential refinement as appropriate.

2. Sample quality

One of the most celebrated aspects of SAS is that it may be

performed on samples without the need for crystals or isotopic

labelling (except in the case of neutron contrast variation, where

perdeuteration may provide additional information). What is less

well appreciated is that small-angle solution scattering data may be

acquired and processed from any sample, regardless of the sample

quality; as a consequence, without critical evaluation and specific

checks the results can be misleading.

The interpretation of solution scattering data in terms of a three-

dimensional structural model requires that the solution contains

identical monodisperse structures and that the conditions approx-

imate those of infinite dilution. In other words, there is no nonspecific

aggregation and no distance correlations between particles such as

may occur owing to charge repulsion. Solution scattering data may

nonetheless be usefully interpreted in cases where there are asso-

ciations, mixtures or flexibility and molecular crowding (Rambo &

Tainer, 2011; Johansen et al., 2011). In these cases, however, the

interpretation will be distinct from interpretation of structural para-

meters and modelling to represent an individual molecular structure.

In general, SAS patterns reflect not only the structure of individual

particles, but also interparticle interactions, with the latter affecting

the lowest angle scattering data (Chen & Bendedouch, 1986). SAS

is very sensitive to attractive interactions leading to aggregation,

showing a rise in the intensity owing to the dependence of the scat-

tering signal on the square of the molecular volume of the scattering

particle. Repulsive interactions (e.g. between highly charged mole-

cules) tend to diminish the scattering at low angles. When the

repulsive or attractive effects are large they are generally easy to spot,

as the conditions for a linear Guinier region in the scattering data

break down (Guinier, 1938). It is when these effects are at a level such

that one still obtains a linear Guinier region but with artificially

enhanced or suppressed low-angle scattering data that problems

arise. In such a case, the derived parameters and molecular shapes

will be too large or too small and more careful analysis is required to

avoid being misled. Here, we consider requirements for sample purity

and characterization.

2.1. Macromolecular sample purity

As with all biological macromolecular experiments, the purification

protocol and an estimate of the final sample purity must be reported.

Contamination with high-molecular-weight species, in particular, will

bias the data and result in structural parameters and models that are

systematically too large. If one in ten molecules (or particles) in the

solution have ten times the molecular mass of the molecule of

interest, they will account for half of the measured scattering signal

and will dominate at the lowest scattering angles. One in ten mole-

cules with five times the molecular mass will contribute 2.5% of the

signal. In other words, the degree of contamination that can be

tolerated depends on the molecular weight of the contaminating

species. Samples that are >99% pure as determined by methods such

as SDS–PAGE or the ratio of UV absorbance at 260:280 nm, as

appropriate, would generally be adequate. However, it should be

appreciated that these methods are qualitative, with SDS–PAGE

being insensitive to aggregation (as aggregates are usually dissociated

during denaturation by SDS) and UV absorbance at 260:280 nm

being most sensitive to nucleotide or nucleic acid contamination.

Nevertheless, authors should always provide evidence of the degree

of purity of their samples.

2.2. Preparation of solvent blank

Proper subtraction of the scattering arising from solvent is essential

to obtain an accurate scattering profile for the macromolecular

solute. This is true not only for structural analysis, but also for Kratky

(Glatter & Kratky, 1982) analysis, which can provide information on

whether a protein is folded and globular, potentially unfolded and

flexible, or has flexible regions. Accurate solvent background

measurement can be nontrivial, especially for small-angle neutron

scattering, where the incoherent scattering from hydrogen in the

solvent is large and gives rise to a strong background signal that can

be much larger than the macromolecule signal. Dialysis or buffer

exchange by size-exclusion chromatography (SEC) are probably the

best methods for obtaining a sample of solvent that is ‘matched’ to

the protein and solvent sample. Taking the filtrate from a centrifugal

concentration device often yields unmatched solvent blanks owing to

the presence of preservative compounds in the membrane (such as

glycerol). Solvent mismatch manifests in the high-q data, resulting

in either an artificially high or a negative intensity after buffer

subtraction. Negative intensity is a physical impossibility, but high

intensity at high q can be indicative of sample flexibility, and thus

confidence in the solvent subtraction is critical to correct inter-

pretation of scattering data.

2.3. Sample characteristics reported

The nature of the sample (including the molecular mass of the

macromolecule of interest with its amino-acid content, including any

modifications resulting from its production, which could simply be in

the form of a complete sequence and the number and nature of any

bound cofactors) and the precise solvent composition, including all

additives, must be reported. Additionally, if neutron contrast varia-

tion is being undertaken, the level of deuteration achieved and the

method by which this value is determined (usually mass spectro-

metry) must also be reported. All this information allows calculation

of the contrast (�� = �protein � �solvent, where � is the scattering

density; Whitten et al., 2008), which is important for experimental

validation (see below). Also important for subsequent experimental

validation is the concentration of the macromolecule. Usually,

protein or nucleic acid concentration is determined by UV spectro-

photometry, but in some cases this may be nontrivial to measure, such

as when a protein sample is devoid of tryptophan residues or the

buffer contains a compound that also absorbs in the UV, such as DTT.

Refractometry provides an alternative method to determine the

concentration. Refractometry is advantageous in that the refractive

index of a protein or nucleic acid is neither dependent on the folded

state nor the sequence of the macromolecule. In any event, the

macromolecule concentrations in the samples used to collect the

scattering data must be explicitly stated, along with the method by

which these values are determined.

2.4. Scattering-data-independent measures of sample quality

One of the most important measures of sample quality concerns

the evaluation of potential aggregation. While careful treatment of

scattering data can yield information regarding aggregation, or

possibly the oligomeric state of the sample, an independent measure
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of molecular weight provides confidence in the starting sample

quality prior to scattering measurement. Dynamic light scattering

(DLS) operates over similar concentration and temperature ranges to

SAS, but is more sensitive to aggregation. As a dynamic method, DLS

is also sensitive to changes in sample viscosity, so high-concentration

samples or samples in D2O may return artificially high molecular

weights unless the data have been corrected for viscosity. Multi-angle

laser light scattering (MALLS) is also very useful in this context.

Because MALLS measurements are usually made immediately

following size-exclusion chromatography (SEC), the molecular-

weight profile across the elution peak is a powerful method for

determining sample molecular weight and polydispersity. If the

instrument is connected to a DLS detector (also known as quasi-

elastic light scattering or QELS), the measurement will also give an

assessment of conformational polydispersity. Samples that dissociate

upon dilution are often identified using the SEC-MALLS method

by a drop in molecular weight across the elution peak. SAS data

collected from such samples need to be treated carefully to demon-

strate that no modelling artifacts arising from dissociation or oligo-

merization result. Often, it is not possible to conduct SEC-MALLS

experiments over the same concentration range as SAS experiments.

It is possible, therefore, that dissociation effects may be more severe

under the conditions of the lower concentration experiment, which is

typically the SEC-MALLS experiment as the sample is diluted on the

column (Jacques et al., 2009). Such observations can provide clues as

to dissociation constants and potentially the biological relevance of

macromolecular associations. Owing to the complementary nature of

the information provided by DLS and SEC-MALLS, these experi-

ments can greatly improve the confidence in bead or atomistic models

derived from SAS data and therefore the data should be presented

where available. This argument has been shown to be particularly

true for RNA structures (Rambo & Tainer, 2010). The presentation

of the SEC-MALLS profile should provide the light scattering from

the void volume to the end of the SEC run, thereby informing the

reader of the possible scattering contaminants (in particular aggre-

gates) that may be present in the SAS sample.

3. Data acquisition and reduction

As with any reported experiment, details of how the SAS measure-

ment was performed are essential. Of particular importance are the

instrument type and configuration. SAS data are acquired from either

conventional laboratory-based instruments or dedicated synchrotron

beamlines for X-ray scattering and reactor-based or spallation source

instruments for neutron scattering. Instrumentation configuration

issues that may affect data interpretation include the sample envir-

onment (temperature and sample-cell properties, including window

material and path length), the wavelength of the incident radiation,

the measured q range and the number of detector positions required

to obtain this range (especially important for reactor-based SANS

experiments) and information required to account for data-smearing

effects such as the incident-beam geometry and wavelength spread.

In the case of a line-source instrument the beam profile should be

provided (either in terms of dimensions of a defined shape, e.g.

parameters of a trapezoidal profile, or as an intensity plot as a

function of q). Smearing effects can be insignificant for X-ray

instruments approximating point geometry. In the case of neutron

instruments the smearing effects will generally be significant and the

beam-aperture dimensions and wavelength spread (cited as a ��/�)

should be reported along with sample-to-detector distances.

The data-collection strategy, particularly sample-exposure times,

must be reported. It is important to monitor radiation damage

(particularly at synchrotron sources) and the method by which this

damage (or indeed any time-dependent sample deterioration) is

monitored must be reported. Typically, radiation damage is detected

by the comparison of successive exposures, with sample deterioration

often manifesting as a change in scattering intensity as a function of

time (generally an increase in scattering intensity at low q as covalent

bonds are broken by free radicals, resulting in unfolding and non-

specific aggregation). Radiation damage can be reduced by the

addition of radical scavengers (such as DTT, TCEP or ascorbate) or

by the use of a flow-cell, which continuously passes the sample

through the beam for the duration of the exposure. If any measures

are taken to reduce the radiation damage, they should be reported.

Data-reduction protocols and software should also be reported,

including the application of corrections for sample absorbance or

transmission, detector sensitivity and nonlinearity, data normal-

ization for solvent-scattering subtraction and the method for placing

the data on an absolute scale (see below). Importantly, the way that

smeared data are treated must be described. Some software packages

attempt to desmear data based on a supplied beam profile, while

others apply a smearing correction to calculated models in order to fit

the data. Inappropriate treatment of smeared data can lead to grossly

incorrect models and authors need to demonstrate that the data have

been processed correctly.

4. Presentation of scattering data and validation

Once data have been acquired and reduced, data quality must be

demonstrated. In crystallography, metrics such as Rmerge, hI/�(I)i and

data completeness are used to report on data quality. However, in

contrast to crystallography, which generally yields diffraction from

good-quality samples, SAS data can be acquired from samples of any

quality and therefore the data require rigorous evaluation in order to

demonstrate that they are interpretable in terms of accurate struc-

tural parameters and models. It may be argued that making scattering

data publicly available is necessary, or at least desirable. For each

specimen where a three-dimensional model is presented, submission

of the relevant solvent-subtracted data in ASCII three-column format

[q, I(q) and the associated errors] as supplementary materials is

suggested.

4.1. Presenting I(q) versus q as the primary data

I(q) versus q plots, as the unadulterated reduced data, must be

reported without artificial truncation of low-q data that can mask the

presence of aggregation or interparticle interference effects. I(q)

plots should be presented as either linear X–log Y (Fig. 1a) or log X–

log Y (Fig. 1c). The former facilitates the reader evaluating the

behaviour of the high-q data, while the latter provides the optimal

view for evaluating sample polydispersity. A linear X–linear Y

presentation (Fig. 1d) does not allow the evaluation of key features in

the scattering and is therefore discouraged.

Guinier plots {ln[I(q)] versus q2; Fig. 1e} should also be routinely

supplied as these are the most effective at revealing the upturns in

intensity at low q that are indicative of aggregation (the smiling

Guinier) or downturns that are indicative of interparticle interference

(the frowning Guinier). The Guinier linear fit must be shown for a

range not exceeding qRg = 1.3 for globular scattering particles, and

for more asymmetric particles this limit approaches values around 1.0

and as small as 0.8 (Hjelm, 1985). The Guinier plot yields approx-

imations for Rg and I(0) from its slope and Y intercept, respectively.

It could be useful to report a quantitative estimate of the quality of

the Guinier plot, e.g. as provided by the AutoRg program from the
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ATSAS package (Petoukhov et al., 2007). While Rg and I(0) can be

calculated more precisely from P(r) analysis (as this method uses all

of the data), consistency between the Guinier-derived and P(r)-

derived values can give confidence in the internal consistency of the

scattering profile and it is therefore useful to report both values

(Table 1). Additional representations, such as a Kratky plot [q2I(q)

versus q; Fig. 1f], may also be desirable in order to demonstrate

whether the macromolecule is folded and globular or whether it has

significant flexibility. The data presented in Fig. 1 were purposefully

chosen for their small imperfections (notably at high q), but impor-

tantly presented so that the reader can assess potential caveats to any

interpretation and a reviewer might ask for revisions.
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Figure 1
Data were collected on a slit-geometry instrument. Subsequently, all presentations are for smeared data and fits. Scattering data are typically presented as linear X–log Y
plots (a) alongside the corresponding P(r) curve (b). A log X–log Y plot (c) is also acceptable as it emphasizes the low-angle data that carry the strongest signal and provide
the most information regarding the overall shape of the molecule. A sample free from aggregate or interparticle interference will also be flat at small angles, again providing
the reader with a rapid diagnostic of data quality. The linear X–linear Y plot (d), however, will obscure both the low-angle information as well as any fits made and must be
avoided. Additional representations of the data include the Guinier plot (e) and the Kratky plot (f). The former provides a rapid diagnostic of sample quality, as deviations
from linearity would be indications of either nonspecific aggregation (upturn) or interparticle interference (downturn). The latter provides information as to the folded state
of the macromolecule: a fully folded protein would have a parabolic peak followed by convergence at a constant value at high q, while a fully disordered protein would show
an increase at high q. If the Porod invariant is used to calculate the molecular mass of the solute, it is necessary to show the Kratky plot to demonstrate that the sample is
folded and therefore that the calculation is valid. In this real example, the presented data were used for structural modelling of lysozyme and three orthogonal views of the
models generated are presented (g). 12 DAMMIF calculations (Franke & Svergun, 2009) were performed [a typical fit is presented in magenta in (a), (c) and (d); �2 = 1.27]
and averaged with DAMAVER (Volkov & Svergun, 2003) to produce the averaged and filtered shape shown in magenta in (g). It is important to cite the mean normalized
spatial discrepancy value and its standard deviation (in this case 0.507 � 0.009) and whether or not any models in the set were rejected (in this case none) to quantify the
degree of similarity among the models generated. In this example, the total volume occupied by the spread of all of the models (aligned for maximum overlap) is shown in
grey, with the most-populated volume presented in magenta. The crystal structure of lysozyme has been superposed (black cartoon) on the dummy-atom structure with
SUPCOMB (Kozin & Svergun, 2001) and its fit to the scattering data calculated with CRYSOL [black line in (a), (c) and (d); �2 = 1.56; Svergun et al., 1995]. Sources for the
discrepancy in the fit for the high-q data should be considered in comments on the interpretation of the data. With the data presented as above, it is possible to see that there
is a small upturn at high q in the Kratky plot (e), which may be indicative of flexibility (unlikely in the case of lysozyme), a difference between the internal structures of the
model (e.g. high-resolution features not fully accounted for) and the measured data, or a poor solvent subtraction. The P(r) curve would support the poor subtraction
possibility, as the curve does not cleanly approach zero at r = 0. With these data available, a reviewer may recommend that the experimenter repeat the measurement before
publication, depending on the interpretations made in the manuscript.
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4.2. Processed profiles

Even though the goal may be to obtain a molecular model from

scattering data, it is useful to provide the Fourier transform of I(q)

versus q in order to obtain a real-space representation of the data

in the form of the probable distribution of the pairwise distances

between scattering centres (atoms) within the scattering particle.

These P(r) curves (Fig. 1b) provide a simple interpretation of the data

that can be understood intuitively (Glatter & Kratky, 1982, chapter 5)

and also provide evidence for the quality of the data by the manner in

which the profile approaches zero at r = 0 and r = Dmax, the maximum

linear dimension of the scattering particle. At both limits the

approach should be smooth and concave when viewed from above

the r axis. Failure of this test for a structured macromolecule at r = 0

indicates that there is a problem with the solvent subtraction and at

r = Dmax can be indicative of aggregation or alternatively that there is

significant flexibility in the ensemble of scattering particles. Owing to

the finite nature of the measured q range, indirect Fourier methods

are used to calculate P(r) from I(q). As Dmax is chosen by the

experimenter, the ease with which Dmax can be unambiguously

determined in this process also provides insights into the quality of

the data. If a condition P(Dmax) = 0 is imposed using the indirect

transform, it is important that the P(r) function smoothly approaches

zero at Dmax without a break in the derivative, as the latter may

indicate that the Dmax value is underestimated.

4.3. Molecular-mass calculations are an important quality check

Determination of the molecular mass or volume of the scattering

species is one of the most important parameters to report, as it gives

confidence that the scattering is from the molecule of interest without

bias from possible weak attractive forces or interparticle interference.

Estimates of molecular mass, Mr, may be obtained directly from

the I(0) value if the data are placed on an absolute scale (Orthaber et

al., 2000) using

Mr ¼
Ið0ÞNA

cð���Þ2
; ð1Þ

where NA is Avagadro’s number, c is the sample concentration and �
is the partial specific volume of the macromolecule (see Table 1).

Alternatively, a secondary scattering standard such as lysozyme

(Krigbaum & Kügler, 1970) may be used to estimate the relationship

between I(0) and molecular mass, providing all samples are

normalized according to their macromolecular concentrations. This

approach, while often employed, assumes that the unknown sample

and the standard share a similar contrast and partial specific volume.

For samples that have an unusual buffer composition (such as a high

concentration of salt or glycerol) or have scattering-length densities

significantly different from the standard (such as when the sample

contains bound metal cofactors) this assumption breaks down and

these factors need to be taken into account.

For globular particles, an alternative estimate of Mr can be made

based on the Porod invariant, which provides the excluded particle

volume Vp. Empirical calculations show that a relation between Mr

and Vp exists which allows one to assess Mr with reasonable accuracy,

and tools are available for online calculations (Fischer et al., 2010) or

for automated computations (the AutoPorod module in the ATSAS

package http://www.embl-hamburg.de/biosaxs/automation.html).

An experimentally determined value for the molecular mass of the

scattering particle in agreement with the expected value (typically

within 10%, although an estimate of the uncertainties should be

provided) provides confidence that the sample contains mono-

disperse particles of the expected composition, and analysis of the

data to extract structural parameters can proceed.

4.4. Testing the concentration dependence of the scattering data

It is important to determine I(0)/c and Rg at several concentrations

of the biomolecule. An increase in these values with concentration is

evidence that the sample is undergoing some form of self-association

such as oligomerization or aggregation (attractive interactions). On

the other hand, a decrease in these values with concentration is

evidence of interparticle interference owing to charge repulsion and

it may be necessary to adjust the solvent composition to decrease this

effect (typically by increasing the ionic strength or adjusting the pH

to reduce the particle repulsion). In cases of moderate interactions, it

is often possible to extrapolate the scattering to infinite dilution from

multiple concentration measurements, assuming that these effects are

linearly dependent on the concentration (at low values) of the

macromolecule. Whether the data are extrapolated to infinite dilu-

tion or a single measurement is used for analysis, data collected at

multiple concentrations need to be reported to demonstrate any

concentration dependence, or lack thereof, of the observed macro-

molecular size.

4.5. Neutron contrast variation

In the case of neutron contrast-variation experiments, additional

data and analyses are required. The number and the nature of the

contrast points needs to be reported (i.e. %D2O solvent values), with
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Table 1
Data-collection and scattering-derived parameters.

Parameters should be reported either normalized by macromolecule concentration or for
each point in a concentration series with the sample-concentration values and with details
as to how the scattering data were scaled (either to absolute values or relative to a known
standard). Where multiple samples are being described, additional columns should be
added to provide an easy comparison. The units indicated apply to both X-ray and
neutron scattering. [In the case of X-rays, scattering power and contrast values may also
be reported as number of electrons (e) and e Å�3, respectively.]

Data-collection parameters
Instrument SAXSess (Anton Paar)
Beam geometry 10 mm slit
Wavelength (Å) 1.5418
q range (Å�1) 0.009–0.300
Exposure time (min) 60
Concentration range (mg ml�1) 2–10
Temperature (K) 283

Structural parameters†
I(0) (cm�1) [from P(r)] 0.114 � 0.001
Rg (Å) [from P(r)] 14.27 � 0.03
I(0) (cm�1) (from Guinier) 0.112 � 0.001
Rg (Å) (from Guinier) 14.5 � 0.1
Dmax (Å) 45 � 3‡
Porod volume estimate (Å3) 16500 � 1000
Dry volume calculated from sequence (Å3) 17570

Molecular-mass determination†
Partial specific volume (cm3 g�1) 0.724
Contrast (�� � 1010 cm�2) 3.047
Molecular mass Mr [from I(0)] 14100 � 200
Calculated monomeric Mr from sequence 14300

Software employed
Primary data reduction SAXSquant 1D
Data processing GIFT
Ab initio analysis DAMMIF
Validation and averaging DAMAVER
Rigid-body modelling N/A
Computation of model intensities CRYSOL
Three-dimensional graphics representations PyMOL

† Reported for 10 mg ml�1 measurement. ‡ Dmax is a model parameter in the P(r) calculation

and not all programs calculate an uncertainty associated with Dmax. As such, it is reasonable to

not cite an explicit error in Dmax, although it may be useful to provide some estimate based on

the results of P(r) calculations using a range of Dmax values.
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a plot of I(0)1/2 (normalized by concentration and exposure time)

versus solvent scattering density (or %D2O) that should be linear

(reflected at the X axis). This relationship demonstrates that the

chosen contrast points provide a sensible level of signal and that the

sample is stably monodisperse over the range of solvent conditions

chosen. For example, if the sample aggregates at high %D2O there

will be a consequent deviation from linearity. Molecular-mass

calculations from I(0) should be provided for each measured contrast

point. Additionally, a Stuhrmann plot of Rg
2 versus ���1 is desirable

as it can provide a model-independent estimate of the Rg values of

the individual components as well as that for the overall particle (Ibel

& Stuhrmann, 1975). The Sturhmann analysis also provides an esti-

mate of the separation of the centres of mass of the two components,

as well as indicating which component is closer to the centre of the

complex (Stuhrmann & Kirste, 1967). It is also desirable to present

extracted component scattering functions and their resultant P(r)

curves to demonstrate the distribution of interatomic vectors within

each of the components and between components (the cross-term;

Whitten et al., 2008). Tools for these analyses may be found at http://

smb-research.mmb.usyd.edu.au/NCVWeb/. A recent example of this

type of treatment of neutron scattering data can be found in the

investigation of the complex formed between the histidine kinase

KinA and its inhibitor Sda (Whitten et al., 2007).

5. Modelling

The conventional analyses described above can give confidence in

proceeding to three-dimensional modelling by optimization against

scattering data. If a structural model is being put forward for a

particular macromolecular system, justification for the specific

modelling protocol employed must be provided. A problem

frequently encountered when using SAS for structure determination

is that of overparameterization. SAS data have an inherently low

information content, which leads to the risk of inadvertently intro-

ducing more parameters into the model than can be justified. Again

drawing parallels with crystallography, the problem of over-

parameterization during crystal structure refinement has been largely

overcome by the use of restraints and the calculation of an Rfree value.

In SAS there is no ‘Rfree equivalent’ and so care must be taken to

avoid overparameterization. Where a highly parameterized model is

reported, the burden is on the author to demonstrate that a simpler

model is inadequate to fully explain the data (Jacques & Trewhella,

2010). The example shown in Fig. 1 compares a simple crystal

structure fit with that obtained from a dummy-atom reconstruction,

but other examples might include the comparison of single rigid-body

structures with ensemble models.

Restraints are an effective method for reducing the number of

model parameters, but usually these derive from additional experi-

ments, which need to be reported (e.g. domain structures, distances

from NMR or FRET, symmetry etc.). SAS results are at their most

robust when modelled in conjunction with information from inde-

pendent experiments. As such, SAS is often regarded as a powerful

complementary technique to high-resolution methods.

When models are presented [including the generation of P(r)

curves] authors must report the software used. In the case of three-

dimensional modelling, it is important to have a measure of the

quality of the fit to the data for any model being proposed. At this

time the most common statistical measure used in the modelling of

scattering data is �2, and this value must be reported for at least the

best model. Because �2 describes the global goodness-of-fit of the

theoretical model scattering to the measured data, it is possible to

obtain a low value when fitting data with large errors. In most SAS

experiments only counting statistics are used for the calculation of

errors. Values of �2 of less than 1.0 may arise when counting statistics

overestimate the error or when overfitting has occurred. Usually the

latter is unlikely, as a smooth function is almost always chosen to

fit the data. Such a function is unlikely to result in overfitting, but

experimenters should examine their fits to ensure that there is no

‘structure’ in the calculated curve that might be evidence of over-

parameterization. Likewise, �2 values of above 1.0 occur when

counting statistics fail to fully account for the errors in the

measurements (e.g. when there is a systematic error that is not

accounted for in the error model derived from counting statistics

alone). This situation is of greatest concern at synchrotron SAXS

beamlines, where excellent counting statistics are more easily

obtained. In these situations, data reduction is of critical importance

to avoid the introduction of systematic errors into the scattering

profile. Of course, the most likely explanation for �2 values greater

than 1.0 is that the proposed model does not fully explain the data. In

the event that a model is being proposed where the �2 value is

significantly greater or less than 1.0, the author must explain why the

structural interpretation is valid.

As the absolute value of �2 may be somewhat misleading (parti-

cularly when comparing the quality of models obtained from

different data), a plot of the model fit to the experimental I(q) versus

q must be shown for at least the best model. This plot allows a

qualitative judgment to be made as to the goodness-of-fit to the data

and can highlight specific regions of poor fit to the scattering profile.

This information may have important implications regarding the

accuracy of the final model (an example of local poor fit is shown in

Fig. 1a).

One consequence of the rotational averaging in small-angle solu-

tion scattering data is the possibility that multiple non-unique solu-

tions may be obtained to any modelling calculation. Authors must

endeavour to describe the degree of ambiguity of any shape recon-

struction. One way to report this ambiguity is by the normalized

spatial discrepancy values obtained through clustering or averaging

of individual models (Volkov & Svergun, 2003). Additionally, if

modelling calculations generate multiple distinct populations of

solutions that fit the data equally well, each of these populations

should be described. Alternatively, if only one solution is presented,

justification for the rejection of other solutions must be made.

Perhaps the most powerful use of SAS is to combine atomic models

for individual domains and to use this information to represent the

global structure using rigid-body modelling (Petoukhov & Svergun,

2005). Where authors are reporting rigid-body models, a description

of how the starting structures were obtained must be provided (e.g.

crystallography, NMR or homology models). Additionally, any other

modelling assumptions that have been made (such as distance

restraints, disorder and symmetry) need to be detailed and justified.

6. Concluding remarks

These guidelines largely focus on those SAS experiments that have

been used to produce atomic coordinates, whether they are dummy-

atom (bead) models or atomic positions from rigid-body calculations.

While such structures can be produced relatively easily and may be

visually appealing, it is of the utmost importance that authors and

readers appreciate the accuracy and limitations of these models, the

appropriateness of the modelling techniques employed and therefore

the validity of any conclusions drawn. These guidelines form the

foundation of what will hopefully be an evolving process of stan-

dardizing the way in which structural biology is reported from small-

angle scattering experiments.
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This report presents the conclusions of the July 12–13, 2012 meeting of the Small-Angle Scattering Task
Force of the worldwide Protein Data Bank (wwPDB; Berman et al., 2003) at Rutgers University in New Bruns-
wick, New Jersey. The task force includes experts in small-angle scattering (SAS), crystallography, data
archiving, and molecular modeling who met to consider questions regarding the contributions of SAS to
modern structural biology. Recognizing there is a rapidly growing community of structural biology
researchers acquiring and interpreting SAS data in terms of increasingly sophisticated molecular models,
the task force recommends that (1) a global repository is needed that holds standard format X-ray and
neutron SAS data that is searchable and freely accessible for download; (2) a standard dictionary is required
for definitions of terms for data collection and for managing the SAS data repository; (3) options should be
provided for including in the repository SAS-derived shape and atomistic models based on rigid-body refine-
ment against SAS data along with specific information regarding the uniqueness and uncertainty of the
model, and the protocol used to obtain it; (4) criteria need to be agreed upon for assessment of the quality
of deposited SAS data and the accuracy of SAS-derived models, and the extent to which a given model
fits the SAS data; (5) with the increasing diversity of structural biology data and models being generated,
archiving options for models derived from diverse data will be required; and (6) thought leaders from the
various structural biology disciplines should jointly define what to archive in the PDB and what complemen-
tary archives might be needed, taking into account both scientific needs and funding.
Introduction to Small-Angle Scattering: What Can
We Learn?
Structural analysis of biologic molecules using small-angle scat-

tering (SAS) is increasingly commonplace, as reflected in the

more than tripling of the number of biological SAS publications

over the past 10 years (from 105 in 2002 to 355 in 2011). Most

publications reporting SAS data contain a three-dimensional

(3D) model of some kind, either a shape model or an atomistic

representation. The rising interest in SAS has multiple drivers.

It enables the determination of precise and accurate structural

parameters for biomolecules in solution over a broad size

range—tens to thousands of angstroms (Jacques and Trewhella,

2010; Mertens and Svergun, 2010; Rambo and Tainer, 2010). As

structural biologists target larger, more complex, and often

partly flexible systems, SAS has become a tool of choice to

furnish an initial model, albeit limited in resolution, that can pro-
Str
vide novel insights into function (Christie et al., 2012; Jacques

et al., 2008; Morgan et al., 2011; Nishimura et al., 2009;

Rodrigues et al., 2012; Schiering et al., 2011; Whitten et al.,

2008; Williams et al., 2009).

With the increased accessibility of small-angle X-ray scat-

tering (SAXS) instruments at synchrotrons, more crystallogra-

phers are routinely acquiring SAXS data on the object of their

investigations. With the automation currently available, it is

becoming practical to acquire SAXS data over a range of condi-

tions, for example in screening crystallization trials to determine

conditions under which the target for crystallization is soluble as

a mono-disperse species. Furthermore, given the many samples

being prepared for both the Protein Structure Initiative and for

structural biology in many individual research labs, SAXS effi-

ciently provides solution structural information. For example, in

a systematic study of 50 proteins from Pyrococcus furiosus,
ucture 21, June 4, 2013 ª2013 Elsevier Ltd All rights reserved 875
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SAXS analysis was used to determine whether proteins were

aggregated or unfolded, to define global structural parameters

and oligomeric states for most samples, to identify shapes and

similar structures for 25 unknown structures, and to determine

molecular envelopes for 41 proteins (Hura et al., 2009).

The growth in the number of small-angle neutron scattering

(SANS) experiments lags that for SAXS for a number of reasons:

sample sizes are at least an order of magnitude larger and

contrast variation requires multiple samples with deuterium

labeling; the much lower neutron fluxes achievable compared

to X-rays leads to considerably lower signal-to-noise ratios,

even with the larger sample sizes; and neutron beams of suffi-

cient intensity for SANS can only be obtained at research reac-

tors or accelerator-based spallation sources that are far fewer

in number than synchrotrons. Nonetheless, if the scientific moti-

vation is strong enough for the experiment, SANS with contrast

variation provides uniquely valuable information concerning the

quaternary structure of biomolecular complexes in solution.

This report concerns issues relating to the archiving of models

derived using SAS data, the necessary accompanying data with

criteria for assessing data quality, and model validation. In this

context it is important to recognize that the assessment of SAS

data quality depends to some extent on the specific experiment

and questions being asked. The focus here is on experiments

aimed at characterizing macromolecular shape and assembly,

and/or fitting atomic models to SAS data. Other classes of

experiments, such as those aimed a monitoring biophysical pro-

cesses (e.g., folding, flexibility, filament formation, or overall

structural changes), will have overlapping but also distinct

criteria.

Structural Information Encoded in the Small-Angle
Solution Scattering Pattern and Quantitative
Interpretation
The modeling of three-dimensional structures based on SAS

profiles is limited by the information content of the SAS pattern,

which is essentially one-dimensional and relates to the pairwise

distances between scattering centers (atoms) within the macro-

molecule and their relative scattering powers. Hence, the

question of uniqueness always needs to be addressed when

assessing 3D models derived from SAS data (i.e., more than

one 3D shapemay result in the same one-dimensional scattering

pattern). The SAS profile (generally expressed as I(q) versus q,

where q = (4psinq)/l, 2q is the scattering angle and l the wave-

length of the radiation) can be interpreted in terms of the shape of

the scattering object and the distribution of scattering density

within that shape. The resolution limit of the solution SAS

measurement (typically of the order of 10 Å) is compounded by

rotational averaging due to tumbling motions of biomolecules.

If there is an ensemble of conformers present or flexibility, the

measured profile represents the population-weighted average

structure over the measurement period. To interpret SAS data

in terms of a single 3D model, it is essential that the solutions

be highly pure, monodisperse, and contain identical particles.

In their 1955 monograph, Guinier and Fournet (Guinier and

Fournet, 1955) predicted that SAS would be most powerful in

its application to the study of biologic macromolecules because,

unlike synthetic polymers, they fold into well-defined structures

that can meet the stringent requirements of purity and monodis-
876 Structure 21, June 4, 2013 ª2013 Elsevier Ltd All rights reserved
persity necessary for accurate structural interpretation of SAS

data. The early developments in quantitative interpretation of

SAS data are described by many of the pioneers in Glatter and

Kratky’s definitive text (Glatter and Kratky, 1982). In the 1930s

Guinier showed that the lowest-angle scattering data could

provide estimates of the radius of gyration (Rg) and forward scat-

tering intensity (I(0)) that gave measures of relative compactness

and molecular weight, respectively, of a particle in solution.

Other pioneers since have defined additional important and

useful relationships, e.g., the Kratky plot (q2I(q) versus q) for

distinguishing folded, unfolded, and flexible molecules, and

estimating molecular volumes; Porod’s law to describe the

asymptote of the scattering intensity I(q) for large q values. In

the 1970s, Glatter developed the now standard indirect methods

for Fourier transforming experimental I(q) (measured over a finite

q-range) to obtain P(r). P(r) is the frequency distribution of dis-

tances (r) between scattering centers (atoms) within the scat-

tering molecule weighted by the product of the scattering power

at each scattering center and is thus the real space interpretation

of I(q). P(r) transformation is often used to generate smoothed

scattering profiles for modeling. The zeroth and second

moments of P(r) also yield I(0) andRg values generally with higher

precision than Guinier analysis because P(r) is determined using

the full measurement range for I(q). All of these early analyses are

commonly used in the modern software packages available for

SAS data analysis.

While the attention SAS is enjoying today can be attributed

both to advances in methodology and changes in the focus of

structural biologists, perhaps most influential in the explosion

of interest has been the development of easy-to-use SAXS and

SANS data interpretation tools, especially the capacity for 3D

structural modeling. Figure 1 provides a roadmap for modern

SAS data analysis. The much cited and broadly used ATSAS

SAS data acquisition and analysis package (Petoukhov et al.,

2012) provides the most comprehensive set of SAS data

processing and interpretation tools, including those for 3D

modeling.

Small-Angle Scattering and 3D Modeling
There are two classes of 3D models that are most frequently

generated from SAS data. One class is the ‘‘shape’’ or ‘‘ab initio’’

model where a molecular envelope is generated solely from the

SAS data with minimal assumptions (generally continuity and

compactness.). These models are commonly represented as

arrangements of beads or dummy residues within a defined

volume. The second class comprises atomistic models that

incorporate high-resolution structural components from X-ray

crystallography or NMR spectroscopy and rigid-body refinement

against SAS data.

Recent work has demonstrated that significant improvements

of NMR-based solution structures can be obtained if the NMR

data are co-refined against SAS data (Grishaev et al., 2005,

2008). The success of this approach derives from the long-

range distance and translational restraints from the SAS data

that complement the short-range distance and orientational

restraints derived from the nuclear magnetic resonance (NMR)

experiments. Combined use of NMR and SAXS data in

model refinement is thus especially powerful for multidomain

or multi-subunit structures where NMR restraints are often



Figure 1. Roadmap of SAS Data Collection and Analysis
Scattering data are measured for a biologic macromolecule in solution on a two-dimensional detector as a circularly symmetric pattern. Data reduction (e.g.,
corrections for detector sensitivity, linearity, and circular averaging) yields a one-dimensional scattering profile for the macromolecule after subtraction of the
solvent contribution to the scattering. The resultant SAS profile can be analyzed to provide overall structural parameters (Rg and molecular weight,MW) and P(r)
versus r (which also yields the maximum dimension Dmax). After validation that the scattering particle has the expected MW, comparison can be made with a
scattering profile calculated from a PDB coordinate file. Ab initio methods can provide bead or dummy-residue models indicating the shape of the macro-
molecule. In cases where structures of domains or subunits are known, rigid-body refinement can provide an atomistic model. SAXS data enable single phase
modeling, while contrast variation data from SANS experiments enable multiphasemodeling. If there are regions of the molecule of unknown structure, these can
be modeled using a combination of rigid-body/dummy-residue modeling. Superposition of bead and rigid-body models is one form of model validation.
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insufficient to accurately define the domain or subunit inter-

faces. The improvement in agreement between NMR/SAXS

and crystal structures (compared with NMR-only and crystal

structures) has been quantified for one of the largest single-

polypeptide structures to be solved by solution NMR methods

(82 kDa malate synthase G, Protein Data Bank [PDB] accession

code 2JQX; Grishaev et al., 2008). Analysis revealed that

the improvement was due primarily to the influence of the

medium-angle scattering data.
Str
Atomistic models are obtained by rigid-body refinement

against a SAXS or SANS data set (Jacques et al., 2008, 2011;

Nicastro et al., 2010; Putnam et al., 2007; Whitten et al., 2008).

The atomistic information is generally taken from crystallo-

graphic, NMR, or homology models representing domains or

subunits whose positions and orientations are refined against

SAXS or SANS data, or both. Additional constraints may

be applied from other experiments such as distance constraints

from fluorescence resonance energy transfer (FRET) and
ucture 21, June 4, 2013 ª2013 Elsevier Ltd All rights reserved 877
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cross-linking studies. The final model will include regions of

unknown structure or a structural interface where there is no

reliable atomistic information (e.g., linkages between domains,

interfaces between domains or subunits).

Aside from NMR/SAXS co-refinement or rigid-body modeling

of atomistic models against SAS data, tools for integrative

modeling using data from different sources are under develop-

ment. The integrative modeling platform (IMP) (Russel et al.,

2012; Schneidman-Duhovny et al., 2012) has been developed

as part of the National Center for Dynamic Interactome Research

for integrating various data (atomic, course-grained, SAXS, elec-

tron microscopy, proteomics, cross-linking, FRET, etc.) Protein

structure prediction with Rosetta (http://boinc.bakerlab.org/;

Leaver-Fay et al., 2011) also is increasingly providing for data

integration as are data-driven docking approaches such as

HADDOCK (Karaca and Bonvin, 2012).

Benefits of Making SAS Data and SAS-Derived Models
Publicly Accessible
There are multiple and compelling reasons for making SAS data

and SAS-derived models publicly accessible for evaluation and

utilization of data and models, as well as the development of

improved computational methods for analysis and interpreta-

tion. Even in the absence of a proposedmodel, SAS data provide

useful information on the solution state of a system (e.g., oligo-

merization state and monodispersity). The shape model, as the

minimalist 3D structural interpretation of the measured scat-

tering profile, can provide useful insights and is helpful for

comparing the solution structure to crystallographic, NMR, and

homology models. In the case of models deposited in the PDB

for which SAS data have made an essential contribution to the

final result, such as in combined NMR-SAS structural refine-

ment, the SAS data need to be made available.

Combinations of methods are increasingly being used to

study biomolecular structures, especially as we strive to define

more complex assemblies such as molecular machines or even

cellular components (Alber et al., 2008). It is these much more

complex structures that are at today’s structural biology fron-

tier, where we seek to understand biologic function at the

molecular level with as much detail as possible. Many of the

approaches to studying these more complex systems utilize

relatively low-resolution and even low-information content

methods. Examples of low-information content methods,

when compared to high-resolution crystallography, are those

that provide information primarily on shape or proximity of

component molecules (e.g., SAS, FRET, double electron-

electron resonance [DEER], mass spectrometry, hydrogen

exchange, cross-linking, affinity purification, electron tomogra-

phy, soft X-ray tomography, etc.). Models to interpret such data

may include components that are atomistic, e.g., rigid-body

crystallographic or NMR structures fitted into electron micro-

scopy maps or optimized initially to SAS data, but overall

they will not be uniformly detailed or accurate. Nonetheless,

given the investment in developing these kinds of models using

such diverse data, it is important that they are archived and

available to the broader community for evaluation, testing,

and methods development, as well as for designing hypotheses

to drive further experiments aimed at advancing our under-

standing of the system.
878 Structure 21, June 4, 2013 ª2013 Elsevier Ltd All rights reserved
Current State of Repositories
The first SAS-derived entries were deposited to the PDB archive

in 1999, and a detailed ‘‘REMARK 265’’ was created to report

SAS experimental details (Boehm et al., 1999). These structures

are atomistic models determined either by rigid-body fitting of

existing X-ray or NMR structures or by computational modeling.

Currently, no SAS bead models are released in the PDB archive

or on policy hold. Acceptance of atomistic models for which the

only experimental input is SAS data was interrupted in 2009, and

these kinds of SAS-derived structures deposited subsequently

have been placed on policy hold pending the recommendations

of the wwPDB SAS Task Force. Structures determined using

SAS data but substantially derived from other experimental

methods continue to be accepted and incorporated into the

PDB. The majority of these entries have been determined using

SAS and solution NMR, with a few structures determined using

SAS and electron microscopy.

An independent web-accessible database for storing and

distributing peer-reviewed SAXS data is Bioisis, available at

http://www.biosis.net, which may complement and inform

future efforts to archive SAS data. Every entry is given a unique

identification code that corresponds to a SAS experiment with

a sample in a particular solution state. The deposition requires

an explicit description of solution conditions (e.g., pH, monova-

lent and divalent ion concentrations, additives, etc.) and instru-

ment parameters (e.g., wavelength, exposure times, and

source). A Bioisis deposition does not necessarily require a

3D model because some experiments may be designed for

nonmodeling purposes such as unfolding studies of protein or

RNA samples. An entry may be composed of more than one

SAXS curve and Bioisis is capable of storing multiple SAXS

curves to allow for an assessment of a non-unit structure factor

arising from interparticle interference due to long-range dis-

tance correlations in the sample. Bioisis was designed with

the intent of allowing a depositor to upload the entire set of

SAXS curves that led to the final conclusion or model. Often

in the literature, analysis is performed using both dummy-resi-

due models and atomistic models. Bioisis allows a single entry

to contain multiple models derived from dummy residues or

atomistic ensemble models. If a dummy-residue model is

deposited, Bioisis requires the unaveraged models as well as

the averaged model for deposition. A deposition may be down-

loaded as a Zip file containing all the experimental information

and models. Bioisis restricts deposits to SAXS experiments

that have been published in peer-reviewed journals, providing

researchers with the SAXS data used to support a given pub-

lished interpretation.

Recommendations of the Task Force
A Global Data Repository Is Needed that Holds

Standard Format X-Ray and Neutron SAS Data that

Are Searchable and Freely Accessible for Download

A globally accessible archive or repository for deposition of SAS

data in a standard format with sufficient information regarding

the sample, the SAS instrument geometry, data acquisition,

and reduction would provide researchers with a wealth of infor-

mation about the solution state of specific systems. For NMR

structures that are in the PDB and have been obtained by core-

finement with SAXS data, the SAXS data should be made

http://boinc.bakerlab.org/
http://www.biosis.net


Structure

Meeting Review
available and in a standard format; either via a link to a dedicated

archive for SAS data or as part of the PDB entry.

A Standard Dictionary Is Required for Definitions of

Terms for Data Collection and for Managing the SAS

Data Repository

A prerequisite for the envisioned internationally accessible

archive for SAS data is an agreed set of definitions for what

data would be required for a submission and in what format.

The IUCr Small-Angle Scattering and Journals commissions

have developed and accepted a set of draft guidelines for the

publication of SAS data (Jacques et al., 2012; http://journals.

iucr.org/services/sas/). These recommendations, along with

later recommendations developed by the canSAS 1D Formats

Working Group (http://www.small-angle.ac.uk/small-angle/

Formats/canSAS-1D-1-0.html) provide an excellent starting set

of requirements. The following requirements are consistent

with the IUCr guidelines, with some additional requirements

and specifications of the format for the scattering data.

For an international SAS archive, the solvent-subtracted SAS

data must be provided, along with all of the measurements

used to obtain them. The SAS data in an ASCII three-column

format (q, I(q), and associated error Er(q)) would be the simplest

option. For shape models, an additional column would contain

the model I(q) for each q value used in the experiment. All SAS

intensity data should be on an absolute scale in units of cm�1

with the method for determination of the absolute scaling spec-

ified, e.g., by reference to a well-characterized scattering stan-

dard, such as H2O or a known protein, or relative to incident

beam flux. In the case of SANS contrast variation experiments,

data for each contrast point measured should be deposited.

Ideally, SAS data measured at multiple concentrations would

be provided as evidence for the absence of interparticle interfer-

ence arising from long-range distance correlations or concentra-

tion-dependent aggregation that would bias the structural

interpretation. If final analysis is carried out on SAS data that

has been extrapolated to infinite dilution, or merged in some

way frommultiplemeasurements, this processed data set should

be provided alongwith the original measured data and the proto-

col by which the extrapolated or merged data set was obtained.

In addition to the SAS data, information regarding data acqui-

sition and reduction should be specified, including the wave-

length of the radiation and any wavelength dispersion, detector

characteristics, basis for error estimates (Poisson counting sta-

tistics or not), methods for detector sensitivity and linearity cor-

rections, the geometry of the SAS instrument, and radiation

source. Data smearing parameters resulting from the geometry

of the instrument and/or a wavelength distribution in the incident

radiation must be specified. Where the smearing effects are sig-

nificant and de-smeared data were used to develop models, the

de-smeared data should be provided in the same format as the

measured (smeared) data.

Details of the sample are essential, addressing sample content

including amino acid or nucleic acid sequences; composition of

any ligands, cofactors, or modifications; sample purity; solvent

composition and pH; concentration of the biomolecules (and

themeans by which it was determined); and sample temperature

for measurement. In the case of SANS contrast variation exper-

iments, accurate percentage deuteration of each biomolecular

component (e.g., from mass spectrometry) and the solvent
Str
(e.g., from densitometry, weighing) must be included with infor-

mation on how they were determined.

Previous work by the SAS community and the IUCr led to a

consensus on an ASCII format for one-dimensional SAS data

that includes a self-describing header containing relevant infor-

mation about the sample and instrumental conditions followed

by raw or reduced data in a tabular form. This format called sas-

CIF was implemented as an extension of the core CIF (crystallo-

graphic information File) dictionary (Malfois and Svergun, 2000).

This dictionary should be reviewed and updated as needed to

provide the basis for the SAS data collection dictionary.

Options Should BeProvided for Including in a Repository

SAS-Derived Shape—e.g., Bead or Dummy-Residue—

and Atomistic Models Based on Rigid-Body Refinement

against SAS Data along with Specific Information

Regarding the Uniqueness and Uncertainty of the Model

and the Protocol Used to Obtain It

A prerequisite for archiving any model is the availability of the

data specified in (1) and (2) so that the model can be critically

evaluated against the original data and any subsequent data.

Ab initio dummy-residue or bead-based shape models could

be deposited as quasi-PDB files with, for example Ca atoms at

bead positions but no sequence information. If generation of

the bead model involved use of a derived P(r) profile, then the

P(r) profile should be provided along with the parameters and

program used to obtain it. If symmetry constraints were used

for ab initio reconstructions, the results of analysis without sym-

metry constraints also should be presented to ensure that the

anisometry of the symmetry-constrained model is correct. For

models that utilize domains or subunits in a rigid-body refine-

ment, the domains can be represented in the same manner as

they entered the refinements, either as Ca-only or full-atom

models with added glycans, heteroatoms, cofactors, and

ligands. For models that are a combination of rigid bodies and

beads, the representation can be a combination of the above.

All models should be accompanied by a detailed description

of the protocol used to obtain it (including all parameters and

software, with version numbers) along with evidence for the

reproducibility of the reconstruction or rigid-body refinement

and the existence of distinctly different solutions should be

explored and results reported.

For ab initio bead or dummy-residue models, multiple recon-

structions should have been performed, an assessment of the

similarity of the resultant set of models provided, and, when

appropriate, an averagemodel deposited. Formodels developed

using rigid-body refinement, consistency of multiple refinements

should be demonstrated and any constraints used in the refine-

ment (e.g., contacts, distances, orientation restrictions, etc.)

must be documented in the deposition. If there are distinct clas-

ses of models that fit the SAS data equally well (ab initio or atom-

istic), at least one representative of eachclass should be included

(e.g., using the available clustering tools; Petoukhov et al., 2012).

Criteria Need to Be Agreed on for Assessment of the

Quality of SAS Data and Accuracy of SAS-Derived

Models and the Extent to Which a Given Model Fits

SAS Data

The quality of SAS data is critically dependent on the quality and

intrinsic properties of the samples. For deriving reliable structural

models from solution SAS measurements, evidence that the
ucture 21, June 4, 2013 ª2013 Elsevier Ltd All rights reserved 879
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solutions contain monodispersed, identical particles with a well-

defined structure and no significant interparticle distance corre-

lations must be provided. In this regard, a critical parameter to

report is themolecular weight or volume of the scattering particle

determined from the scattering data itself (from I(0) analysis and/

or concentration-independent methods based on the excluded

(Porod) volume analysis). Bead models are essentially close-

packed beads filling a volume such that the fit to the SAS data

is optimized and there is no detailed stereochemistry. For atom-

istic models based on rigid-body refinement of crystallographic,

NMR, or homology models against SAS data, the initial models

are likely to have ill-defined stereochemistry at the linkages be-

tween domains and interfaces between domains or subunits.

The domains or subunits themselves will be as accurate as the

starting structures, but the linkers and interfaces are unlikely to

be accurate at the atomic scale if they are being determined

purely on the basis of SAS data. The real information in an atom-

istic model lies in the conformational torsion angles and these

(together with assessment of any physically unrealistic

‘‘clashes’’) can be used to assess the quality of a model (through

Ramachandran and rotamer analysis; Kleywegt, 2000, 2009;

Kleywegt and Jones, 1995) and thus could contribute to an accu-

rate and complete mapping of the uncertainty for a model. In

considering the uncertainty in these models, it is important to

note that rigid-body refined atomistic SAS-derived models

cannot be expected to be uniformly reliable relative to their

degrees of freedom; for example, center of mass separations

are likely to be more accurate that rotation angles around long

axes of objects with approximate cylindrical symmetry.

The commonmeasure for the extent to which amodel fits SAS

data is a reduced c2, which is a global goodness-of-fit statistic of

the theoretical model scattering to themeasured data. Obtaining

an ideal fit (c2 = 1.0) depends on the assumption that the original

measurements yield reliable counting statistics (which is not

generally the case for image plate and CCD detectors, as they

do not directly measure individual photon events) and that the

propagated Poisson counting statistics fully account for the

errors in the data. It may be that the absolute reduced c2 value

is not relevant and one needs instead to demonstrate that a

global minimum has been found. Also, as c2 is a global param-

eter, its absolute or minimum value also may be misleading

and critical evaluation of the quality of the fit to the data requires

inspection of the model fit over the entire measurement range.

More robust nonparametric criteria can identify fits where sys-

tematic errors have been masked by the poor statistics. Com-

parison of the experimental data and the fit, as measured by

the p value of a paired t test, allows one to test the goodness-

of-fit without the use of experimental errors (Holm, 1979) and

thus may be a preferred method.

Certain conditions must be fulfilled for the data to be consid-

ered sufficiently informative for model construction. These can

be formulated based on the Shannon sampling theorem (Shan-

non and Weaver, 1949). The minimum q value must be smaller

than the first Shannon channel (qmin <p/Dmax) and it is suggested

that that four to five channels are covered (qmax > �4–5 times p/

Dmax). There should be sufficient signal-to-noise ratio over the

measured range to support the model. An average of no less

than ten is suggested for a SAXS data set. For a SANS contrast

series, the signal-to-noise requirement will be more variable as
880 Structure 21, June 4, 2013 ª2013 Elsevier Ltd All rights reserved
even low contrast and hence low signal-to-noise data sets can

contribute to the overall solution.

With the Increasing Diversity of Structural Biology Data

and Models Being Generated, Archiving Options for

Models Derived from Diverse Data Will Be Required

Given the investment of resources required to develop models

using diverse data, it is important that they are archived and

available to the broader community in a form that permits evalu-

ation, testing, and potential refinement. The scope of a future

archive for SAS data and SAS-derived models could be broad-

ened to include these kinds of models. Models based on diverse

data must use a range of assumptions and the approaches to

development of a particular model may be unique with different

data types being given different weights. A complete description

of the protocol used to develop the model should be provided so

that it can be reproduced. These methods are not as well estab-

lished as single data type based approaches, there is less expe-

riencewith their accuracy, and consequentlymore apprehension

concerning the validity of the resultant hybrid models. The crys-

tallographic community has, through the work of wwPDB and its

various task forces, developed standards and formats for data

deposition and validation for specific kinds of data and associ-

ated models. These same criteria should be used in the evalua-

tion of hybrid models, which should be accompanied with a

complete map of uncertainty for all elements of the model

(Lasker et al., 2012). Additional criteria may ultimately be

required for hybrid models, beyond those that have been estab-

lished for the single data type based models.

Thought Leaders from the Various Structural Biology

Disciplines Should Jointly Define What to Archive in the

PDB and What Complementary Archives Might Be

Needed, Taking into Account Both Scientific Needs and

Funding

The PDB is the global archive of biomacromolecular structure

models that are atomistic and that have historically been

expected to be reliable down to that level of detail, even though

this is not always the case (e.g., when there is flexibility in the

structure, the crystallographic data are low resolution, or the

NMR ensemble indicates regions of high uncertainty). A broader

conversation is needed to decide whether the PDB is the appro-

priate archive forSAS-derived andhybridmodelswhere themea-

sures of uncertainty are less well defined. The alternative is to

have a separate archive that could be run in parallel with and

tightly coupled to the PDB. This new ‘‘XDB’’ repository could be

designed to fit and expose the strengths of the techniques and

approaches used to produce the models, as opposed to forcing

this distinct class of structural results to fit the requirements and

expectations of atomistic models in the current PDB. The XDB

would provide positive recognition of the increasing importance

of models based on increasingly diverse data sets, frommultiple

heterogeneous sources, and incorporate the necessary flexibility

for these kinds of results. Users would know that these models

are distinct from the PDB structures, but they would be held

with defined criteria for uniqueness and quality.
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John Markley,7 Haruki Nakamura,8 Paul Adams,9,10 Alexandre M.J.J. Bonvin,11 Wah Chiu,12 Matteo Dal Peraro,13
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Structures of biomolecular systems are increasingly computed by integrative modeling that relies on varied
types of experimental data and theoretical information. We describe here the proceedings and conclusions
from the first wwPDB Hybrid/Integrative Methods Task ForceWorkshop held at the European Bioinformatics
Institute in Hinxton, UK, on October 6 and 7, 2014. At the workshop, experts in various experimental fields of
structural biology, experts in integrative modeling and visualization, and experts in data archiving addressed
a series of questions central to the future of structural biology. How should integrative models be repre-
sented? How should the data and integrative models be validated? What data should be archived? How
should the data and models be archived? What information should accompany the publication of integrative
models?
Background
Historical Rationale for the Workshop

The PDB (http://wwpdb.org) was founded in 1971 with seven

protein structures as its first holdings (Protein Data Bank,

1971). The global PDB archive now holds more than 100,000

atomic structures of biological macromolecules and their com-

plexes, all of which are freely accessible. Most structures in

the PDB archive (�90%) have been determined by X-ray crystal-

lography, with the remainder contributed by two newer 3D struc-

ture determination methods, nuclear magnetic resonance (NMR)

spectroscopy and 3D electron microscopy (3DEM).
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Considerable effort has gone into understanding how to best

curate the structural models and experimental data produced

with these methods. Over the past several years, the Worldwide

PDB (wwPDB; the global organization responsible for maintain-

ing thePDBarchive) (Berman et al., 2003) has established expert,

method-specific task forces to advise on which experimental

data and metadata from each method should be archived and

how these data and the resulting structuremodels should be vali-

dated. The wwPDB X-ray Validation Task Force (VTF) made

detailed recommendations on how to best validate structures

determined by X-ray crystallography (Read et al., 2011). These
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recommendations have been implemented as a software pipe-

line used within the wwPDB Deposition and Annotation (D&A)

system. Initial recommendations of the wwPDB NMR (Monte-

lione et al., 2013) and Electron Microscopy (Henderson et al.,

2012) VTFs have also been implemented. In addition, thewwPDB

and, in later years, the Structural Biology Knowledgebase

(SBKB), spearheaded three workshops focused on validation,

archiving, and dissemination of comparative protein structure

models (Berman et al., 2006; Schwede et al., 2009). It is antici-

pated that as new validation methods are developed and as

more experience is gained with existing ones, additional valida-

tion procedures will be implemented in the wwPDB D&A system.

Increasingly, structures of very large macromolecular ma-

chines are being determined by combining observations from

complementary experimental methods, including X-ray crystal-

lography, NMR spectroscopy, 3DEM, small-angle scattering

(SAS), crosslinking, and many others (Figure 1; Table 1). Data

from these complementary methods are used to compute inte-

grative or hybrid models (Ward et al., 2013). Atomic models pro-

duced in this fashion have been deposited in the PDB, but there

is currently no mechanism within the PDB framework for

archiving the experimental data generated by methods other

than X-ray crystallography, NMR spectroscopy, and 3DEM.

The most recently established task force, the wwPDB SAS

Task Force (Trewhella et al., 2013), recommended creation of a

SAS data and model repository that would interoperate with

the PDB. The SAS Task Force also recommended that an inter-

national meeting be held to consider how best to deal with the

archiving of data and models derived from integrative structure

determination approaches.

In response, a Hybrid/Integrative Methods Task Force was

assembled by the wwPDB organization. Its inaugural meeting
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23Center for Advanced Biotechnology and Medicine, Department of M
New Jersey, Piscataway, NJ 08854, USA
24Department of Biochemistry, Robert Wood Johnson Medical School
NJ 08854, USA
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was held at the EMBL European Bioinformatics Institute (EBI)

on October 6 and 7, 2014 (http://wwpdb.org/task/hybrid.php).

In all, 38 participants from 37 academic and government institu-

tions worldwide attended the workshop, which was co-chaired

by Andrej Sali (University of California, San Francisco, USA),

Torsten Schwede (Swiss Institute of Bioinformatics [SIB] and

University of Basel, Switzerland), and Jill Trewhella (University

of Sydney, Australia). Attendees included experts in relevant

experimental techniques, integrative modeling, visualization,

and data and model archiving.

The workshop began with plenary talks followed by focused

discussions. Gerard Kleywegt introduced the workshop objec-

tives. Andrej Sali outlined the current state of integrative

modeling. Helen Berman gave an overview of the history and sta-

tus of the wwPDB organization. Jill Trewhella described the

increasing role of SAS in integrative structural modeling, the

need for the development of community standards and valida-

tion tools for biomolecular modeling using SAS data, and how

SAS data and modeling resources could interoperate with the

PDB. Claus Seidel outlined state-of-the-art single-molecule

and ensemble Förster resonance energy transfer (FRET) spec-

troscopy (Kalinin et al., 2012) and live cell imaging, as well as

related label-based spectroscopic methods for measuring

select interatomic distances in macromolecular systems. Tors-

ten Schwede presented the Protein Model Portal (Haas et al.,

2013), including its linking of large databases of comparative

models with experimental structure information in the PDB,

and the Model Archive repository for all categories of in silico

structural models.

Current Archives for Models and/or Supporting Data

In this section, we review the PDB and management of data

derived from crystallography, NMR spectroscopy, 3DEM, and
idge CB2 0QH, UK
ysics, Max-von-Laue Straße 3, 60438 Frankfurt am Main, Germany
ita, Osaka 565-0871, Japan
nstitute for Quantitative Biosciences, University of California,

niversity, Nashville, TN 37235, USA
), Gene Regulation, Stem Cells and Cancer Program, Center for
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Figure 1. Examples of Recently Determined Integrative Structures
The molecular architecture of INO80 was determined with a 17-Å resolution cryo-electron microscopy (EM) map and 212 intra-protein and 116 inter-protein
crosslinks (Russel et al., 2009). The molecular architecture of Polycomb Repressive Complex 2 (PRC2) was determined with a 21-Å resolution negative-stain EM
map and�60 intra-protein and inter-protein crosslinks (Shi et al., 2014). Themolecular architecture of the large subunit of themammalianmitochondrial ribosome
(39S) was determined with a 4.9-Å resolution cryo-EM map and �70 inter-protein crosslinks (Ward et al., 2013). The molecular architecture of the RNA poly-
merase II transcription pre-initiation complex was determined with a 16-Å resolution cryo-EM map plus 157 intra-protein and 109 inter-protein crosslinks (Alber
et al., 2008). The atomic model of type III secretion system needle was determined with a 19.5-Å resolution cryo-EM map and solid-state nuclear magnetic
resonance (NMR) data (Loquet et al., 2012). Molecular architecture of the productive HIV-1 reverse transcriptase:DNAprimer-template complex in the open educt

(legend continued on next page)
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Table 1. Types of Structural Data Used in Integrative Modeling

Structural Information Method

Atomic structures of parts of the studied system X-Ray and neutron crystallography, NMR spectroscopy, 3DEM, comparative

modeling, and molecular docking

3D maps and 2D images Electron microscopy and tomography

Atomic and protein distances NMR, FRET, and other fluorescence techniques, DEER, EPR, and other

spectroscopic techniques; chemical crosslinks detected by mass spectrometry,

and disulfide bonds detected by gel electrophoresis

Binding site mapping NMR spectroscopy, mutagenesis, FRET

Size, shape, and pairwise atomic distance distributions SAS

Shape and size Atomic force microscopy, ion mobility mass spectrometry, fluorescence

correlation spectroscopy, and fluorescence anisotropy

Component positions Super-resolution optical microscopy, FRET imaging

Physical proximity Co-purification, native mass spectrometry, genetic methods, and gene/protein

sequence covariance

Solvent accessibility Footprinting methods, including H/D exchange assessed by mass spectrometry

or NMR, and even functional consequences of point mutations

Proximity between different genome segments Chromosome conformation capture and other data

Propensities for different interaction modes Molecular mechanics force fields, potentials of mean force, statistical potentials,

and sequence co-variation

Example methods that are informative about a variety of structural aspects of biomolecular systems are listed. 3DEM, 3D electron microscopy; DEER,

double electron-electron resonance; EPR, electron paramagnetic resonance; FRET, Förster resonance energy transfer; H/D, hydrogen/deuterium;

NMR, nuclear magnetic resonance; SAS, small-angle scattering.
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SAS, plus archives for models derived exclusively on the basis

on theoretical information.

PDB. For more than four decades, the PDB has served as the

single global archive for atomic models of biological macromol-

ecules; first for those derived from crystallography, and subse-

quently for models from NMR spectroscopy and 3DEM. The

PDB also archives experimental data necessary to validate the

structural models determined using these three methods. In

addition, descriptions of the chemistry of polymers and ligands

are collected, as are metadata describing sample preparation,

experimental methods, model building, refinement statistics,

literature references, and so forth. For all structural models in

the PDB, geometric features are assessed with respect to stan-

dard valence geometry and intermolecular interactions, as rec-

ommended by the three wwPDB VTFs mentioned above.
state was determined by Förster resonance energy transfer (FRET) positioning an
2012). The structure of HIV-1 capsid protein was determined using residual dipo
2013). The human genome architecture was determined based on tethered c
et al., 2012). The structural model of a-globin gene domain was determined base
et al., 2011). The molecular architecture of the proteosomal lid was determined us
models of the ESCRT-I complex were determined with SAXS, double electron-ele
cardiac myosin binding protein C was developed from a combination of crysta
orientations optimized against SAXS and small-angle neutron scattering data to
ensemble of [JCD]2 NMR structures were fitted into the averaged cryo-electron to
circadian timing KaiB-KaiC complex was obtained based on hydrogen/deuterium
et al., 2014). The pre-pore and pore conformations of the pore-forming toxin ae
ulations (Degiacomi and Dal Peraro, 2013; Degiacomi et al., 2013). Segment of a
shows the trajectory of b sheet opening during pore formation (Lukoyanova et al.,
cluster assembly proteins desulfurase (orange) and scaffold protein Isu (blue) with
mutagenesis (Prischi et al., 2010). Themolecular architecture of the SAGA transcri
crosslinks, several comparative models based on X-ray crystal structures, and
Structural organization of the bacterial (Thermus aquaticus) RNA polymerase-pro
validated by a crystal structure (Zhang et al., 2012). The RNA ribosome-binding ele
EMdata (Gong et al., 2015). Themolecular architecture of the complex between R
crystal structure of RNA polymerase II, homology models of some domains in tran
et al., 2010).

Str
Crystallography: Models and Data. For structures derived

using X-ray, neutron, and combined X-ray/neutron crystallog-

raphy, it has been mandatory to deposit structure factor ampli-

tudes into the PDB since 2008 (http://www.wwpdb.org/news/

news?year=2007#29-November-2007); until then, the submis-

sion of these primary data was optional. Additional validation

against deposited structure factor amplitudes is carried out

using procedures recommended by the X-ray VTF (Read

et al., 2011). The resulting validation report includes graphical

summaries of the quality of the overall model plus residue-spe-

cific features. Detailed assessments of various aspects of

the model and its agreement with experimental and stereo-

chemical data are also provided. In the near future, unmerged

intensities will also be collected, enabling further validation

activities.
d screening using a known HIV-1 reverse transcriptase structure (Kalinin et al.,
lar couplings and small-angle X-ray scattering (SAXS) data (Deshmukh et al.,
hromosome conformation capture and population-based modeling (Kalhor
d on Chromosome Conformation Capture Carbon Copy (5C) experiments (Bau
ing native mass spectrometry and 28 crosslinks (Politis et al., 2014). Structure
ctron transfer, and FRET (Boura et al., 2011). Integrative model of actin and the
llographic and NMR structures of subunits and domains, with positions and
reveal information about the quaternary interactions (Whitten et al., 2008). The
mography map (Miyazaki et al., 2010). Integrative model of the cyanobacterial
exchange and collision cross-section data from mass spectrometry (Snijder

rolysin were obtained combining cryo-EM data and molecular dynamics sim-
pleurotolysin pore map (�11 Å resolution) with an ensemble of conformations
2015). A SAXS-based rigid-body model of a ternary complex of the iron-sulfur
bacterial ortholog of frataxin (yellow) was validated by NMR chemical shifts and
ption coactivator complexwas determinedwith 199 inter- and 240 intra-subunit
a transcription factor IID core EM map at 31 Å resolution (Han et al., 2014).
moter open complex obtained by FRET (Mekler et al., 2002) was subsequently
ment from turnip crinkle virus genome was determined using NMR, SAXS, and
NA polymerase II and transcription factor IIF was determined using a deposited
scription factor IIF, and 95 intra-protein and 129 inter-protein crosslinks (Chen
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NMR Spectroscopy: Models and Data. The Biological Mag-

netic Resonance DataBank (BioMagResBank or BMRB; http://

www.bmrb.wisc.edu) is a repository for experimental and

derived data gathered from NMR spectroscopic studies of bio-

logical molecules. The BMRB archive contains quantitative

NMR spectral parameters, including assigned chemical shifts,

coupling constants, and peak lists together with derived data,

including relaxation parameters, residual dipolar couplings,

hydrogen exchange rates, pKa values, and so forth. Other data

contained in the BMRB include: NMR restraints processed

from original author depositions available from the PDB; time-

domain spectral data from NMR experiments used to assign

spectral resonances and determine structures of biological mac-

romolecules; chemical shift and structure validation reports; and

a database of 1D and 2D 1H- and 13C-NMR spectra formore than

1,200 metabolites. The BMRB website also provides tools for

querying and retrieving data.

Since 2006, BMRB has been a member of the wwPDB orga-

nization (Markley et al., 2008). Chemical shift and restraint data

that accompany model data are housed in both the BMRB

and PDB archives. Deposited NMR data without model coordi-

nates reside exclusively in the BMRB archive. The wwPDB

D&A system provides for deposition, annotation, and validation

of NMR models and related experimental data. Depositors of

chemical shift and other data sets without accompanying

models are automatically redirected to BMRB to deposit their

data. Data exchange between the BRMB and PDB archives

is facilitated by software tools utilizing correspondences main-

tained between the PDB Exchange Dictionary (PDBx) and the

BMRB NMR-STAR Dictionary. Validation methods for NMR-

derived models, measured chemical shifts, and restraint data

are currently under development, in response to recommenda-

tions of the NMR VTF (Montelione et al., 2013). A working

group composed of the major biomolecular NMR software de-

velopers has created a common NMR exchange format (NEF)

for structural restraints, similar to NMR-STAR. The adoption

of this NEF by NMR software developers will simplify data

exchange and the archiving of NMR structural restraints by

the wwPDB.

Electron Microscopy: Models and Maps. Atomistic structural

models determined using 3DEM methods were first archived

in the PDB in the 1990s. In 2002, the EM Data Bank (EMDB)

was created by the Macromolecular Structure Database

(now PDBe) at the EBI. In 2006, the EMDataBank (http://www.

EMDataBank.org) was established as the unified global portal

for one-stop deposition and retrieval of 3DEM density maps,

atomic models, and associated metadata (Lawson et al.,

2011). EMDataBank is a joint effort among PDBe, the Research

Collaboratory for Structural Bioinformatics (RCSB) at Rutgers,

and the National Center for Macromolecular Imaging (NCMI) at

Baylor College of Medicine. EMDataBank also serves as a

resource for news, events, software tools, data standards, raw

data, and validation methods for the 3DEM community. 3DEM

model and map data are now stored in separate branches of

the wwPDB ftp archive site.

As for NMR-based models, the wwPDB D&A system supports

processing of atomistic models and map data from 3DEM struc-

ture determinations. 3DEM map data deposited without atom-

istic models are stored exclusively in EMDB. Again, as for
1160 Structure 23, July 7, 2015 ª2015 Elsevier Ltd All rights reserved
NMR, a mapping is maintained between the PDBx data dictio-

nary and the EMDB XML-based data model. Validation methods

for 3DEMmaps and atomistic models are currently under devel-

opment in response to recommendations from the EMVTF (Hen-

derson et al., 2012).

SAS: Data and Model Archiving. The report from the first

meeting of the wwPDB SAS Task Force (Trewhella et al., 2013)

made the case for establishing ‘‘a global repository that holds

standard format X-ray and neutron SAS data that is searchable

and freely accessible for download’’ and that ‘‘options should

be provided for including in the repository SAS-derived shape

and atomistic models based on rigid-body refinement against

SAS data along with specific information regarding the unique-

ness and uncertainty of the model, and the protocol used to

obtain it.’’

At present, there are two databases available for storing SAS

data and models with associated metadata and analyses, both

of which are freely accessible without limitations on data utiliza-

tion via the Internet. As of March 2015, BIOISIS (http://www.

bioisis.net/) contained 99 structures and is supported by teams

at the Advanced Light Source and Diamond, while SASBDB

(http://www.sasbdb.org/) (Valentini et al., 2015) contained 195

models and 114 experimental datasets and is supported by a

team at EMBL-Hamburg.

Having evolved separately, these databases are distinctive in

character. There was in principle agreement within the wwPDB

SAS Task Force that BIOISIS and SASBDB will exchange data

sets. Such exchangewould be a step toward developing a feder-

ated approach to SAS data and model archiving, which in turn

could ultimately be federated with the PDB, BMRB, and EMDB.

Further development of the sasCIF dictionary is required to

permit full data exchangebetween the twoSASdata repositories.

sasCIF is a core crystallographic information file (CIF) developed

to facilitate the SAS data exchange (Malfois and Svergun, 2000).

As its name implies, sasCIF was implemented as an extension of

thecoreCIFdictionary andhas recently beenextended to include

new elements related to models, model fitting, validation tools,

sample preparation, and experimental conditions (M.K., J.D.W.,

and D.S., unpublished data). sasCIFtools were developed as a

documented set of publicly available programs for sasCIF data

processing and format conversion; currently, SASBDB supports

both import and export of sasCIF files.

Protein Model Portal. Comparative or homology modeling is

routinely used to generate structural models of proteins for which

experimentally determined structural models are not yet avail-

able (Marti-Renom et al., 2000; Schwede et al., 2009). Until

2006, such in silico models could be archived in the PDB, albeit

in the absence of clear policies and procedures for their valida-

tion. Following recommendations from a stakeholder workshop

convened in November 2005 (Berman et al., 2006), depositions

to the PDB archive are limited to structural models substantially

determined by experimental measurements from a defined

physical sample (effective date October 15, 2006). The work-

shop also recommended that a central, publicly available archive

or portal should be established for exclusively in silico models,

and that methodology for estimating the accuracy of such

computational models should be developed.

The Protein Model Portal (PMP) (Arnold et al., 2009; Haas

et al., 2013) was developed at the SIB at the University of Basel

http://www.bmrb.wisc.edu
http://www.bmrb.wisc.edu
http://www.EMDataBank.org
http://www.EMDataBank.org
http://www.bioisis.net/
http://www.bioisis.net/
http://www.sasbdb.org/
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as a component of the SBKB (Berman et al., 2009; Gabanyi et al.,

2011). Today, the SBKB integrates experimental information

provided by the PDB with in silico models computed by auto-

mated modeling resources. In addition, the PMP provides

access to several state-of-the-art model quality assessment

services (Schwede et al., 2009). Since 2013, the Model Archive

(http://modelarchive.org) resource has also served as a reposi-

tory for individually generated in silicomodels ofmacromolecular

structures, primarily those described in peer-reviewed publica-

tions. Finally, the Model Archive hosts all legacy models that

were available from the PDB archive prior to 2006.

Eachmodel in the PMP is assigned a stable, unique accession

code (and digital object identifier or DOI) to ensure accurate

cross-referencing in publications and other data repositories.

Unlike experimentally determined structural models, in silico

models are not the product of experimental measurements of a

physical sample. They are generated computationally using

various molecular modeling methods and underlying assump-

tions. Examples include comparative modeling, virtual docking

of ligand molecules to protein targets, virtual docking of one pro-

tein to another, simulations of molecular dynamics and motions,

and de novo (ab initio) protein modeling.

Effective archival storage of suchmodels depends critically on

capturing sufficient detail regarding underlying assumptions, pa-

rameters, methodology, and modeling constraints, to allow for

assessment and faithful re-computation of the model. It is also

essential that these models be accompanied by reliable

estimates of uncertainty. In October 2013, a workshop on

‘‘Theoretical Model Archiving, Validation and PDBx/mmCIF

Data Exchange Format’’ (http://www.proteinmodelportal.org/

workshop-2013/) was hosted at Rutgers University to launch

development of community standards for theoretical model

archiving.

Integrative/Hybrid Structure Modeling
Motivation

Samples of many biological macromolecules prove recalcitrant

to mainstream structural biology methods (i.e., crystallography,

NMR, and 3DEM), because they are not crystallizable, are insol-

uble, are not of adequate purity, are conformationally heteroge-

neous, are too large or small, or do not remain intact during the

course of the experiment. In such cases, integrative modeling

is increasingly being used to compute structural models based

on complementary experimental data and theoretical informa-

tion (Figures 1 and 2; Table 1) (Alber et al., 2007, 2008; Robinson

et al., 2007; Russel et al., 2012; Sali et al., 2003, 1990; Schneid-

man-Duhovny et al., 2014; Ward et al., 2013). Structural biology

is no stranger to integrative models. Insights into the molecular

details of the B-DNA double helix (Watson and Crick, 1953),

the a helix, and the b sheet (Pauling et al., 1951) all depended

on constructing structural models based on data derived from

multiple sources (albeit without the benefit of digital computa-

tion). Integrative structure modeling of today has its origins in at-

tempts to fit X-ray derived substructures into an EM density map

of a larger assembly (Rayment et al., 1993). Other early examples

include the model of the Gla-EGF domains from coagulation

Factor X based on NMR and SAS data (Sunnerhagen et al.,

1996), and the superhelical assembly of the bacteriophage fd

gene 5 protein with single-stranded DNA based on neutron
Str
and X-ray SAS data, EM data, and the crystal structure of G5P

(Olah et al., 1995); the latter study was inspired in part by molec-

ular dynamics simulations guided by contacts from an NMR

structure of the G5P dimer and EM data (Folmer et al., 1994).

Beyond overcoming sample limitations, the integrative

approach has several additional advantages (Alber et al.,

2007). First, synergy among the input data minimizes the draw-

backs of sparse, noisy, and ambiguous data obtained from

compositionally and structurally heterogeneous samples. Each

individual piece of data may contain relatively little structural in-

formation, but by simultaneously fitting a model to all data

derived from independent experiments, the uncertainty of the

structures that fit the data can be markedly reduced. Second,

the integrative approach can be used to produce all structural

models consistent with available data, instead of myopically

focusing on just one model. Third, comparison of an ensemble

of structural models permits estimation of precision and, some-

times, the accuracy of both the experimental data and themodel.

Fourth, the integrative approach can make structural biologists

more efficient by identifying which additional measurements

are likely to have the greatest impact on integrative model preci-

sion and accuracy. Finally, integrative modeling provides a

framework for considering perturbations of the system that are

often required to collect the data; for example, spin labels are

required for electron paramagnetic resonance experiments,

membrane proteins are often reconstituted in micelles for NMR

spectroscopy, and point mutations or even entire domains are

introduced to stabilize preferred conformations for crystalliza-

tion. While such perturbations complicate structural analysis,

integrative modeling may allow us to distinguish biologically

relevant states from artifacts of any individual approach. In sum-

mary, integrative structure determination maximizes the accu-

racy, precision, completeness, and efficiency of the structural

coverage of biomolecular systems.

Experimental and Computational Methods for

Generating Structural Information

Input information for integrative modeling can come from various

experimental methods, physical theories, and statistical ana-

lyses of databases of known structures, biopolymer sequences,

and interactions. These methods probe different structural as-

pects of the system (Table 1). In addition to information about

average structures, numerous methods provide insights into dy-

namics of the system, which can also be incorporated into inte-

grative modeling procedures (Russel et al., 2009). For example,

both NMR spectroscopy and X-ray crystallography provide ac-

cess to various measures of conformational dynamics; FRET,

time-dependent double electron-electron resonance (DEER)

spectroscopies, and even quantitative crosslinking/mass spec-

trometry (Fischer et al., 2013) can map distance changes in

time; small-angle X-ray scattering (SAXS) can provide time-

resolved information on the structures and processes with the

temporal resolution of a millisecond; molecular dynamics simu-

lations can map the dynamics of an atomic structure up to the

millisecond timescale; and high-speed atomic force microscopy

imaging can provide the dynamic live images of single molecules

(Ando, 2014).

Approach

All structural characterization approaches correspond to finding

models that best fit input information, as judged by use of
ucture 23, July 7, 2015 ª2015 Elsevier Ltd All rights reserved 1161
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Figure 2. The Four Stages of Integrative Structure Determination
The approach is illustrated by its application to the heptameric Nup84 subcomplex of the nuclear pore complex (Shi et al., 2014).
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a scoring function quantifying the difference between the

observed data and the data computed from the model. Thus,

any information about a structure determination target must

always be converted to an explicit structural model through

computation. Integrative approaches explicitly combine diverse

experimental and theoretical information, with the goal of

increasing accuracy, precision, coverage, and efficiency of

structure determination. Input information can vary greatly in

terms of resolution (i.e., precision, noise, uncertainty), accuracy,

and quantity. All structure determination methods are integra-

tive, albeit with differences in degree. At one end of the spec-

trum, even structure determination using predominantly crystal-

lographic, NMR, or high-resolution single-particle EM data also

generally requires a molecular mechanics force field description

of atomic structure. At the other end of the spectrum, integrative

methods rely more evenly on different types of information, often

resulting in coarser models with higher uncertainty (Figure 1). Ex-

amples of such integrative methods include docking of compar-

ative models of subunits into a 3DEM density map of the macro-

molecular assembly (Lasker et al., 2009); rigid-body fitting of

multi-domain structures and complexes determined by crystal-

lography or NMR to SAS data (Petoukhov and Svergun, 2005);
1162 Structure 23, July 7, 2015 ª2015 Elsevier Ltd All rights reserved
and use of conformational sampling methods with sparse NMR

data (Lange et al., 2012;Mueller et al., 2000), chemical crosslinks

(Young et al., 2000), or even chemical shift data alone (Shen

et al., 2008). It is not difficult to appreciate how integrative

methods blur distinctions between models based primarily on

theoretical considerations and those based primarily on experi-

mental measurements from a physical sample.

The practice of integrative structure determination is iterative,

consisting of four stages (Figure 2): gathering of data; choosing

the representation and encoding of all data within a numerical

scoring function consisting of spatial restraints; configurational

sampling to identify structural models with good scores; and

analyzing themodels, including quantifying agreement with input

spatial restraints and estimating model uncertainty. Input infor-

mation about the system can be used to (1) select the set of vari-

ables that best represent the system (system representation), (2)

rank the different configurations (scoring function), (3) search for

good-scoring solutions (sampling); and (4) further filter good-

scoring solutions produced by sampling.

Types of Integrative Models

A structural model of a macromolecular assembly is defined

by the relative positions and orientations of its components
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(e.g., atoms, pseudo-atoms, residues, secondary structure ele-

ments, domains, subunits, and subcomplexes). While traditional

structural biology methods usually produce a single atomistic

model, integrative models tend to be more complex in at least

four respects. First, a model can be multi-scale (Grime and

Voth, 2014), representing different levels of structural detail by

a collection of geometrical primitives (e.g., points, spheres,

tubes, 3D Gaussians, or probability densities). Thus, the same

part of a system can be described with multiple representations

and different parts of a system can be represented differently. An

optimal representation facilitates accurate formulation of spatial

restraints together with efficient and complete sampling of good-

scoring solutions, while retaining sufficient detail (without over

fitting) such that the resulting models are maximally useful for

subsequent biological analysis (Schneidman-Duhovny et al.,

2014). Second, a model can be multi-state, specifying multiple

discrete states of the system required to explain the input infor-

mation (each state may differ in structure, composition, or both)

(Molnar et al., 2014; Pelikan et al., 2009). Third, a model can also

specify the order of states in time and/or transitions between the

states. This feature allows representation of a multi-step biolog-

ical process, a functional cycle (Diez et al., 2004), a kinetic

network (Pirchi et al., 2011), time evolution of a system (e.g.,

a molecular dynamics trajectory) (Bock et al., 2013), or FRET

trajectories; for a comprehensive description of biomolecular

function, it is essential to register state lifetimes, characteristic

relaxation times, and direct rate constants. Finally, an ensemble

of models may be provided to underscore the uncertainty in the

input information, with each individual model satisfying the input

information within an acceptable threshold (e.g., NMR-derived

ensembles currently available in the PDB [Clore and Gronen-

born, 1991; Snyder et al., 2005, 2014] and the ensembles gener-

ated from SAXS [Tria et al., 2015]). This aspect of the represen-

tation allows us to describe model uncertainty and to assess the

completeness of input information; such ensembles are distinct

from multiple states that represent actual variations in the

structure, as implied by experimental information that cannot

be accounted for by a single representative structure (Schneid-

man-Duhovny et al., 2014; Schröder, 2015).

Task Force Deliberations and Recommendations
Charge to the Task Force

A healthy debate is under way about how to classify structural

models. A major motivation for this discussion is the lack of ac-

curate general methods to assess the precision and accuracy

of any model. As a result, models are often classified based on

the predominant type of information used to compute them,

which in turn tends to reflect the data-to-parameter ratio and

thus model accuracy. However, as previously discussed, all

structures are in fact integrative models that have been derived

both from experimental measurements involving a physical

sample of a biological macromolecule and prior knowledge

of the underlying stereochemistry. It is therefore difficult, if

not impossible, to draw definitive lines on the spectrum

ranging from very well-determined ultra-high-resolution crys-

tallographic structures (>40 experimental observations per

non-hydrogen atom in the crystallographic asymmetric unit)

and structural models based on a single or even no experi-

mental observation.
Str
Reflecting this debate about model classification, there are in

principle several possibilities for archiving the models and asso-

ciated data among distinct, publicly accessible model/data re-

positories, including: (1) a single mega-archive that serves as

the repository for every type of structural model and data; (2) in-

dependent, free-standing repositories that house distinct types

ofmodels and data; and (3) a federated system of inter-operating

repositories that archive models and data, with ‘‘spheres of influ-

ence’’ based on community consensus.

To address some of the challenges ahead and make recom-

mendations about how best to proceed, the community stake-

holders who assembled at the October 2014 meeting of the

wwPDB Hybrid/Integrative Methods Task Force were divided

into three discussion groups, each tasked with considering a se-

ries of related questions. What experimental data (beyond crys-

tallography, NMR, and 3DEM) should be archived? Where and

how should it be validated? What kinds of non-atomistic models

can we expect and how should they be validated? What are

the criteria for deciding where models should be archived?

How should non-atomistic and mixed atomistic/non-atomistic

models be archived? Should there be a separate archive for inte-

grative (mixed) models (and data)? Should we establish a feder-

ated system of data and model archives to support integrative

structural biology? The three breakout groups were asked to

address these questions, report back with their findings, and

make recommendations for the future. Each group indepen-

dently approached the same set of questions. At the close of

the meeting, the teams converged to compare notes, identify

areas of commonality and diversity, and determine how best

to move forward. The resulting consensus is reflected in this

document.

Recommendations

Recommendation 1. In addition to archiving the models them-

selves, all relevant experimental data and metadata as well as

experimental and computational protocols should be archived;

inclusivity is key.

Ideally, structural models of any kind, derived by any method,

should be archived.

Models are of greatest value when they are independently

tested, potentially improved, and serve to further our under-

standing of how the function of a biological system is determined

by its 3D structure(s). Therefore, models and necessary annota-

tions must be freely available to the research community. The

modeling process should be reproducible. Information concern-

ing all aspects of a model should be deposited, including input

data, corresponding spatial restraints, output models, and pro-

tocols used to convert input data into models. In addition to

the input experimental data, the archival deposition should

specify or include theoretically derived restraints used to

compute the model (e.g., a statistical potential and a molecular

mechanics force field). In practice, frequently used data types

(e.g., distance information) should be prioritized for early com-

plete implementation. Uncertainty in the input data needs to be

well documented; some data uncertainty estimates may require

modeling (e.g., Bayesian error estimates [Rieping et al., 2005]).

Consistency between input data and the structural model should

be documented as part of model validation.

Each expert community should drive decisions as to how

much raw data, processed data, and metadata to deposit,
ucture 23, July 7, 2015 ª2015 Elsevier Ltd All rights reserved 1163
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subject to the minimal requirement that the spatial restraints

used for modeling must be derivable from the deposited infor-

mation. Attention needs to be paid to annotating measurement

conditions, such as temperature (Fenwick et al., 2014), sample

concentration, environmental conditions (e.g., buffer), construct

definition, and identification of all assembly components, all of

which can significantly influence the experimental outcome.

Cost-benefit analyses should be used to help guide which data

should be archived. As much data as practical should be depos-

ited, to facilitate model validation, future improvements of the

model, and methods development (e.g., benchmarking sets).

Of particular importance will be availability of some raw data to

help drive improvement of data processing methods and for

use by methods developers, who are often not generating the

experimental data themselves.

Recommendation 2. A flexible model representation needs to

be developed, allowing for multi-scale models, multi-state

models, ensembles of models, and models related by time or

other order.

Model representation should allow for as many types of

‘‘structural’’ models as possible, thereby encouraging collabora-

tion among developers of integrative modeling software (Russel

et al., 2012). At a minimum, the model representation should

allow encoding of an ensemble of multi-scale, multi-state,

time-ordered models (see the section on Types of Integrative

Models). Uncertainty of the model coordinates should be tightly

associated with the model coordinates in the model representa-

tion. Any model resident within an archive should be ‘‘self-con-

tained’’ to facilitate utilization (e.g., for visualization). A common

representation and format for models are useful for reasons of

software interoperability. Particle-based representations/primi-

tives need to be prioritized; non-particle-based model represen-

tations (e.g., continuum representations) merit further consider-

ation by appropriate community stakeholders.

Recommendation 3. Procedures for estimating the uncertainty

of integrative models should be developed, validated, and

adopted.

Assessment of both an integrative model and the information

on which it is based is of critical importance for guiding subse-

quent use of the model. For atomistic models, extant standard

validation criteria from X-ray crystallography should be used.

Beyond this test, validation of integrative models and data is a

major research challenge that must be addressed and over-

come. The following represent promising considerations (Alber

et al., 2007; Schneidman-Duhovny et al., 2014): convergence

of conformational sampling, fit of the model to the input informa-

tion, test for clashes between geometrical primitives comprising

the model, precision of the ensemble of solutions (visualized

with, e.g., ribbon plots), cross-validation and statistical boot-

strapping based on available data, tests based on data deter-

mined after the model was computed, and sensitivity analysis

of the model to input data. Bayesian approaches may be partic-

ularly well suited to describe model uncertainty by computing

posterior model densities from a forward model, noise model,

and priors (Muschielok et al., 2008; Rieping et al., 2005). Tools

for visualizing model validation should be developed.

Communities generating data used in integrative modeling

should agree on the standard set of descriptors for data quality,

as has been done for crystallography, NMR, and 3DEM.
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Recommendation 4. A federated system of model and data ar-

chives should be created.

Integrative models can be based on a broad array of different

experimental and computational techniques. While the specific

spatial restraints implied by the data and used to construct an

integrative model should be deposited with the model itself,

the underlying experimental data often containmuch richer infor-

mation. This information should be captured in a federated

system of domain-specific model and data archives. These indi-

vidual member archives should be developed by community ex-

perts, based on method-specific standards for data archiving

and validation. A federated system of model and data archives

implies the need for a seamless exchange of information be-

tween independent archives. This seamless exchange requires

a common dictionary of terms, agreed data formats, persistent

and stable data object identifiers, and close synchronization of

policies and procedures. Federated model and data archives

need to develop efficient methods for data exchange to allow

for transparent data access across the enterprise.

A single interface for the deposition of all data and models into

the federated system is highly desirable. Such an interfacewould

greatly facilitate the task of the depositor and, thereby, maximize

compliance with deposition standards and requirements.

In addition, reliance on a single entry point will help to ensure

consistency across the federation at the time of deposition.

Following successful deposition, individual datasets can be

transferred tomember databases for data curation and archiving

if domain-specific databases exist. There should also be provi-

sion for collecting unstructured information in a ‘‘data com-

mons,’’ as proposed by the data science initiative at the NIH

(Margolis et al., 2014).

Access to the contents of the federated database through a

single portal is also most desirable, to facilitate dissemination

of data, models, and experimental/computational protocols.

Of particular importance for integrative modeling will be the

option to modify or update any aspect of the modeling proce-

dure, for example, by adding new data. The federated archive

should allow versioning for each depositedmodel. Such capabil-

ities will facilitate the cycle of experiment and modeling, and

accelerate production of more accurate, precise, and complete

models (Russel et al., 2012).

Recommendation 5. Publication standards for integrative

models should be established.

Over the past decade, the wwPDB organization has worked

with relevant scientific journals to help establish publication

standards for structural models coming from crystallography,

NMR spectroscopy, and 3DEM. Community standards now

include requiring authors to make their validation reports avail-

able to reviewers and editors. Through the International Union

of Crystallography Small Angle Scattering and Journals Com-

missions, the SAS community developed and agreed upon pub-

lication guidelines for structural modeling of biomolecules there-

from (Jacques et al., 2012). A set of standards for publishing

integrative models should be developed along similar lines.

Implementation

Implementation of Recommendation 1 poses a host of cultural

and technical challenges. Experimentalists and modelers need

to provide the data, models, and protocols, thus at least partly

addressing increasing concerns regarding reproducibility of
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scientific results. From a technical perspective, inter-operating

data dictionaries for all methods need to be created. In addition,

potential storage bottlenecks need to be addressed.

Implementation of Recommendations 2 and 3 will require sig-

nificant research as to how best to represent and validate the

many different kinds of integrative models. In addition, the com-

munity will need to agree on a common set of standards that are

sufficiently mutable to allow for future innovation. Efforts such as

the ‘‘Cryo-EM Modeling Challenge’’ may facilitate this process

(http://www.emdatabank.org/modeling_chllnge).

Implementation of Recommendation 4 will require agreement

on a common data exchange system among member reposi-

tories. Based on past accomplishments, the wwPDB is well posi-

tioned to play a leadership role in establishing the proposed

federated system, including provision of common deposition

and access interfaces. The wwPDB should begin this process

by providing training and advice on data archiving and curation

to contributing domain-specific member repositories.

Implementation of Recommendation 5 will require continued

work with the journals that publish structural models of biological

macromolecules.

Significant resources will be required to implement these rec-

ommendations, including grants for research, infrastructure, and

workshops. These efforts are international by their very nature

and will require funding frommultiple public and private sources,

including in North America, Europe, and Asia.
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Schröder, G.F. (2015). Hybrid methods for macromolecular structure
determination: experiment with expectations. Curr. Opin. Struct. Biol. 31,
20–27.

Schwede, T., Sali, A., Honig, B., Levitt, M., Berman, H.M., Jones, D., Brenner,
S.E., Burley, S.K., Das, R., Dokholyan, N.V., et al. (2009). Outcome of a work-
shop on applications of protein models in biomedical research. Structure 17,
151–159.

Shen, Y., Lange, O., Delaglio, F., Rossi, P., Aramini, J.M., Liu, G., Eletsky, A.,
Wu, Y., Singarapu, K.K., Lemak, A., et al. (2008). Consistent blind protein
structure generation from NMR chemical shift data. Proc. Natl. Acad. Sci.
USA 105, 4685–4690.

Shi, Y., Fernandez-Martinez, J., Tjioe, E., Pellarin, R., Kim, S.J., Williams, R.,
Schneidman, D., Sali, A., Rout, M.P., and Chait, B.T. (2014). Structural
characterization by cross-linking reveals the detailed architecture of a
coatomer-related heptameric module from the nuclear pore complex. Mol.
Cell. Proteomics 13, 2927–2943.

Snijder, J., Burnley, R.J., Wiegard, A., Melquiond, A.S.J., Bonvin, A.M.J.J.,
Axmann, I.M., and Heck, A.J.R. (2014). Insight into cyanobacterial circadian
timing from structural details of the KaiB-KaiC interaction. Proc. Natl. Acad.
Sci. USA 111, 1379–1383.

http://refhub.elsevier.com/S0969-2126(15)00194-X/sref28
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref28
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref28
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref28
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref29
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref29
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref29
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref29
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref29
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref30
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref30
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref30
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref31
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref31
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref31
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref32
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref32
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref32
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref33
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref33
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref33
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref33
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref34
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref34
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref35
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref35
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref35
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref35
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref36
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref36
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref36
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref36
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref37
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref37
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref37
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref38
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref38
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref38
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref38
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref39
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref39
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref39
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref39
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref40
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref40
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref40
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref40
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref41
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref41
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref41
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref41
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref42
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref42
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref42
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref42
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref43
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref43
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref43
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref44
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref44
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref44
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref44
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref45
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref45
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref46
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref46
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref46
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref47
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref47
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref47
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref48
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref48
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref48
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref49
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref49
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref49
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref49
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref50
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref50
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref50
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref50
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref51
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref52
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref52
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref52
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref53
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref53
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref53
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref53
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref54
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref54
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref55
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref55
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref56
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref56
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref56
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref57
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref57
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref57
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref57
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref58
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref58
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref58
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref59
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref59
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref60
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref60
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref61
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref61
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref61
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref62
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref62
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref62
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref62
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref63
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref63
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref63
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref63
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref64
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref64
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref64
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref64
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref64
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref65
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref65
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref65
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref65


Structure

Meeting Review
Snyder, D.A., Bhattacharya, A., Huang, Y.J., and Montelione, G.T. (2005).
Assessing precision and accuracy of protein structures derived from NMR
data. Proteins 59, 655–661.

Snyder, D.A., Grullon, J., Huang, Y.J., Tejero, R., and Montelione, G.T. (2014).
The expanded FindCore method for identification of a core atom set for
assessment of protein structure prediction. Proteins 82 (Suppl 2 ), 219–230.

Sunnerhagen, M., Olah, G.A., Stenflo, J., Forsen, S., Drakenberg, T., and
Trewhella, J. (1996). The relative orientation of Gla and EGF domains in coag-
ulation factor X is altered by Ca2+ binding to the first EGF domain. A combined
NMR-small angle X-ray scattering study. Biochemistry 35, 11547–11559.

Trewhella, J., Hendrickson, W.A., Kleywegt, G.J., Sali, A., Sato, M., Schwede,
T., Svergun, D.I., Tainer, J.A., Westbrook, J., and Berman, H.M. (2013). Report
of the wwPDB Small-Angle Scattering Task Force: data requirements for bio-
molecular modeling and the PDB. Structure 21, 875–881.

Tria, G., Mertens, H.D.T., Kachala, M., and Svergun, D.I. (2015). Advanced
ensemble modelling of flexible macromolecules using X-ray solution scat-
tering. IUCrJ 2, 207–217.
Str
Valentini, E., Kikhney, A.G., Previtali, G., Jeffries, C.M., and Svergun, D.I.
(2015). SASBDB, a repository for biological small-angle scattering data.
Nucleic Acids Res. 43, D357–D363.

Ward, A., Sali, A., and Wilson, I. (2013). Integrative structural biology. Science
339, 913–915.

Watson, J.D., and Crick, F.H. (1953). Molecular structure of nucleic acids; a
structure for deoxyribose nucleic acid. Nature 171, 737–738.

Whitten, A.E., Jeffries, C.M., Harris, S.P., and Trewhella, J. (2008). Cardiac
myosin-binding protein C decorates F-actin: implications for cardiac function.
Proc. Natl. Acad. Sci. USA 105, 18360–18365.

Young, M.M., Tang, N., Hempel, J.C., Oshiro, C.M., Taylor, E.W., Kuntz,
I.D., Gibson, B.W., and Dollinger, G. (2000). High throughput protein fold
identification by using experimental constraints derived from intramolecular
cross-links and mass spectrometry. Proc. Natl. Acad. Sci. USA 97, 5802–
5806.

Zhang, Y., Feng, Y., Chatterjee, S., Tuske, S., Ho,M.X., Arnold, E., and Ebright,
R.H. (2012). Structural basis of transcription initiation. Science 338, 1076–
1080.
ucture 23, July 7, 2015 ª2015 Elsevier Ltd All rights reserved 1167

http://refhub.elsevier.com/S0969-2126(15)00194-X/sref66
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref66
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref66
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref67
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref67
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref67
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref67
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref68
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref68
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref68
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref68
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref68
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref69
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref69
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref69
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref69
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref71
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref71
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref71
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref72
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref72
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref72
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref73
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref73
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref74
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref74
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref75
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref75
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref75
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref76
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref76
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref76
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref76
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref76
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref77
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref77
http://refhub.elsevier.com/S0969-2126(15)00194-X/sref77


	

	

Jill Trewhella 
Professor Emeritus 
 

03 February 2017 

Biochemistry Bldg, G08 
Faculty of Science 
The University of Sydney 
NSW 2006 Australia 

 

 T +61 (0)4 3275 3933  
E  jill.trewhella@sydney.edu.au 
http://sydney.edu.au/science/people/jill.tre
whella.php  

 ABN 15 211 513 464
CRICOS 00026A 

Small-Angle Scattering Validation Task Force Members 
Wayne A. Hendrickson, Columbia University  
Andrej Sali, UC San Francisco 
Torsten Schwede, Biozentrum, University of Basel 
Dmitri I. Svergun, EMBL Hamburg  
John A. Tainer, U Texas MD Anderson Cancer Center 
 
Transmitted: by email 
 
Dear Colleagues 
 
I am contacting you to request feedback on membership of our task force and to propose 
a virtual meeting of the Small-Angle Scattering validation task force (SASvtf) with the 
following agenda: 
 

1. review progress to date on the implementation of our recommendations as 
outlined in our 2013 report in Structure and plan next steps; and 

2. consider in detail the fourth recommendation from the SASvtf; that is “criteria 
need to be agreed upon for the assessment of the quality of deposited data and 
the accuracy of SAS-derived models, and the extent to which a given model fits 
the SAS data.” 

 
With respect to item 2, in our 2013 report (Trewhella et al, 2013, attached) we expanded 
upon preliminary guidelines (Jacques et al., 2012, attached) that addressed sample 
quality, data acquisition and reduction, presentation of scattering data and 
validation, and modelling for biomolecular SAS. These preliminary guidelines were 
developed in consultation with the IUCr SAS Commission and other experts in the field 
and formally adopted by the IUCr Journals. They have subsequently been used by a 
growing cohort of SAS researchers.  
 
I am in the process of drafting an update of the preliminary publication guidelines to a 
v1.0 that would incorporate the additional points made in from our 2013 report, as well as 
input from the IUCr SAS Commission and other experts in the field. I propose to circulate 
this draft to the SASvtf for comment. At our virtual meeting we would review the 
comments and agree a final set of guidelines, including specific, implementable 
recommendations for both data and model validation, which we would formally 
recommend as the SASvtf.  
 
I plan to present the revised, updated publication guidelines at the IUCr Congress in 
Hyderabad in August during an open meeting of the IUCr SAS Commission that I have 



	

called for as Chair of the SAS Commission. Subsequently we will submit the paper for 
publication describing the revsied guidelines and the basis for recommended 
adjustments.     
 
As we embark on this next phase of work, I propose expanding the SAS expertise on our 
task force and would be happy to entertain any and all suggestions for additions. I would 
like to suggest that we recruit from among Masaaki Sugiyama (Kyoto), Patrice Vachette 
(Saclay Paris), Frank Gabel (Institut de Biologie Structurale, Genoble), Lois Pollack 
(Cornell), and Dina Schneidman (Hebrew University) each of whom is publishing high 
quality work using SAS. With these additions, we can diversify and strengthen our 
expertise with respect to SANS, combined SANS/NMR, SAXS on large virus particles 
and RNA.  
 
Please let me know your thoughts on membership and I will be asking the RSCB PDB to 
assist in setting up the virtual meeting in early May at a time that best suits all 
participants.  
 
Yours sincerely, 
 

 
 
Jill Trewhella, PhD 
 
cc  John L. Markley, BMRB 

Haruki Nakamura, PDBj 
Sameer Valenkar, PDBe 
Stephen K. Burley, PDB RSCB 
Helen Berman, PDB RSCB 
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wwPDB Leadership Group 
John L. Markley, BMRB 
Haruki Nakamura, PDBj 
Sameer Valenkar, PDBe 
Stephen K. Burley, PDB RSCB 
Helen Berman, PDB RSCB 
 
Dear Colleagues 
 
 
I write to you with an update in my capacity as Chair of the Small-Angle Scattering 
validation task force (SASvtf). In my letter of 2 February to the current membership of that 
committee, I noted that one of the six key recommendations from our 2013 report was 
that “criteria need to be agreed upon for the assessment of the quality of deposited data 
and the accuracy of SAS-derived models, and the extent to which a given model fits the 
SAS data.” That report further built on the publication guidelines for biomolecular SAS 
published in Acta D in 2012 that was the result of a community effort led by the IUCr 
Commission for SAS (CSAS). A priority piece of work for the SASvtf now is to update the 
criteria given advances since these earlier publications and to provide advice to the 
wwPDB on “specific, implementable recommendations for both data and model 
validation.”     

To accomplish this next phase, the SASvtf needs greater breadth of SAS expertise. The 
committee currently includes only myself and Dmitri Svergun and John Tainer as SAS 
specialists. Additionally, as there is significant overlap between the work of the SASvtf 
and the IUCr Commission on SAS (CSAS) in data and model validation, it is desirable 
that the two efforts do not put out conflicting recommendations. 

I therefore propose to expand the current membership of the SASvtf, first to broaden the 
expertise and second to ensure some overlap with the IUCr CSAS membership and 
international engagement. The most important criterion however was to choose active 
researchers publishing the highest quality biomolecular SAS work.  Unless I hear 
alternative suggestions for consideration, I plan to invite the following individuals to join 
the SASvtf. 

Masaaki Sugiyama (Kyoto) – is Japan’s national committee recommendation for the IUCr 
for CSAS membership, endorsed by the current CSAS for appointment August 2017. 
https://www.labome.org/expert/japan/kyoto/sugiyama/masaaki-sugiyama-1208789.html  

Patrice Vachette (Institute Pasteur, Saclay Paris) – a long standing and respected expert 
in SAXS, both laboratory and synchrotron based work. 
https://research.pasteur.fr/en/emember/patrice-vachette/    

Frank Gabel (Institut de Biologie Structurale, Genoble) – currently the leading expert in 
SANS/contrast variation and SANS/SAXS/NMR hybrid structural work. 



	

http://www.ibs.fr/research/research-groups/extremophiles-and-large-molecular-
assemblies-group/small-angle-scattering-649/ 

Lois Pollack (Cornell) – leader in RNA and RNA-protein studies, time-resolved SAXS who 
was also highly recommended by Dmitri Svergun. 
http://www.aep.cornell.edu/people/profile.cfm?netid=lp26  

Dina Schneidman (Hebrew University) – currently publishing work with a rigor and 
completeness that it provides a model for the committee who was also highly 
recommended by Andrej Sali. http://www.huji.ac.il/dataj/controller/ihoker/MOP-
STAFF_LINK?sno=70741876&Save_t=  

I appreciate the opportunity to work with this important committee to continue to support 
high quality SAS and its utilisation in biomolecular structural analysis. Widely agreed and 
utilized data and model validation criteria are essential for SAS to make its appropriate 
contribution to the growing field of integrative/hybrid structural biology.   

Yours sincerely, 

 

 
 
Jill Trewhella, PhD 
 
cc  SASvtf members 
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 February 18th 2017 
 
Jill Trewhella, Ph.D. 
Chair, wwPDB SAS VTF 
 
Gaetano Montelione, Ph.D. and Micheal Nilges, Ph.D. 
Co-Chairs, wwPDB NMR VTF 
 
E-mails: jill.trewhella@sydney.edu.au, guy@cabm.rutgers.edu, michael.nilges@pasteur.fr 
 
Dear Jill, Guy, and Michael: 
 

We write to request formally that you three and select members of the wwPDB Small-
Angle Scattering Validation Task Force and the wwPDB NMR Validation Task Force meet as 
soon as is practicable to review the state-of-the-art and develop and promulgate 
recommendations regarding validation of integrative/hybrid methods NMR-SAS refined 
atomic coordinate structures. Your guidance is urgently required to ensure that 
integrative/hybrid NMR-SAS structures entering the Protein Data Bank archive are subject 
to rigorous community agreed validation procedures. 

 
We are most grateful for your efforts on behalf of the Protein Data Bank archive and 

the wwPDB partnership, and stand ready to provide any help that we can in terms of meeting 
logistics, etc. 

 
Yours faithfully, 
 

 
 

Stephen K. Burley, D.Phil., M.D. 
Distinguished Professor  
Rutgers, The State University of New Jersey 
Director, RCSB Protein Data Bank 

Savmeer Velankar, Ph.D. 
Team Leader, EMBL-European  
Bioinformatics Institute 
Head, PDBe 

  
John L. Markley, Ph.D. 
Steenbock Professor of Biomolecular 
Structure   
University of Wisconsin-Madison  
Head, BMRB 

Haruki Nakamura, Ph.D.  
Director, Institute for Protein Research, 
Osaka University  
Head, PDBj 
 

 



 
wwpdb.org • info@wwpdb.org 

 
 
 
 

 February 18th 2017 
 
Jill Trewhella, Ph.D. 
Chair, wwPDB SAS VTF 
  
E-mail: jill.trewhella@sydney.edu.au 
 
Dear Jill: 
 

We write to request formally that the wwPDB Small-Angle Scattering Validation 
Task Force meet as soon as is practicable to review the state-of-the-art and develop and 
promulgate recommendations regarding validation of data and metadata coming from 
small-angle scattering (SAS) studies of biological macromolecules.  

 
Your guidance is urgently required to ensure that SAS data contributing to 

determination of integrative/hybrid NMR-SAS structures entering the Protein Data Bank 
archive are subject to rigorous community agreed validation procedures. 

 
We are most grateful for your efforts on behalf of the Protein Data Bank archive and 

the wwPDB partnership, and stand ready to provide any help that we can in terms of meeting 
logistics, etc. 

 
Yours faithfully, 
 

 
 

Stephen K. Burley, D.Phil., M.D. 
Distinguished Professor  
Rutgers, The State University of New Jersey 
Director, RCSB Protein Data Bank 

Savmeer Velankar, Ph.D. 
Team Leader, EMBL-European  
Bioinformatics Institute 
Head, PDBe 

  
John L. Markley, Ph.D. 
Steenbock Professor of Biomolecular 
Structure   
University of Wisconsin-Madison  
Head, BMRB 

Haruki Nakamura, Ph.D.  
Director, Institute for Protein Research, 
Osaka University  
Head, PDBj 
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Dina Schneidman-Duhovny, 
The Hebrew University of Jerusalem 
Department of Biological Chemistry 
Jerusalem, Israel 
 
Email: duhovka@gmail.com  
 
Dear Dina, 
  
I would like to invite you to join the Small Angle Scattering Validation Task Force 
(SASvtf).  This committee was originally formed to make recommendations on world-wide 
Protein Data Bank (wwPDB) acceptance of models based on SAS studies, and if so, 
what types of data and validation should be included. With the growing numbers of 
integrative or hybrid models (IHM) and the formation of the IHMvtf, the work of the SASvtf 
has become even more critical.  
  
Initial reports from the SASvtf and IHMvtf are attached that provide more details of the 
work to date from these committees. At this time, an updated set of recommendations for 
publishing the results of biomolecular SAS experiments, including data and model 
validation, is being prepared to be reviewed by the SASvtf and discussed at a virtual 
meeting to be scheduled early in May, 2017.             
  
I hope that you will be able to serve on this important committee. With your positive 
response, you will be contacted regarding the scheduling of the May meeting.  
  
Yours sincerely, 
 

 
 
Jill Trewhella, PhD 
 
cc: wwPDB Leadership Team 
      SASvtf Members 
 
 

http://sydney.edu.au/science/people/jill.trewhella.php
http://sydney.edu.au/science/people/jill.trewhella.php
mailto:duhovka@gmail.com


Letter	to	SASvtf,	sent	to	all	participants	2/28/17,	3:53pm	EST	

Colleagues	

I	am	pleased	to	welcome	the	new	members	to	our	Small-Angle	Scattering	validation	task	force	(SASvf,	
complete	list	of	members	appended	below)	and	look	forward	to	working	with	the	expanded	group	on	the	
next	steps	towards	establishing	a	set	of	SAS	data	and	model	validation	criteria	for	biomolecular	structural	
studies	that	can	have	the	broad	support	of	our	community	and	ensure	that	SAS	can	make	its	proper	
contribution	to	the	growing	field	of	integrative/integrative	structural	biology	for	which	our	sister	wwPDB	
task	force	(the	IHMvtf)	produced	a	first	report	in	2015	(Sali	et	al.	“Outcome	of	the	First	wwPDB	
Hybrid/Integrative	Methods	Task	Force	Workshop,”	Structure	23,	1156-1167,	2015)	and	which	is	
proceding	toward	implementation	of	the	recommendations	made	therein.	

For	the	benefit	of	the	new	members	of	the	SASvtf,	and	perhaps	a	handy	reminder	for	others,	I	restate	here	
information	from	my	letter	to	the	task	force	of	3	February,	2017	with	some	updates	regarding	where	things	
are	with	respect	to	preparing	for	our	May	virtual	meeting,	for	which	Maggie	Gabanyi	will	be	contacting	you	
regarding	scheduling.		

The	May	meeting	has	the	following	agenda:	

1.					review	progress	to	date	on	the	implementation	of	our	recommendations	as	outlined	in	our	
2013	report	in	Structure	and	plan	next	steps;	and	
2.					consider	in	detail	the	fourth	recommendation	from	the	SASvtf;	that	is	“criteria	need	to	be	
agreed	upon	for	the	assessment	of	the	quality	of	deposited	data	and	the	accuracy	of	SAS-derived	
models,	and	the	extent	to	which	a	given	model	fits	the	SAS	data.”	

With	respect	to	item	2,	in	our	2013	report	(Trewhella	et	al,	“Report	of	the	wwPDB	Small-Angle	Scattering	
Task	Force:	Data	Requirements	for	Biomolecular	Modeling	and	the	PDB,”	Structure	21,	875-881,	2013)	we	
expanded	upon	preliminary	guidelines	(Jacques	et	al.,	“Publication	Guidelines	for	Structural	Modelling	of	
Small-Angle	Scattering	Data	from	Biomolecules	in	Solution,”	Acta	Cryst.	D68,	620-626,	2012)	that	addressed	
sample	quality,	data	acquisition	and	reduction,	presentation	of	scattering	data	and	validation,	and	
modelling	for	biomolecular	SAS.	These	preliminary	guidelines	were	developed	in	consultation	with	the	
IUCr	SAS	Commission	and	other	experts	in	the	field	and	formally	adopted	by	the	IUCr	Journals.	They	have	
subsequently	been	used	by	a	growing	cohort	of	SAS	researchers.		

I	am	in	the	process	of	drafting	an	update	of	the	preliminary	publication	guidelines	to	a	v1.0	that	would	
incorporate	the	additional	points	made	in	from	our	2013	report,	as	well	as	input	from	the	IUCr	SAS	
Commission	and	other	experts	in	the	field.	I	will	circulate	this	draft	to	the	SASvtf	in	the	next	few	weeks	for	
comment.	At	our	virtual	meeting	we	would	review	all	input	and	agree	a	final	set	of	guidelines,	including	
specific,	implementable	recommendations	for	both	data	and	model	validation,	which	we	would	formally	
recommend	as	the	SASvtf.		

I	plan	to	present	the	revised,	updated	publication	guidelines	at	the	IUCr	Congress	in	Hyderabad	in	August	
during	an	open	meeting	of	the	IUCr	SAS	Commission	that	I	have	called	for	as	Chair	of	the	SAS	Commission.	
Subsequently	we	will	submit	the	paper	for	publication	describing	the	revised	guidelines	and	the	basis	for	
recommended	updates.					

Kind	regards,	jt	
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SASvtf	members	

Andrej	Sali																																										sali@salilab.org	
Dina	Scheidman																																dina.schneidman@mail.huji.ac.il	
Dmitri	Svergun																																		svergun@embl-hamburg.de	
Frank	Gabel																																								frank.gabel@ibs.fr	
Jill	Trewhella	(Chair)																								jill.trewhella@sydney.edu.au																					
John	Tainer																																									jtainer@mdanderson.org	
Lois	Pollack																																									lp26@cornell.edu	
Masaaki	Sugiyama																											sugiyama@rri.kyoto-u.ac.jp																									
Patrice	Vachette																														patrice.vachette@i2bc.paris-saclay.fr	
Torsten	Schwede																													torsten.schwede@unibas.ch	
Wayne	Hendrickson																							wayne@convex.hhmi.columbia.edu	
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