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Abstract

In gram-negative bacteria, the chaperone protein Skp forms specific and stable complexes with 

membrane proteins while they are transported across the periplasm to the outer membrane. The 

jellyfish-like architecture of Skp is similar to the eukaryotic and archeal prefoldins and the 

mitochondrial Tim chaperones, that is α-helical ‘tentacles’ extend from a β-strand ‘body’ to create 

an internal cavity. Contrast variation small-angle neutron scattering (SANS) experiments on Skp 

alone in solution and bound in two different complexes to unfolded outer membrane proteins 

(uOMPs), OmpA and OmpW, demonstrate that the helical tentacles of Skp bind their substrate in a 

clamp-like mechanism in a conformation similar to that previously observed in the apo crystal 

structure of Skp. Deuteration of the uOMP component combined with contrast variation analysis 

allowed the shapes of Skp and uOMP as well as the location of uOMP with respect to Skp to be 

determined in both complexes. This represents unique information that could not be obtained 

without deuterium labeling of the uOMPs. The data yield the first direct structural evidence that 

the α-helical Skp tentacles move closer together on binding its substrate and that the structure of 

Skp is different when binding different uOMPs. This work presents, by example, a tutorial on 

performing SANS experiments using both deuterium labeling and contrast variation, including 

SANS theory, sample preparation, data collection, sample quality validation, data analysis and 

structure modeling.
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1. INTRODUCTION

In gram negative bacteria, unfolded outer membrane beta-barrel proteins (uOMPs) interact 

with periplasmic chaperones in order to be trafficked to the outer membrane. Two of these 

chaperones, Skp and SurA, form stable complexes with uOMPs as they travel across the 

aqueous periplasm. These chaperones exhibit holdase activity because they protect their 

substrates from aggregation, as well as from cleavage by the periplasmic protease DegP (S. 

Wu et al., 2011).

Even though Skp and SurA appear to have redundant functions, their relative activities are 

dependent on bacterial species and whether or not the bacteria are under stress (Denoncin, 

Schwalm, Vertommen, Silhavy, & Collet, 2012; Rhodius, Suh, Nonaka, West, & Gross, 

2006; Sklar, Wu, Kahne, & Silhavy, 2007). Although not a lethal mutation in E. coli, loss of 

Skp results in a relative decline in uOMP concentration in the bacterial outer membrane (R. 

Chen & Henning, 1996).

Skp binds a wide range of bacterial uOMPs with nanomolar affinity (Moon, Zaccai, 

Fleming, Gessmann, & Fleming, 2013; Qu, Mayer, Behrens, Holst, & Kleinschmidt, 2007). 

At least nineteen different E. coli uOMPs interact with Skp (Jarchow, Lück, Görg, & Skerra, 

2008). These substrates vary in sequence composition and in size (20kDa to 150kDa). In 

bacteria, Skp-uOMP complexes form in the periplasm near the bacterial inner membrane 

(Schäfer, Beck, & Müller, 1999). The Skp-uOMP complex is then transported to the outer 

membrane where the uOMP folding is thought to be mediated by the Bam complex (Webb, 

Heinz, & Lithgow, 2012). In vivo, the Skp-presented bound uOMP could directly interact 

with the Bam complex, or uOMP could first be delivered by Skp to SurA, which then 

transports it to the Bam complex (Ieva, Tian, Peterson, & Bernstein, 2011; Schwalm, 

Mahoney, Soltes, & Silhavy, 2013; Sklar et al., 2007). Skp may also transfer the uOMP 

directly to the bacterial outer membrane as in vitro experiments demonstrate that Skp-bound 

uOMPs retain the ability to fold into lipid bilayers containing phosphatidylcholine and 

phosphatidylglycerol (Bulieris, Behrens, Holst, & Kleinschmidt, 2003; McMorran, Bartlett, 

Huysmans, Radford, & Brockwell, 2013).

The holdase activity of Skp is not limited to specific membrane proteins (Jarchow et al., 

2008). Skp is able to form a complex with the periplasmic domain of the auto transporter 

EspP (Ieva et al., 2011). It can also inhibit the aggregation and assist the folding of a number 

of soluble proteins. Notable examples include single chain antibodies (Entzminger, Chang, 

Myhre, McCallum, & Maynard, 2012) and lysozyme (Walton & Sousa, 2004).

Skp forms a stable trimer (50 kDa) in solution as determined by gel filtration as well as 

cross-linking methods (Schlapschy et al., 2004) and as supported by crystal structures 

(Korndörfer, Dommel, & Skerra, 2004; Walton & Sousa, 2004). Three α–helical ‘tentacles’ 

extend out from the β–strand Skp ‘body’ to create a cavity sufficiently large to surround a 25 

kDa substrate. This domain architecture, termed jellyfish-like fold, had been previously 

described for other holdases, including the archaeal and eukaryotic prefoldins and the 

mitochondrial small Tim proteins (Stirling, Bakhoum, Feigl, & Leroux, 2006). Like Skp, 

these holdases have the common property of protecting their substrates from aggregation. 
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However, no sequence identity to Skp was present, and unlike the trimeric Skp, these 

proteins are heterohexamers, with six alpha helical tentacles each.

X-ray and subsequent NMR data could not directly provide an explanation for the ability of 

Skp to bind a wide range of uOMPs of different sizes. It was hypothesized that an uOMP 

transmembrane (TM) domain is bound within an adaptable cavity formed by the α-helical 

tentacles of Skp. NMR analysis of Skp-OmpA and Skp-OmpX complexes indicated that the 

uOMP TM region contains little secondary structure while in complex with Skp (Burmann 

& Hiller, 2012; Burmann, Wang, & Hiller, 2013; Callon, Burmann, & Hiller, 2014; Walton, 

Sandoval, Fowler, Pardi, & Sousa, 2009). However, the ability of Skp to bind diverse 

substrates begs the question as to whether changes occur in the tertiary structure of Skp upon 

binding a client substrate.

In this study, a series of contrast variation small-angle neutron scattering (SANS) 

experiments were performed on Skp alone in solution and on two different Skpu-OMP 

complexes: Skp-OmpA and Skp-OmpW, in order to clarify the structural basis of uOMP 

presentation by Skp. OmpA has a role in E. coli cell morphology and stability. Folded 

OmpA (35 kDa) has a C-terminal periplasmic (PP) domain that folds independently from its 

transmembrane (TM) domain (Danoff & Fleming, 2011; Walton et al., 2009). OmpW (21 

kDa) is an integral membrane protein that is required for resistance to phagocytosis (X.-B. 

Wu et al., 2013). The atomic resolution structures of the TM domains of both these proteins 

revealed an 8-stranded beta barrel when folded into membranes (Hong, Patel, Tamm, & van 

den Berg, 2006; Pautsch & Schulz, 1998). The folding properties of these proteins have been 

extensively investigated (Burgess, Dao, Stanley, & Fleming, 2008; Moon et al., 2013). 

Selective labeling by deuteration of OmpW and OmpA in the Skp-uOMP complexes 

allowed the determination of the individual structures of uOMP and Skp as well as their 

relationship to each other in complexes.

The SANS data indicate that Skp interacts with the uOMP TM domain in a manner 

analogous to the binding mechanism of prefoldins binding their unfolded substrates (Martín-

Benito et al., 2002, 2007). The bulk of the unfolded TM domain of both OmpW and OmpA 

is within the Skp cavity but some parts must be on the exterior of Skp near the tips of the 

tentacles to be in agreement with the SANS data. The PP domain of OmpA can assume a 

number of different positions outside the Skp cavity and still be consistent with the data. 

These results yield the first direct structural evidence that the α-helical Skp tentacles move 

closer together on binding its substrate and that the structure of the individual helices of the 

tentacles is different when binding different uOMPs. Importantly, the SANS data represent 

unique information that could not be obtained without deuterium labeling of the uOMPs. 

Analysis of the SANS data provides experimental support for a simple clamp-like 

mechanism used by jellyfish-like chaperones (Stirling et al., 2006). It also allows postulation 

of a mechanism of Skp binding and delivery of uOMPs to the bacterial outer membrane.

2. SANS FROM BIOLOGICAL MOLECULES IN SOLUTION

SANS is able to provide the size, molecular mass and shape of a macromolecular complex in 

solution on length scales between approximately 10 Å to about 1000 Å (Jacques & 
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Trewhella, 2010; Jacrot, 1976; Moore, 1982; Zaccai, 2012). While analytical 

ultracentrifugation (AUC) can be used to ascertain the Skp-uOMP stoichiometry and small-

angle X-ray scattering (SAXS) can yield the overall size and shape of the Skp-uOMP 

complex, analysis of contrast variation SANS data can uniquely retrieve the internal 

structure and organization of the complex. Recent reviews (Heller, 2010; Whitten & 

Trewhella, 2009) as well as classic papers (Engelman & Moore, 1975; Ibel & Stuhrmann, 

1975; Jacrot, 1976) describe the contrast variation technique in detail.

2.1 Contrast and scattering intensity

Because neutrons interact with atomic nuclei, the strength of the scattering interaction is not 

dependent on the atomic number, Z, of the atom, as is the case for x-rays. Therefore, the 

light elements such as H, C, N and O can scatter neutrons just as strongly as heavier 

elements. Also, neutrons are sensitive to different isotopes of an element, such as hydrogen 

and deuterium. Since SANS does not provide information on atomic length scales, the 

strength of the scattering interaction can be described in terms of a uniform scattering length 

density of the entire molecule, ρ, within the molecular volume, V (in cm3 or Å3). For 

biological molecules in solution, the strength of the scattering is further defined as the 

difference in the scattering length densities of the molecule and the solvent within the same 

molecular volume. This difference in scattering length densities is known as the contrast, 

and is written as

(1)

where ρs is the scattering length density of the solvent. When the scattering length densities 

of the molecule and solvent are the same, Δρ = 0. This is called the contrast match point. 

The scattering length densities and contrast are usually expressed in units of cm−2 or cm 

Å−3, but can be found stated in units of Å−2.

The measured SANS intensity from a solution of monodisperse, randomly-oriented 

biological macromolecules can be written in terms of the contrast as

(2)

where |F(q⃗)|2 is the scattering form factor, which depends on the shape of the molecule and n 
is the number density of molecules (in cm−3). The brackets represent an averaging over all 

orientations of the molecule. The magnitude of the scattering vector q⃗ can be written as

(3)
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where 2θ is the scattering angle (in degrees), measured from the axis of the incoming 

neutron beam, and λ is the neutron wavelength. The wavelength is usually expressed in nm 

or Å, such that q is stated in units of nm−1 or Å−1. It can be seen from Eq. 2 that the 

scattering intensity at the contrast match point, Δρ = 0, is zero.

2.2 Radius of gyration and forward scattering intensity

The radius of gyration, Rg, and the forward scattering intensity, I(0), which is the scattering 

intensity at q = 0, are two important model-independent parameters that are obtained from 

SANS data. Rg provides information about the size of the molecule. A shape must be 

assumed for the molecule to relate Rg to the molecular dimensions. For example, a solid 

sphere has a radius, r, which is equal to 1.3Rg.

By definition, the scattering form factor in Eq. 2 is equal to 1.0 at q = 0. Thus, I(0) is related 

to the number density, n, as

(4)

The number density can be written in terms of the concentration of the molecule, c (g cm−3), 

as

(5)

where Mw is the molecular weight of the molecule (in Da, where 1 Da = 1 g mole−1) and NA 

is Avogadro’s number. Eqs. 4 and 5 can be used to relate I(0) to the Mw of the molecule if 

the SANS data are on an absolute scale, usually in units of cm−1.

The Guinier approximation (Guinier & Fournet, 1955),

(6)

can be used on the low-q portions of the data to obtain values for Rg and I(0). This “low-q” 

analysis is valid only in the region where qRg ≲ 1.3. Rg and I(0) are found by plotting the 

natural log of Eq. 6 such that

(7)
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A linear fit of ln(I(q)) versus q2 (Eq. 7) to the low-q portion of the data allows the 

determination of Rg from the slope and I(0) from the intercept. If there are aggregates of the 

molecule in the solution, Eq. 7 will not be linear. Rather it will have some curvature and the 

fit to a straight line will be poor. The effects can be subtle or very obvious depending on the 

severity of the aggregation (Jacques & Trewhella, 2010). If aggregation is present, whether 

subtle or severe, the Rg value found from Eq. 7 no longer represents that of a single 

monomer in a monodisperse solution. Rather, it is influenced by the larger aggregates 

present in the solution.

Another method to obtain Rg, which makes use of all of the data rather than a limited data 

set at small q values, is to use the distance distribution function, P(r) versus r, to determine 

Rg, and I(0) (Glatter & Kratky, 1982). This function represents the probability distribution of 

distances, r, between all pairs of atoms in the molecule. The result is a smooth histogram-

like plot that peaks at the most probable distance in the molecule. Thus, the shape of the P(r) 
versus r curve depends strongly on the shape of the molecule.

P(r) is typically obtained from the SANS data using an indirect Fourier transformation 

method (Glatter, 1977; Moore, 1982; Semenyuk & Svergun, 1991) using the relation

(8)

This analysis requires a stipulation by the user of a maximum dimension, Dmax, beyond 

which P(r) = 0. Typically, several values of Dmax are explored in order to find the range over 

which the P(r) function doesn’t change as a function of Dmax. The P(r) function is also 

sensitive to aggregation. The more severe the aggregation, the more difficult it is to 

determine Dmax (Jacques & Trewhella, 2010).

2.3 Contrast variation

The scattering length density of water is shown as a function of % D2O in the solvent in 

Figure 1, along with scattering length densities of some typical biological molecules and 

compounds. The lines are straight for CH2 and CD2 because there is no exchange of 

deuterium for hydrogen as the % D2O increases in the solvent. However, for proteins and 

nucleic acids, labile hydrogen atoms, i.e., those bound to nitrogen and oxygen, will 

exchange with deuterium in the solvent, so their scattering length densities vary with 

increasing % D2O. A vertical line representing the contrast, Δρ, between protein and water is 

shown on the graph for 10 % D2O in the solvent. Note that the protein and water lines cross 

at 40 % D2O, which is the contrast match point for most typical proteins. The match points 

for DNA, RNA, lipid head groups and CH2 can be found in the same manner. Note that the 

scattering length densities for perdeuterated molecules do not cross the water line. Thus, the 

match points for these molecules are greater than 100 % D2O and cannot be reached in 

practice.
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In cases where a molecule is actually a complex consisting of components that have different 

scattering length densities, the contrast is different for each of the components. If the ratio of 

H2O to D2O in the solvent is varied, the contrast of each component will change as a 

function of the concentration of D2O in the solvent. Thus, contrast match points exist for 

each of the two components as well as the entire complex. By varying the amount of D2O in 

the solvent, one component can be essentially transparent at its match point while the other 

is still visible. It is this feature of SANS that makes the method so powerful for selective 

measurement of individual components within a complex. From Figure 1, it is clear that 

proteins and nucleic acids have different contrast match points. The protein match point is 

around 40 % D2O, meaning that only the DNA or RNA is visible at this contrast. The DNA 

and RNA match points are around 65 % D2O such that only the protein is visible under these 

conditions. Therefore, complexes consisting of proteins and nucleic acids are ideal 

candidates for contrast variation experiments.

For a complex consisting of two proteins, replacement of the non-exchangeable hydrogen 

atoms, i.e., those bound to carbon, with deuterium in one of the components is required in 

order for the two match points to be different. This is typically accomplished by expressing 

one of the protein components using bacterium grown in deuterium-enriched media. Figure 

1 shows that the match point of perdeuterated proteins, in which all non-exchangeable 

hydrogen atoms have been replaced by deuterium, is above 100 % D2O. Therefore, partially 

deuterated proteins are generally used for contrast variation experiments so that the match 

point of the deuterated component is somewhere between 60 % D2O and 100 % D2O. The 

exact match point of a deuterated component is dependent on the amount of deuteration 

achieved. The contrast variation experiment can be used to verify this parameter, especially 

if a reliable determination cannot be made by other methods such as mass spectrometry.

2.4 Contrast match point analysis of the SANS contrast variation data

For a two-component complex in which the components have different contrasts, the 

contrast match points for the complex are determined from I(0). Expanding on Eq. 4,

(9)

The number density, n, is defined as in Eq. 5, but it is now in terms of the concentration and 

Mw of the entire complex. Δρ now refers to the mean contrast of the entire complex and V is 

the volume of the complex. The expression on the right is now written in terms of the two 

components, where f1 and f2 are the mass fractions of the 1st and 2nd components in the 

complex, Δρ1 and Δρ2 are the scattering contrasts of the 1st and 2nd components and V1 and 

V2 are the volumes of the 1st and 2nd components. Thus, Eq. 9 can be combined with Eq. 5 

to relate I(0) to the Mw of the complex if the SANS data are on an absolute scale. This is a 

good quality assurance test on the data. If the complex has the expected Mw at all contrasts, 

then it is likely that the stoichiometry of the two components is correct at all contrasts. It is 

important to recognize that care should be taken to obtain the concentrations of the 

complexes as accurately as possible at each contrast because uncertainty in this value is a 

major source of error on the calculation of the Mw.
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Because I(0) is proportional to Δρ2 (Eqs. 4 and 9), which is in turn dependent on the fraction 

of D2O in the solvent, fD2O, and n is proportional to c (Eq. 5), the contrast match point of the 

complex can be determined from the x-intercept of a linear fit to  versus fD2O. The 

match point of the complex can also be calculated from the sequences of the components 

(Sarachan, Curtis, & Krueger, 2013; Whitten, Cai, & Trewhella, 2008). Using both 

approaches to determine the match point provides another quality assurance test on the data 

in that the calculated and experimentally determined match points should agree with each 

other.

2.5 Separation of the radii of gyration in a two-component complex

The Rg values obtained at each contrast are related by the relationship (Ibel & Stuhrmann, 

1975),

(10)

where Rm is the Rg value of the equivalent complex with a homogeneous scattering length 

density, α is the second moment of the density fluctuations and β is the first moment of the 

density fluctuations. For two component systems with different scattering length densities, 

the term α relates to the distribution of scattering length densities relative to the center of 

mass (CM) of the complex, and the term β provides the separation of the scattering CM of 

the two components (Moore, 1982). A Stuhrmann plot (Ibel & Stuhrmann, 1975) of 

versus Δρ−1 (Eq. 10) is used to determine Rm, α, and β. If the plot is linear, then β = 0 and 

the CM of the two components are concentric. In this case, the sign of the slope of the line, 

α, is an indication of whether the component with the higher scattering length density is on 

the interior or exterior of the complex. In practice, it is not always easy to distinguish 

between a linear and a parabolic Stuhrmann plot, especially if α is close to zero and if Rg 

values are not available close to the individual match points of the two components.

Similar information can be obtained from the parallel axis theorem

(11)

where R1 and R2 are the radii of gyration of the components and DCM is the distance 

between the scattering CM (Engelman & Moore, 1975). Here,

(12)
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where Δρi and Vi refer to the individual components and Δρ and V refer to the complex. The 

parallel axis theorem provides the radii of gyration of the components directly, whereas they 

are calculated from the definitions of α and β when the Stuhrmann analysis is used (Whitten 

et al., 2008).

2.6 Separating the scattering intensities in a two-component complex

The scattering intensity from a two-component system with different scattering length 

densities can be approximated by (Whitten et al., 2008)

(13)

where I1(q) and I2(q) are the scattering intensities of components 1 and 2, respectively, and 

I12(q) is the scattering intensity due to the interference between the two components that 

occurs because they have different scattering length densities. I1(q) and I2(q) are related to 

the shapes of the two components and I12(q) is related to their spatial distribution. For a 

given set of measured contrast variation intensities, I(q), and known values for the contrasts, 

Δρ1 and Δρ2, the three unknowns, I1(q), I2(q) and I12(q), are found by solving Eq. 13 

simultaneously at all contrasts.

This analysis can be a useful tool to model each component separately and then put them in 

the proper position with respect to each other in the complex. Data must be obtained at a 

minimum of three contrasts to solve for the three unknowns in Eq. 13. However, in practice, 

successful studies have employed at least five contrast points and high quality data were 

obtained at the match points of the individual components. This method worked particularly 

well in a recent study of a kinase, KinA, in complex with an inhibitor, Sda (Whitten et al., 

2007).

2.7 Structure modeling

Both SAXS and SANS are being used for structural determination of large protein 

complexes and for proteins containing flexible regions in solution. Many options are 

available for modeling multimeric protein complexes using a combination of rigid body and 

atomistic approaches, as described in recent reviews (Putnam, Hammel, Hura, & Tainer, 

2007; Rambo & Tainer, 2010). The SASSIE software suite (Curtis, Raghunandan, Nanda, & 

Krueger, 2012) is one tool that is available to assist in the atomistic and rigid body modeling 

of the structures of biological molecules for comparison to SAXS and SANS data. SASSIE 

allows users of these techniques access to molecular dynamics, Monte Carlo, docking and 

rigid body modeling methods to assist in structure modeling and assessment of how well the 

models fit the data. Constraints can be incorporated from other techniques such as NMR and 

AUC. For example, SASSIE has been used for the structure modeling of intrinsically 

disordered monomeric proteins (Curtis et al., 2012), large protein complexes (Krueger, Shin, 

Raghunandan, Curtis, & Kelman, 2011; Krueger, Shin, Curtis, Rubinson, & Kelman, 2014) 

and single-stranded nucleic acids (Peng, Curtis, Fang, & Woodson, 2014). It has been also 

been applied to the study of monoclonal antibodies using free energy analysis (Clark et al., 
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2013). A web version is available (“SASSIE-web : Beta,”) for ease of access and to handle 

the intensive computational requirements of the structural modeling and data analysis.

For a two-component complex, SANS and contrast variation experiments provide the added 

structural information from the individual components as constraints for modeling the entire 

complex. If obtainable, the scattering intensities of the separate components (Eq. 13) can be 

helpful for the modeling of the individual components and for construction of the model 

structure for the entire complex (Whitten et al., 2008). However, the Rg and CM distance 

constraints found by the Stuhrmann (Eq. 10) and parallel axis theorem (Eqs. 11 and 12) 

analyses add unique information that can be used in the modeling process even in the 

absence of the component scattering intensities. Often, structural information for one or both 

of the components alone in solution is used as a starting point for their structures in the 

complex.

Structure models that fit the SANS data at all contrasts take full advantage of the 

information content of the contrast variation data set. Whether or not models are constructed 

from the scattering intensities of the separate components, the model structures should 

always be judged against the entire contrast variation data set. Working model structures are 

tested against the data by calculating SANS curves from the model structures and comparing 

them to the measured SANS curves at all contrasts. The model structures are then revised as 

necessary to obtain the best global fit to the entire SANS contrast variation data set.

3. MATERIALS AND METHODS*

3.1 uOMP and Skp expression and purification

The uOMPs were cloned and expressed to inclusion bodies as previously described, except 

that no detergent was included in the inclusion body washes (Burgess et al., 2008). 

Deuteration of the uOMPs was accomplished at the NIST/University of Maryland 

Biomolecular Labeling Laboratory (BL2). To produce the deuterated uOMPs, the OMP 

genes were re-cloned into the kanamycin-resistant pet28 vector. Expression was performed 

with HMS cells in deuterated M9 media, containing 60 % D2O. After OD600 ≈ 0.6 was 

reached, expression was induced with 1 mMoles L−1 (mM) IPTG and the cells were allowed 

to grow overnight at room temperature. Deuterated inclusion bodies were prepared with the 

same buffers as for the hydrogenated inclusion bodies. Inclusion bodies were subsequently 

stored at −20 °C.

The inclusion bodies were dissolved in 20mM Tris (pH 8), 8.0 M urea, and, after 

centrifugation at 18,000 rpm (1 rpm = 1/60 Hz) in a Beckman J2-MI with a type 21 rotor for 

1 h, the clarified supernatant was stored at −80 °C until use. The uOMP concentrations were 

determined using their calculated extinction coefficient. The respective coefficients used 

were 52955 M−1 cm−1 for OmpA and 39420 M−1 cm−1 for OmpW.

*Certain commercial equipment, instruments, or materials are identified in this paper to foster understanding. Such identification does 
not imply recommendation or endorsement by the National Institute of Standards and Technology, nor does it imply that the materials 
or equipment identified are necessarily the best available for the purpose.
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The expression and purification of Skp has been previously described (Moon et al., 2013). 

Briefly, the E. coli skp gene (GeneID 944861) was amplified by using the following primers: 

AGGAGATATACCATGGCTGACAAAAT and GTGATGGTGATGTTTAACCTGTTTCA, 

and was inserted by ligation-independent cloning into the pOPINE expression vector 

(Berrow et al., 2007). The resultant plasmid (NZ100) was then transformed into BL21 (DE3) 

pLysS E. coli (Novagen) for expression of Skp with a C-terminal six-histidine tag. Typically, 

2XYT media supplemented with 1 % glucose was inoculated from a frozen cell stock and 

grown overnight at 37 °C. After 1/50 dilution into fresh media, Skp expression was induced 

3 h later with 1 mM IPTG and continued at room temperature for 20 h. Cells were harvested 

by centrifugation and stored at −20 °C for future use. The frozen cell pellet was resuspended 

in buffer A [50 mM Tris, pH 8, 500 mM NaCl, 10 % (v/v) glycerol, and 20 mM imidazole] 

with one Complete EDTA-free protease inhibitor tablet (Roche) per 50 mL buffer and 

DNase I (Sigma). Cells were lysed by sonication and cell debris removed by centrifugation 

at 19000 rpm in a size 21 rotor in a Beckman J2-MI centrifuge. The supernatant was applied 

to a pre-equilibrated Nickel Sepharose High Performance column (GE Healthcare) and 

washed multiple times with buffer A (without glycerol). Then, recombinant protein was 

eluted by addition of a mixture of 50 % (v/v) buffer A and 50 % (v/v) buffer B (50 mM Tris, 

pH 8, 500 mM NaCl, and 500 mM imidazole). Pooled fractions were subjected to gel 

filtration on a Superdex 200 10/300 GL column (GE Healthcare) and equilibrated in GF 

buffer (20 mM Tris (pH 8) and 200 mM NaCl) for SANS measurements. When required, the 

SANS buffer was also prepared with D2O instead of H2O. Because the 1 M Tris (pH 8) 

stock did not contain deuterium, this buffer contained 98 % (v/v) D2O and 2 % (v/v) H2O 

(98 % D2O buffer). The Skp trimer concentration was determined using a calculated 

extinction coefficient (ε280 = 4,470 M−1 cm−1). Nominal Skp concentrations employed were 

5.3 mg/mL in H2O (0 % D2O) buffer and 3.6 mg/mL in 98 % D2O buffer.

3.2 Formation of Skp-uOMP complex

The concentration of Skp and uOMP were adjusted so that the uOMP in urea was ≈10 times 

more concentrated than Skp trimer in GF buffer. The Skp-uOMP complex was then 

assembled by dropwise addition of the uOMP solution until the first signs of precipitation 

were observed. The final urea concentration was estimated to be less than 1 M. At each 

addition of uOMP, the solution was checked for aggregation. After 30 minutes incubation at 

room temperature, the complex sample was repeatedly diluted two-fold with GF buffer every 

ten minutes, until the final urea concentration was under 0.1 M. Any aggregates were 

removed with a 0.22 μm filter and the protein was concentrated to between 2 mg/mL and 5 

mg/mL with an Ultra-15 Ultracel 30 k Centrifugal Filter (Millipore UFC903024) prior to 

being purified on a Superdex 200 10/300 GL column (GE Healthcare) equilibrated in GF 

buffer. Fractions containing the Skp-uOMP complex were identified from their OD230/

OD280 ratio, and the expected stoichiometry was confirmed by SDS-PAGE. The complex 

was assembled in hydrogenated GF buffer before being also purified by size exclusion 

chromatography into the deuterated GF buffer.

Prior to data collection, the Skp-uOMP complex was concentrated. Final D2O 

concentrations were obtained by diluting with the appropriate D2O and H2O GF buffers. The 
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resultant protein concentration was estimated from calculated extinction coefficients. The 

protein complexes were stored at 4°C and used within 24 h after gel filtration.

3.3 SANS data collection

SANS measurements were performed on the NG3 30 m SANS instrument (Glinka et al., 

1998) at the NIST Center for Neutron Research (NCNR) in Gaithersburg, Maryland. The 

neutron wavelength, λ, was 6 Å, with a wavelength spread, Δλ/λ, of 0.15. Scattered neutrons 

were detected with a 64 cm × 64 cm two-dimensional, position-sensitive detector with 128 × 

128 pixels at a resolution of 0.5 cm/pixel. Data reduction was accomplished using Igor Pro 

software (WaveMetrics, Lake Oswego, OR) with SANS macros developed at the NCNR 

(Kline, 2006). Raw counts were normalized to a common monitor count and then corrected 

for empty cell counts, ambient room background counts, and non-uniform detector response. 

Data were placed on an absolute scale by normalizing the scattering intensity to the incident 

beam flux for each individual pixel. Finally, the data were radially averaged to produce the 

scattering intensity I(q) to plot as I(q) versus q curves. Sample-to-detector distances of 5.0 m 

and 1.5 m were used in order to cover the range of 0.01 Å−1 ≤ q ≤ 0.4 Å−1. The I(q) versus q 

scattering data obtained at the two instrument configurations were merged using the NCNR 

SANS reduction software (Kline, 2006). The I(q) versus q scattering data for the buffer was 

then subtracted from the data for the corresponding sample. The q-range covered by the data 

after buffer subtraction was dependent on the H2O/D2O ratio in the buffer.

3.4 Match point and contrast variation data analysis

Determination of I(0) and Rg were performed using the Guinier approximation (Eqs. 6 and 

7). The GNOM program (Semenyuk & Svergun, 1991) was used to determine the distance 

distribution function (Eq. 8) to further confirm the Rg and I(0) values. Theoretical Δρ1 and 

Δρ2 values were calculated for the Skp and uOMP components and theoretical 

values were calculated for the complexes as a function of fD2O from the protein sequences 

using the Contrast Calculator (Sarachan et al., 2013) module of the SASSIE (Curtis et al., 

2012) software assuming different percentages of deuteration for the OmpW and OmpA. 

The  values were compared to those obtained from the Guinier analysis, allowing 

for experimental verification of the complex match point and the amount of deuteration of 

the uOMP component in the measured samples. The match points of the individual 

components were then calculated from linear fits to Δρ1 versus fD2O and Δρ2 versus fD2O.

Both the Stuhrmann and parallel axis theorem analyses were performed using the program 

MULCh (Whitten et al., 2008). The contrasts and volumes were determined from the protein 

and buffer compositions and the radii of gyration and CM distances were determined using 

the Guinier Rg and I(0) values obtained from the data.

3.5 Molecular dynamics (MD) simulation of Skp-OmpA complexes

The Skp homotrimer was modeled from the Skp crystal structure (PDB ID 1SG2) 

(Korndörfer et al., 2004). The missing residues were included based on 3-fold symmetry 

considerations. The tentacles of the Skp homotrimer were then splayed out to specific 
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separations using biased molecular dynamics with NAMD (Phillips et al., 2005). A 

collective variable consisting of the distance between two groups defined as the α-carbon 

atoms of residues 35 to 80 in adjacent Skp monomers was defined. Then a harmonic 

potential with force constant 3.0 kcal mol−1 Å−2 was applied to the centers of the collective 

variable groups to bias the distance between adjacent tentacles to defined values. 

Simulations were done in vacuo using the CHARMM 22 force field parameters (MacKerell, 

et al., 1998). Stable distances were achieved in 10,000 steps of 1 fs. An ensemble of Skp 

homotrimer structures with separation distances of 10 Å to 119 Å at the tips of the helices 

and corresponding Rg values of 28.5 Å to 39.4 Å was generated.

Because the PP domain of OmpA folds as an independent unit (Danoff & Fleming, 2011) 

and is folded when it is in complex with Skp (Walton et al., 2009), all-atom model structures 

of OmpA were constructed with an unfolded, but collapsed TM domain and natively folded 

PP domain as follows: A homology model of the E. coli PP domain (residues 187 to 316) 

was generated using Swiss-Model (Schwede, Kopp, Guex, & Peitsch, 2003). An extended 

structure (θ = −78, φ = 149) containing the TM domain sequence of E. coli OmpA (residues 

1 to 186) was built using PyMOL (The PyMOL Molecular Graphics System, Version 1.7.4 
Schrödinger, LLC.). This extended structure was partially collapsed using a torsion angle 

Monte Carlo procedure developed at Johns Hopkins University (“REDUX,”), resulting in an 

ensemble of structures with Rg values of 34 Å to 36 Å. These partially collapsed TM domain 

structures were manually connected to the above homology model of the PP domain. The 

combined TM-PP domain models were solvated with TIP3 water, neutralized with 0.2 M 

NaCl and subjected to standard molecular dynamics equilibration using NAMD (Phillips et 

al., 2005) with the CHARMM 22 force field (MacKerell, et al., 1998). Successive rounds of 

equilibration with decreasing Rg potentials were carried out using the collective variables 

module in NAMD. Two of the resulting structures, one with a Rg of 42 Å and one with a Rg 

of 39 Å, were chosen for manual docking in PyMOL to the Skp models described above. 

Inspection of the docked structures suggested that the Skp model with Rg = 34 Å and tip 

separation of 46 Å fit the OmpA models best. Finally, two Skp-OmpA complex models with 

different orientations of the OmpA docked to Skp were solvated with TIP3 water, 

neutralized with 0.2 M NaCl and subjected to equilibration with standard MD using NAMD 

and the CHARMM 22 force field. The equilibrated complex model M1 contains Skp with 

Rg = 31.2 Å (S1) and OmpA with Rg ≈ 43 Å and complex model M2 contains Skp with Rg 

= 32.5 Å (S2) and OmpA with Rg ≈ 30 Å.

3.6 Modeling of the Skp-uOMP complexes

Even though SANS is a low-resolution structural method, high-resolution structures derived 

from X-ray crystallography and NMR (along with MD and geometrical models) can be 

positioned to fit the SANS data in order to produce quasi-atomic structural models. 

Although the crystal structure of Skp is available, the bound uOMP TM domains were found 

to be unfolded when bound to Skp (Burmann & Hiller, 2012; Walton et al., 2009). There is 

also no available data that links a specific region of Skp to a specific region of uOMP 

(Callon et al., 2014). There is moreover intrinsic interplay of different regions of the uOMP 

on binding Skp. For example, in the case of PhoE, its N-terminal region is important for Skp 

binding, but its influence is strongly modulated by the OMP’s C-terminal region (Harms et 
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al., 2001). Therefore, OmpW and the TM portion of OmpA were modeled by a prolate 

ellipsoid of uniform scattering length density.

The ellipsoid is the simplest model, i.e., a single geometric shape, that can be used to 

describe the uOMP TM domains, and it is adequate for the fitting of the SANS data, 

especially in the Guinier region. However, it should be noted that other options such as bead 

models, rigid body models consisting of multiple geometric shapes and allatom models can 

be more useful under certain circumstances. Such models are generally less symmetric than 

single geometric shapes and may better represent the overall shape of the biological 

molecule, especially at the shorter length scales on the order of 10 Å. This is especially 

important for fitting SAXS data, which usually have better signal-to-noise than SANS data 

at q values beyond the Guinier range (Putnam et al., 2007; Rambo & Tainer, 2010). All-atom 

models provide the additional advantage of allowing modern MD methods to be employed 

to generate biologically relevant structures for comparison to SANS and SAXS data. For this 

reason, an all-atom model of Skp-OmpA was also tested against the SANS data, as is 

discussed later.

The prolate ellipsoid used for the TM domain of the uOMPs in both complexes was found 

by testing models of Skp and OmpW that best fit the Skp-OmpW contrast variation data. 

Three models were tested in which the axes were adjusted to create ellipsoids with Rg values 

of 21 Å, 24 Å and 27Å, (e21, e24 and e27, respectively) which match the range of possible 

Rg values found for bound OmpW, and volumes that essentially filled the Skp cavity, as 

suggested by both the I(q) and P(r) curves as a function of contrast. The ellipsoids were 

paired with Skp S1 and S2, from the M1 and M2 Skp-uOMP models described above and 

oriented such that the long axis was parallel to that of Skp. The CM distance between Skp 

and OmpW was varied for each model to correspond to a range calculated based on the Rg 

of Skp and the Rm value of the complex determined by the Stuhrmann and parallel axis 

theorem analyses. To reduce the Rg value of Skp to better match that obtained from the Skp-

OmpW data, the S2 Skp structure was minimized for 1000 steps, subjected to a 10 ps MD 

simulation in vacuo, and then minimized again for 1000 steps using NAMD (Phillips et al., 

2005), resulting in Skp model S3.

To determine how well each model represented the experimental SANS data, SANS curves 

were calculated from each of the model structures using the programs SIMUL and SCAT 

(Hansen, 1990) as well as Xtal2sas (Heidorn & Trewhella, 1988; S. Krueger et al., 1998). 

These curves were then compared to the Skp-OmpW SANS data to evaluate which Skp-

OmpW model best fit the data. SIMUL was used to build the OmpW ellipsoid and to 

populate it randomly with points of uniform scattering contrast, Δρ, corresponding to that of 

the deuterated OmpW and the D2O composition of the buffer. Xtal2sas was used to read the 

atomic coordinates of the Skp structure (in PDB format) and to populate the structure 

randomly with points of scattering contrast that matched that of the amino acid residue in 

which the point was located. Care was taken to insure that the two volumes (Skp and 

OmpW) were filled with the same number density of points. SCAT was then used to 

calculate the scattering intensity of the complex, first by calculating P(r) as a function of r, 
using the contrast values associated with each scattering point, and then by performing a 

Fourier transform of P(r) to obtain I(q) as a function of q.

Zaccai et al. Page 14

Methods Enzymol. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The calculated SANS curves were compared to the data at each contrast and goodness of fit 

was determined using the χ2 equation

(14)

where Iexp(q) is the experimentally determined SANS intensity curve, Icalc(q) is the 

calculated intensity curve from the model structure and σexp(q) is the q-dependent error of 

the Iexp(q) values. The sum was taken over N = 60 data points. The goodness of fit to the 

entire contrast variation data set was determined by the average χ2 value

(15)

where N is the number of contrast variation I(q) versus q scattering curves and  is the χ2 

value for the ith scattering curve.

Once reasonable models for the Skp-OmpW complex were found, the Skp-OmpA complex 

was modeled using an ellipsoid of the same dimension for the TM portion of OmpA as 

found for OmpW. Guided by the structure of a closely-related protein (PDB ID 1R1M) 

(Grizot & Buchanan, 2004), the PP domain of OmpA was built using Swiss-Model 

(Schwede et al., 2003) with ≈ 10 disordered residues of OmpA added at the N-terminus 

using the PSFGEN module of NAMD (Phillips et al., 2005) to act as a ‘tether’. Significantly, 

this and other OmpA-like structures (PDB ID 2K1S) (Ramelot et al.) and (PDB ID 2L26) 

(Li et al., 2012) have similar three-dimensional folds and theoretical Rg values.

Several models were tested in which the position of the TM domain of OmpA and the 

location at which the PP domain of OmpA was ‘tethered’ approximately satisfied the Rg and 

CM distance parameters obtained from the Stuhrmann and parallel axis theorem analyses. 

The Complex Monte Carlo module in SASSIE (Curtis et al., 2012) was used to allow the 

disordered region of the PP domain of OmpA to vary to generate ensembles of structures 

from the starting Skp-OmpA structures for comparison to SANS data. Accepted (non-

overlapping) configurations were generated by sampling backbone dihedral angles using 

CHARMM-22 all-atom protein force field parameters (MacKerell, et al., 1998). The new 

configuration was checked for overlap of basis atoms, which were chosen as α-carbon atoms 

in this case. If the overlap distance between basis atoms was ≥ 3 Å, the new structure was 

accepted. Every 20th accepted structure was selected for further analysis in order to 

eliminate correlated dihedral angle moves.

A Skp-OmpA model with an all-atom representation of the TM domain of OmpA was also 

tested against the SANS data. Torsion-angle MD (J. Chen, Im, & Brooks, 2005) was 

performed on the TM domain of OmpA (residues 1 to 171) from the M2 SkpuOMP model 

described above in order to increase the Rg to match the value obtained for OmpW from the 
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Skp-OmpW contrast variation data. This region was oriented such that the long axis was 

parallel to that of S3 Skp, with the C-terminal region near the top of the Skp trimer. The PP 

domain of OmpA, as well as the disordered residues between the TM and PP domains and at 

the C-terminus, were then added using the PSFGEN module in NAMD (Phillips et al., 2005) 

to form the complete OmpA molecule (residues 1 to 326). The structure of the entire S3-

OmpA complex was minimized using 1000 steps, subjected to a 10 ps MD simulation in 
vacuo to insure its stability, and then minimized again using 1000 steps, using NAMD 

(Phillips et al., 2005). The Complex Monte Carlo module in SASSIE (Curtis et al., 2012) 

was used to explore possible conformations of the PP domain of OmpA as described above.

SANS curves were calculated for the ensembles of Skp-OmpA model structures as a 

function of contrast as described above for the Skp-OmpW models. In this case, Xtal2sas 

was also used to populate the PP domain of the OmpA structure (or both the PP and TM 

domains of OmpA in the all-atom model) with points of scattering contrast that matched that 

of the amino acid residue in which the point was located. Care was taken to insure that the 

volumes (Skp, TM-OmpA and PP-OmpA) were filled with the same number density of 

points. Goodness of fit to the SANS data was determined using the same χ2 relations as 

above.

Examination of a plot of χ2 versus Rg at each individual contrast, or χ2(avg) versus Rg(avg) 

for the entire contrast variation data set, provides an idea of how well the individual 

structures generated from each starting structure fit the data as well as which starting 

structure produces the overall best fit to the data. The best-fit (lowest χ2(avg)) and worst fit 

(highest χ2(avg)) model SANS curves were noted for each case, along with the average 

model SANS curve from the entire ensemble of accepted structures. These curves were 

plotted along with the experimental SANS data to aid in the visualization of the quality of 

the fits to the data. Surface density plots representing the total configuration space examined 

by all of the accepted structures were generated and compared to that representing the best-

fit family of structures in each case. The best-fit family of structures was chosen based on 

those giving the lowest ≈ 10 % of the χ2(avg) values for each series. This cutoff was chosen 

arbitrarily based on the shape of the χ2(avg) versus Rg(avg) curves and used to analyze the 

results further.

4. RESULTS

4.1 SANS data

The SANS data for Skp alone in 0 % D2O and 98 % D2O buffers are shown in Figure 2. 

Guinier analysis of the data resulted in Rg values of 34 Å ± 2 Å in 0 % D2O buffer and 32.9 

Å ± 0.3 Å in 98 % D2O buffer. The Guinier-derived I(0) values of 0.125 cm−1 ± 0.005 cm in 

0 % D2O buffer and 0.160 cm−1 ± 0.002 cm−1 in 98 % D2O buffer agree well with the 

calculated values of 0.14 cm−1 and 0.15 cm−1, respectively, using Eqs. 4 and 5 along with 

the Mw calculated from the Skp sequence. This verifies that Skp is a trimer in solution, in 

agreement with the crystal structures (Korndörfer et al., 2004; Walton & Sousa, 2004).

Four SANS datasets were collected on both the Skp-OmpW and Skp-OmpA complexes. The 

Skp-OmpW data were collected in buffers with 0 %, 30 %, 80 % and 98 % D2O while the 
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Skp-OmpA data were collected in buffers with 0 %, 15 %, 30 % and 98 % D2O, as shown in 

Figure 3, along with their corresponding distance distribution functions, P(r) versus r. The 

Rg and I(0) values obtained from both Guinier and P(r) analyses are listed in Tables 1 and 2 

for Skp-OmpW and Skp-OmpA, respectively.

4.2 Match Point analysis and quantification of Omp deuteration

 versus fD2O plots using the Guinier-derived values in Tables 1 and 2 are shown for 

the Skp-OmpW and Skp-OmpA complexes in Figure 4, along with the calculated curves 

assuming different percentages of deuteration for the uOMP component (30 %, 40 % and 

50 % deuteration for OmpW and 40 %, 50 % and 60 % deuteration for OmpA). The match 

point for the Skp-OmpW complex was found to be 51 % D2O ± 2 % D2O, while that for the 

Skp-OmpA complex was found to be 57 % D2O ± 2 % D2O.

It can be seen from Figure 4a that the  values for Skp-OmpW as a function of fD2O 

fall closer to the curve for 30 % deuteration of OmpW. This value seems low given that 

OmpW was grown in a medium with a starting value of 60 % D2O. The data point for 0 % 

D2O buffer does match that for 50 % deuterated OmpW. On the other hand, the 

values for Skp-OmpA as a function of fD2O fall mainly on the curve for 50 % deuterated 

OmpA, which seems more reasonable given the starting value of 60 % D2O in the growth 

medium. The data point for 98 % D2O agrees better with the 40 % deuterated OmpA curve. 

It is possible that the concentration estimated by extinction coefficients is higher than the 

actual concentration of the complex during the SANS measurement, resulting in a 

value that is low for this data point. Given the results shown in Figure 4b, the amount of 

deuteration for OmpA was estimated at 50 % ± 5 %. There is no compelling reason why the 

amount of deuteration should be different in OmpW and OmpA, as they were prepared 

under the same conditions. Because using either 30 % or 50 % for the amount of deuteration 

for OmpW did not change the subsequent Stuhrmann and parallel axis theorem analyses 

results significantly, 50 % ± 5 % deuteration was also estimated for OmpW. Given this value 

for both OmpW and OmpA, the match points of the Skp-OmpW and Skp-OmpA complexes 

were calculated to be 55 % D2O ± 2 % D2O and 60 % D2O ± 2 % D2O, respectively. 

Additionally, the match points of the components were determined to be 44 % D2O for Skp 

and 80 % D2O ± 7 % D2O for OmpW and OmpA.

The results in Figures 4a and 4b indicate that the Skp-uOMP complexes were present in all 

samples analyzed and were formed by three Skp monomers bound to a single uOMP. This 

stoichiometric ratio is consistent with previous binding data (Moon et al., 2013; Qu et al., 

2007). It is important to emphasize that no urea was present, and without Skp, the uOMPs 

would have precipitated over the course of the SANS data collection.
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4.3 Stuhrmann and parallel axis theorem analyses

Both Sturhmann and parallel axis theorem analyses were performed on the contrast variation 

SANS data and the results are listed in Tables 3 and 4, respectively. 50 % deuteration was 

assumed for both OmpW and OmpA, with the Δρ values calculated accordingly for each 

contrast.

Rg changes very little as a function of contrast for the Skp-OmpW complex. Therefore, Rg2 

versus Δρ−1 is nearly flat and the fit to Eq. 10 results in large uncertainties for both α and β. 

A similar argument can be made for fits to Eq. 11. As a result, these analyses only allow 

determination of Rg for the Skp component of the complex, while Rg for the OmpW 

component and the CM distance, DCM, have large uncertainties. Importantly, Rm, the radius 

of gyration of an equivalent complex of uniform scattering length density, is also well 

determined from the Stuhrmann analysis (Eq. 10). Thus, three possible Rg (OmpW) versus 

DCM curves were calculated from Eq. 10 using the well-determined values obtained for Rg 

(Skp) and Rm (along with the values obtained by adding and subtracting their corresponding 

errors) and the results are shown in Figure 5. This information was used to constrain the size 

of OmpW and the CM distance between Skp and OmpW in the Skp-OmpW model 

structures as described below.

Conversely, the change in Rg as a function of contrast is more pronounced for the Skp-

OmpA complex. Thus, Rg for both Skp and OmpA, as well as DCM, were well determined in 

this case and these values were used directly to build the starting model structures for the 

Skp-OmpA complex.

4.4 Skp structure in solution

Figure 6a shows the starting model for Skp based on the x-ray crystal structure as described 

in Materials and Methods. The calculated Rg based on the atomic coordinates is 30.6 Å. This 

is about 3 Å smaller than the Guinier-derived Rg. The model structure obtained after the Rg-

constrained MD simulation, shown in Figure 6b, has a calculated Rg of 33.5 Å, in good 

agreement with the Guinier-derived Rg value. Importantly, the Skp β–strand ‘body’ through 

which oligomerization occurs did not alter in conformation between the two models. This 

region merely served as a ‘hinge’ point for the opening of the Skp helical tentacles. This 

structural pivot was also identified from NMR data collected from the OmpX-Skp complex 

(Burmann et al., 2013).

4.5 Skp-OmpW structure in solution

The fact that Rg does not change appreciably with contrast for the Skp-OmpW complex 

means that the Rg values of the two components are close to each other. Thus, a number of 

possible values for Rg (OmpW) and CM distance, DCM, in Figure 5 can be ruled out, given 

the Rg (Skp) and Rm values from the Stuhrmann analysis in Table 3. Several model 

structures were tested with Skp structures S1, S2 and S3, with Rg values of 31.2 Å, 32.5 Å 

and 31.6 Å, respectively, OmpW represented by e21, e24 and e27 ellipsoids with Rg values 

of 21 Å, 24 Å and 27 Å, respectively, and DCM in the range of 25 Å to 30 Å. Representative 

model structures tested are pictured in Figure 7 and are listed in Table 5, along with the Rg 

values of the individual components and the CM distance between them.
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Table 1 shows that Rg is largest for the Skp-OmpW complex in 0 % D2O buffer and it is 

about 1 Å smaller in 98 % D2O. A comparison of these results with those in Table 30 6, 

which lists Rg as a function of contrast for the model structures, shows that only model 

S1e27 satisfies this requirement. However, Rg in 80 % D2O is slightly low in this model. 

This means that the Rg value for Skp is slightly too small, because Skp dominates the 

scattering at this contrast. Furthermore, the S1 Skp structure is too symmetric, as can be see 

in Figure 8a, which shows the model SANS curves for S1, S2 and S3 Skp. The curve for S1 

Skp (shown in the S1e27 complex in Figure 7) shows a pronounced peak at q ≈ 0.15 Å−1 

that is not observed in the data, which is due to the 3-fold symmetry of the three tentacles. 

Even the S2 Skp model (shown in the S2e21 and S2e27 complexes in Figure 7) results in a 

SANS curve that shows some structure at this q value, which was reduced substantially by 

performing a 10 ps MD simulation in vacuo, as described in Materials and Methods, to 

create the less symmetric S3 Skp (shown in the remaining complexes in Figure 7). In 

addition, the model SANS curve for an ellipsoid with Rg = 27 Å features a strong peak at q 
≈ 0.18 Å−1, since ellipsoids are highly symmetric structures. The peak is less pronounced 

for ellipsoids of smaller Rg, as shown in Figure 8b.

Given these results, model structures with S1 Skp and e27 ellipsoids do not represent the 

data well. Model S2e21, consisting of S2 Skp and the smaller e21 ellipsoid with Rg = 21 Å, 

also is not a good representation of the data; the Rg is larger in 98 % D2O than in 0 % D2O 

and Rg in 30 % D2O is too small, indicating that the e21 ellipsoid is too small, because 

OmpW dominates the scattering at this contrast.

On the other hand, a reasonable working model of the structure of Skp-OmpW in solution 

was obtained using S3 Skp and the e24 ellipsoid with Rg = 24 Å, with the two components 

positioned such that DCM ≈ 30 Å to satisfy the blue curve in Figure 5 in which Rg(skp) = 

31.6 Å and Rm = 32.3 Å. While Rg in 98 % D2O is not smaller than that in 0 % D2O, the 

two values are equal and the discrepancy may be due to the CM distance, DCM, being 

slightly too large. Several views of S3e24 are shown in Figure 9, which also shows the 

location of the CM for both the Skp and OmpW components.

Model SANS curves from S3e24 are shown along with the data in Figure 10. They agree 

well with the data for all contrasts below q = 0.1 Å−1, beyond which the data for 30 % D2O 

and 80 % D2O become too noisy for comparison. The model SANS curves for 0 % D2O and 

30 % D2O show a peak at q ≈ 0.18 Å−1 that is not seen in the data due to the symmetry of 

the ellipsoid model for OmpW.

4.6 Skp-OmpA structure in solution

Starting model structures for Skp-OmpA were constructed based on the working model for 

Skp-OmpW above, incorporating the e24 ellipsoid to represent the TM domain of OmpA. 

The ellipsoid was positioned in the same location as for the Skp-OmpW model and also 

higher in the Skp cavity for comparison. The PP domain of OmpA was tethered near the 

center of the Skp cavity in slightly different positions as described in Materials and Methods 

such that the starting values of Rg (OmpA), including both the TM and PP domains, and 

DCM approximately agreed with the values obtained in Tables 3 and 4. The starting values of 
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these parameters did not need to be exact because the PP domain would be repositioned 

during the SASSIE runs to find the best-fit structures to the data.

Representative starting models for Skp-OmpA are shown in Figure 11, including an all-atom 

model, in which the residues at the N-terminus of the PP domain are located high in the Skp 

cavity. The starting Rg values are shown as a function of contrast in Table 7. Model 

S3e24PP1 was not pursued further because the Rg values at all contrasts are too small and 

the disordered residues that tether the PP domain are shorter than in the other models. Thus, 

structures with larger Rg values were unlikely to be generated during the SASSIE runs. 

Short SASSIE runs producing a few hundred structures were performed on the rest of the 

starting model structures. Models S3e24PP2 and S3e24PP3 were found to be subsets of 

S3e24PP4 and S3e24PP5, respectively. Thus, longer SASSIE runs were only performed on 

models S3e24PP4 and S3e24PP5.

SASSIE runs performed on models S3e24PP4, S3e24PP5 and the all-atom model, S3-

OmpA, produced 1650 accepted structures for S3e24PP4 and S3e24PP5 and 2144 accepted 

structures for S3-OmpA. χ2 versus Rg plots are shown as a function of contrast for models 

S3e24PP4 and S3e24PP5 in Figure 12. The larger χ2 values observed for the model SANS 

curves in 98 % D2O indicate that the S3 model for Skp does not describe the data as well for 

Skp-OmpA as it does for Skp-OmpW. Although the match point of the uOMPs is around 

80 % D2O, the scattering from this component is still relatively weak in 98 % D2O 

compared to that of the Skp component. Thus, the differences in the 98 % D2O data can be 

ascribed mainly to the structure of Skp. The 98 % D2O data for Skp-OmpA (Figure 3b) 

shows a distinct peak at q ≈ 0.18 Å−1, whereas the data at the same contrast for Skp-OmpW 

(Figure 3a) lacks this peak. Thus, the structure of Skp bound to OmpA is more symmetric 

with respect to the location and shape of the three tentacles. This leads to the conclusion that 

a model more like S1 Skp, but with a larger Rg value more like S3 Skp, would result in a 

better fit of the Skp-OmpA models to the 98% D2O data.

The χ2(avg) versus Rg(avg) plots for both the S3e24PP4 and S3e24PP5 model structures are 

shown in Figure 13. Better χ2(avg) values are obtained for Rg(avg) > 34 Å for model 

S3e24PP5, although there are not as many structures with Rg(avg) > 38 Å, represented by 

the rectangular region, which denotes the lowest ≈ 10 % of χ2(avg) values. The χ2(avg) 

values in this best-fit region are lower for S3e24PP5, suggesting that the TM domain of 

OmpA sits higher in the Skp cavity in the Skp-OmpA model than OmpW in the Skp-OmpW 

model.

χ2 versus Rg plots are shown as a function of contrast for the all-atom Skp-OmpA model 

structure in Figure 14. A comparison to Figure 12 reveals the same high χ2 values in 98 % 

D2O, as expected because the S3 model for Skp was used in both cases. On the other hand, 

the χ2 values overall are smaller at all contrasts compared to the S3e24PP5 model. The same 

is true for the χ2(avg) versus Rg(avg) plot for Skp-OmpA in Figure 15, which shows lower 

χ2(avg) values overall in the best-fit region where Rg(avg) is between 37 Å and 41 Å. While 

this model shows only one of many possible configurations for the TM domain of OmpA, it 

does provide an example of an alternate tethering strategy, and thus a different region of 
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conformation space, for the PP domain of OmpA than is represented by S3e24PP4 or 

S3e24PP5.

Plots of the data at each contrast compared to the calculated S3e24PP5 SANS curves for the 

best-fit and worst-fit structures, as well as the average SANS curve for the entire ensemble, 

are shown in Figure 16. As explained earlier, the discrepancy between the calculated SANS 

curves and the SANS data in 98 % D2O is due to the use of the S3 model for Skp for both 

Skp-OmpW and Skp-OmpA. The portion of the Skp-OmpA data near q ≈ 0.18 Å−1 is not 

well matched since the peak observed in this region does not exist in the Skp-OmpW data. 

Additional MD simulations were not performed on Skp to try to find Skp-OmpA models 

that better fit the 98 % D2O data, since this would have only resulted in a shift in χ2(avg) by 

a constant value in Figures 13 and 15.

Figure 16 shows that the average SANS curve for the entire ensemble of S3e24PP5 

structures fits the data almost as well as that for the best-fit single structure in each case, 

indicating that the entire generated ensemble of structures is also a reasonable fit to the 

SANS data. Similar plots are shown for the calculated S3-OmpA SANS curves compared to 

the data at each contrast in Figure 17. Again, the average curve for the entire ensemble fits 

the data almost as well as that for the best-fit single structure in each case.

The calculated SANS curves from the global best-fit individual structure are shown in 

Figure 18 at each contrast for S3e24PP5 and in Figure 19 for S3-OmpA, along with the 

corresponding global best and worst-fit structures for comparison. The resultant Rg values as 

a function of contrast for the global best-fit individual structures are listed in Table 8 and the 

Rg values for the Skp and OmpA components, as well as the CM distance, DCM, for the 

global best-fit individual structures are listed in Table 9. In agreement with the χ2(avg) 

versus Rg(avg) curves, the parameters obtained from S3e24PP5 are in better agreement with 

the data than those obtained from S3e24PP4, although the DCM value is still a little large 

compared to those obtained from the data. The parameters obtained from S3-OmpA are in 

very good agreement with those obtained from the data.

Surface density plots for S3e24PP5 and S3-OmpA showing the configuration space covered 

by the PP domain for the ensemble (grey) and the best-fit ensemble (green) are presented in 

Figure 20. Skp is shown in black and the TM domain of OmpA is in red. These plots show 

that the PP domain can assume multiple positions and still produce structures that fit the data 

well. The PP domain in S3e24PP5 was tethered such that it could occupy all positions 

shown in grey and those structures that fall in the rectangle in the χ2(avg) versus Rg(avg) 

plot (Figure 13) can take the positions shown in green. The grey areas that do not overlap 

with the green areas represent the conformations that do not fall in the rectangle. The PP 

domain was tethered higher within the Skp cavity in S3-OmpA, so a different part of 

conformation space was explored using SASSIE. But, the result is similar to that of 

S3e24PP5 in that there is only a small region of conformation space (the grey that is not 

overlapping with the green) that represents the conformations that don’t fall in the rectangle 

in the χ2(avg) versus Rg(avg) plot (Figure 15). Both surface density plots reveal that there is 

a portion of conformation space around Skp that is not sampled by the PP domain of OmpA.
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5. DISCUSSION

5.1 Skp alone in solution

The SANS data for Skp alone in solution are consistent with a structure similar to that of the 

Skp x-ray crystal structure (Walton et al., 2009), but with the helical tentacles more open 

resulting in a slightly larger Rg value than that for the crystal structure (Figure 6). This 

splaying of Skp is not unexpected because the tips of the helical tentacles are positively 

charged and flexible, based on the fact that two of them are missing in the x-ray crystal 

structure (PDB ID 1U2M). Also, recent NMR data from Skp-uOMP complexes 

demonstrated that residues 89 to 93, higher up the Skp tentacles closer to the body, display 

increased helicity on substrate binding and could therefore be at the pivot position for the 

splaying of the tentacles (Burmann et al., 2013). A crystal structure of the Tim 9–10 

complex (PDB ID 2BSK), also lacks density for the tentacles, possibly due to inherent 

flexibility (Beverly, Sawaya, Schmid, & Koehler, 2008; Webb, Gorman, Lazarou, Ryan, & 

Gulbis, 2006).

5.2 Skp-uOMP structure and binding mechanism

Comparison of the SANS data for Skp alone in 98 % D2O and for the Skp-OmpA complex 

in 98 % D2O confirm that the conformation of Skp when bound to OmpA is similar to that 

when it is alone in solution, although it has a smaller Rg when bound to OmpA. When 

bound to OmpW, Skp adopts a conformation with a less symmetric configuration of the 

three tentacles and with an even smaller Rg. However, the Rg value for Skp in both 

complexes remains larger than that observed for the crystal structure. These data suggest 

that, in the absence of substrate, the Skp tentacles are in an open conformation (Figure 6b); 

on binding an uOMP, Skp collapses in a clamp-like mechanism towards the more closed 

conformation represented by the crystal structure (Figure 6a). This flexibility of the Skp 

tentacles may allow for different conformations of the Skp α-helices to accommodate 

different uOMPs with TM domains larger or smaller than those of OmpW and OmpA.

The SANS data revealed that the OmpA and OmpW TM domains are unfolded, but 

constrained in size, when bound to Skp. The Rg value of the TM region (Rg ≈ 24 Å) is 

significantly larger in comparison to that calculated from the crystal structure of the folded 

TM domain (Rg ≈ 14 Å) (Hong et al., 2006; Pautsch & Schulz, 1998). A similar radius (21 

Å) was measured by NMR for paramagnetic spin-labeled OmpX that was bound to Skp 

(Burmann et al., 2013), in which case the volume occupied by OmpX was found to contain 

≈ 50 % water. Like OmpW, OmpX (16.5 kDa) folds into an 8-stranded beta barrel integral 

membrane protein (Vogt & Schulz, 1999). Significantly, if these TM domains adopted a 

random coil state, as when fully chemically denatured, the theoretical Rg would be much 

larger (Fleming & Rose, 2005). For example, the radius of OmpX in 8M urea was 

determined by NMR to be 45 Å (Burmann & Hiller, 2012). Additionally, an Rg of the 

unfolded TM domain of OmpA in solution under folding conditions can be estimated from 

the sedimentation coefficient to be 32 Å (Danoff & Fleming, 2011). This value is still 

considerably larger than the value determined by SANS, which means that Skp sequesters 

the unfolded TM domains of the uOMPs in a conformation that is smaller than they would 

naturally adopt in solution.
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The SANS analysis of Skp-OmpA and Skp-OmpW complexes suggests a model for the 

binding of the uOMP TM domains near the tips of the Skp tentacles (S3e24 in Figures 7 and 

9; S3e24PP5 and S3-OmpA in Figure 11). This region of Skp, which is also involved in the 

initial capture of OmpA (Lyu, Shao, Gao, & Zhao, 2012), is highly positively charged due to 

a large number of arginine residues. Conversely, the uOMP TM domains are typified by 

their overall negative charge with a pI ranging between 4 and 7 (Jarchow et al., 2008). The 

Skp-uOMP complex may consequently be stabilized by continued electrostatic interactions 

between the tentacle tips and the uOMP. Such a notion is supported by fluorescence studies 

that show weakening of observed binding in the presence of high salt (Qu et al., 2007).

A similar arrangement of the TM domain of OmpX was found from TROSY NMR data 

collected from a SurA-OmpX complex. The results support the notion that the OmpX TM 

domain has the same preferred conformational ensemble either in complex with Skp or with 

SurA (Burmann & Hiller, 2012). The similarity between uOMP spectra may be explained by 

the small surface area by which both these chaperones interact with uOMPs. In particular, 

SurA can bind short peptides (7–14 residues long) with a specific tripeptide motif (Bitto & 

McKay, 2003). Additionally, amino acid deletion experiments on the small Tim complexes 

(Vergnolle et al., 2005) and for prefoldin (Siegert, Leroux, Scheufler, Hartl, & Moarefi, 

2000) show the tips of their tentacles are required for substrate binding. The SANS-derived 

structures show the OmpW and OmpA TM domains are bound to Skp in a position 

analogous to the substrate bound to the prefoldin structure (Lundin et al., 2004). However, 

only the tips of the prefoldin tentacles interact with the unfolded actin and no electron 

density can be observed in the prefoldin cavity.

The model structures for Skp-OmpW and Skp-OmpA fit the SANS data best when the TM 

domain of OmpA is centered farther from the tips of the Skp tentacles, and thus closer to the 

body of Skp, than that of OmpW. In both cases, the closed conformation of Skp and the size 

and relative positions of the TM domains imply that a portion of the uOMP substrate is 

protruding outside the Skp cavity. This observation is consistent with interaction data from 

NMR analysis of Skp-uOMP complexes (Burmann et al., 2013; Callon et al., 2014; Walton 

et al., 2009), which demonstrated that binding is focused on the Skp tentacles, but that there 

is no single preferred conformation of uOMP in this region of Skp. Because NMR only 

maps the presence of interactions, any substrate residues that extend away from the Skp 

cavity would be spectroscopically silent. Thus, the SANS-derived structure models implying 

that individual strands of the uOMP migrate out of the Skp cavity are consistent with the 

NMR results. The combination of the inherent flexibility in the Skp tentacles and the lack of 

a specific structure for the bound uOMPs apparently insure that the uOMPs are sufficiently 

shielded from self-aggregation until the outer membrane is reached even if portions of the 

unfolded region protrude outside of the Skp cavity.

The best-fit structures to the Skp-OmpA SANS contrast variation data set using models with 

both ellipsoidal and all-atom representations of the TM region support a model for an 

elongated Skp-OmpA complex with a folded PP domain of OmpA protruding out near the 

bottom of the Skp tentacles. However, the ensembles of structures that represent the lowest 

≈ 10 % of χ2(avg) values include those in which the PP domain of OmpA exits out to the 

side of Skp, and its location in any individual structure is not necessarily fixed. Furthermore, 
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the calculated average SANS curve for the entire generated ensemble of structures fits the 

data almost as well as that from the best-fit structure. Thus, the solution can consist of a 

similar ensemble of structures in which the PP domain of OmpA assumes a number of 

different positions outside the Skp cavity and still be consistent with the SANS data.

5.5 Release Mechanism

The SANS data show that the Skp tentacles change conformation to accommodate different 

uOMP TM domains using a simple clamp-like mechanism used by jellyfish-like chaperones 

(Stirling et al., 2006). However, the fact that a portion of the uOMP polypeptide resides 

outside the Skp cavity implies that there is no requirement for a large-scale rearrangement of 

Skp for uOMP to be exchanged with an empty Skp trimer (Burmann et al., 2013) and other 

molecular chaperones (Schwalm et al., 2013; Sklar et al., 2007), or for uOMP to be 

presented to the Bam complex or to the bacterial outer membrane. While the PP domain of 

OmpA can exit from openings at either the base or the sides of the tentacles, there is an 

ample fraction of conformation space not occupied by the PP domain for any individual 

Skp-OmpA structure. Thus, the SANS data do not rule out the hypothesis that OmpA would 

exit the chaperone from its side. This is consistent with the capability of Skp to directly 

interact with membranes (De Cock et al., 1999), as well the idea that Skp may facilitate the 

folding of OmpA into negatively charged lipids or lipopolysaccharides (Bulieris et al., 2003; 

Patel, Behrens-Kneip, Holst, & Kleinschmidt, 2009). Even if the presence of the negatively 

charged uOMP counteracts the positive charges at the base of the Skp tentacles, a large 

section of the chaperone would still be available to bind lipids. In particular, in the SANS 

model of the Skp-OmpA complex, the three symmetrically-related, highly-conserved regions 

of Skp that are centered on residues E29, K77 and R88 (Burmann, Holdbrook, Callon, Bond, 

& Hiller, 2015) in the middle of each tentacle (Walton & Sousa, 2004) would remain 

accessible, and only one binding site would be lost during those times when the PP domain 

occupied that portion of conformation space.

6. CONCLUSIONS

Deuterium labeling of the uOMP component in Skp-OmpW and Skp-OmpA complexes 

coupled with SANS and contrast variation has enabled the measurement of individual Rg 

values of Skp and uOMP when in complex with each other. This experimental strategy also 

provided information on the distances between their centers of mass. These unique structural 

properties cannot be obtained using unlabeled complexes or other methodologies. 

Simultaneous analysis of the data allowed a determination of structure models consistent 

with the entire contrast variation data set. In conjunction with independent studies using 

other techniques, the SANS data were used to postulate how uOMPs are captured by Skp 

and subsequently released to the outer membrane.

Using the Rg information for Skp and the contrast variation data to constrain the model 

structures, it was determined that Skp can undergo conformational rearrangement to 

accommodate its client: Skp alone in solution is larger than Skp bound to OmpA, which is 

larger than Skp bound to OmpW, which is larger than Skp in protein crystals. Furthermore, 

the Skp tentacles are less ordered with respect to each other in the Skp-OmpW complex than 
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in the Skp-OmpA complex. These findings would not have been revealed without deuterium 

labeling that allowed the separation of the Skp structure as it exists within the Skp-uOMP 

complexes. Skp dominated the scattering profile in 98 % D2O buffer, where differences were 

clearly observed between the Skp-OmpW data and the Skp-OmpA data. These differences 

were not readily observed in the 0 % D2O data, for instance, where Skp does not contribute 

as much to the scattering. This result suggests that the Skp tentacles have the ability to adjust 

to accommodate different uOMPs. Accordingly, because the uOMPs were labeled and 

distinguishable from the Skp component, it was possible to determine that the OmpW TM 

domain likely sits lower in the Skp cavity than the OmpA TM domain.

Finally, the resultant structure density plots mapping the conformation space of the OmpA 

PP domain revealed that it could exit from openings at either the base or the sides of the Skp 

tentacles. However, there is an ample fraction of conformation space not occupied by the PP 

domain for any individual Skp-OmpA structure. Given the flexibility of the Skp tentacles 

and the fact that a portion of the TM domain of uOMP resides outside the Skp cavity, it can 

be postulated that a low energy path will always exist such that the TM domains of both 

OmpW and OmpA can be delivered to the outer membrane or other chaperones. 

Specifically, the SANS data do not rule out the premise that the TM domain can exit from 

the side of Skp, even when a PP domain is present as in the case of OmpA.
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Figure 1. 
Plot of the neutron scattering length density versus % D2O in the solvent for water compared 

to those for protein, RNA, DNA and the components of lipids (lipid head group and CH2), 

along with their perdeuterated counterparts.
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Figure 2. 
SANS data on an absolute scale for Skp in D2O and H2O buffers. Error bars represent the 

standard error of the mean with respect to the number of pixels used in the data averaging.
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Figure 3. 
SANS data on an absolute scale for a) Skp-OmpW and b) Skp-OmpA. Error bars represent 

the standard error of the mean with respect to the number of pixels used in the data 

averaging. Distance distribution functions for c) Skp-OmpW and d) Skp-OmpA. The peak 

values are scaled to 1.0 so that the differences in shape can be easily observed.
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Figure 4. 

Experimental and calculated  vs fD2O for a) Skp-OmpW and b) Skp-OmpA. Error 

bars on the experimental values represent the standard error of the mean based on three 

different Guinier fits.
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Figure 5. 
Calculation of possible values for Rg(OmpW) and CM distance, DCM, based on Rm and 

Rg(Skp) obtained from the Stuhrmann analysis.
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Figure 6. 
All-atom model structures representing Skp a) in the crystal (Rg ≈30 Å) and b) in solution 

(Rg ≈ 33 Å).
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Figure 7. 
Skp-OmpW model structures tested against the SANS data as described in Materials and 

Methods. The ball representation of the ellipsoids is for clarity. The ellipsoids were 

represented by non-overlapping points for SANS curve calculations, as described in 

Materials and Methods.
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Figure 8. 
Model SANS curves from a) the Skp component represented by the S1, S2 and S3 all-atom 

structures and b) the OmpW component represented by the e21, e24 and e27 ellipsoids. I(0) 

is arbitrarily scaled to 1.0.
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Figure 9. 
Several views of Skp-OmpW model S3e24, which was the best-fit model for this complex. 

The green balls are at the CM locations of S3 Skp and the e24 ellipsoid. The ball 

representation of the ellipsoids is for clarity. The ellipsoids were represented by non-

overlapping points for SANS curve calculations, as described in Materials and Methods.
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Figure 10. 
Skp-OmpW SANS data on an absolute scale (points) along with model SANS curves (solid 

lines) from S3e24. Error bars represent the standard error of the mean with respect to the 

number of pixels used in the data averaging.
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Figure 11. 
Skp-OmpA starting structure models for SASSIE runs as described in Materials and 

Methods. The ball representation of the ellipsoids is for clarity. The ellipsoids were 

represented by non-overlapping points for SANS curve calculations, as described in 

Materials and Methods.
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Figure 12. 
χ2 versus Rg plots as a function of contrast from SASSIE runs exploring the conformation 

space of the OmpA PP domain for models a) S3e24PP4 and b) S3e24PP5.
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Figure 13. 
χ2(avg) versus Rg(avg) plots from the plots in Figure 12 for models S3e24PP4 and 

S3e24PP5

Zaccai et al. Page 42

Methods Enzymol. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 14. 
χ2 versus Rg plots as a function of contrast from SASSIE runs exploring the conformation 

space of the OmpA PP domain for model S3-OmpA.
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Figure 15. 
χ2(avg) versus Rg(avg) plots from Figure 13 for S3-OmpA.
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Figure 16. 
Model SANS data calculated from the best-fit and worst-fit single S3e24PP5 structures, as 

well as the average SANS curve calculated from the entire S3e24PP5 ensemble, along with 

the SANS data on an absolute scale for Skp-OmpA in a) 0 % D2O, b) 15 % D2O, c) 30 % 

D2O and d) 98 % D2O. Error bars represent the standard error of the mean with respect to 

the number of pixels used in the data averaging.
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Figure 17. 
Model SANS data calculated from the best-fit and worst-fit single S3-OmpA structures, as 

well as the average SANS curve calculated from the entire S3-OmpA ensemble, along with 

the SANS data on an absolute scale for Skp-OmpA in a) 0 % D2O, b) 15 % D2O, c) 30 % 

D2O and d) 98 % D2O. Error bars represent the standard error of the mean with respect to 

the number of pixels used in the data averaging.
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Figure 18. 
a) Skp-OmpA SANS data on an absolute scale along with model SANS curves from the 

single best-fit S3e24PP5 structure. Error bars represent the standard error of the mean with 

respect to the number of pixels used in the data averaging. The b) best-fit and c) worst-fit 

model structures are also shown for comparison. The ball representation of the ellipsoids is 

for clarity. The ellipsoids were represented by non-overlapping points for SANS curve 

calculations, as described in Materials and Methods.
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Figure 19. 
a) Skp-OmpA SANS data on an absolute scale, along with model SANS curves from the 

single best-fit S3-OmpA structure. Error bars represent the standard error of the mean with 

respect to the number of pixels used in the data averaging. The b) best-fit and c) worst-fit 

model structures are also shown for comparison.
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Figure 20. 
Structure density plots representing all of conformation space (grey) and the best-fit 

conformation space within the rectangles in Figures 13 and 15 (green) explored by the 

OmpA PP domain using the S3e24PP5 and S3-OmpA models. The OmpA TM domain is 

shown in red and Skp in shown in black.
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Table 1

Skp-OmpW Parameters

0 % D2O 30 % D2O 80 % D2O 98 % D2O

Concentration* (mg mL−1) 3.45 3.8 1.14 1.25

Guinier Rg (Å) 32.7 ± 0.2 31 ± 1 31.5 ± 0.4 31.6 ± 0.2

Guinier I(0) (cm−1) 0.223 ± 0.001 0.027 ± 0.001 0.020 ± 0.001 0.063 ± 0.001

Rg from P(r) (Å) 32.9 ± 0.1 29.0 ± 0.2 31.32 ± 0.03 31.3 ± 0.2

I(0) from P(r) (cm−1) 0.240 ± 0.001 0.025 ± 0.001 0.020 ± 0.001 0.063 ± 0.001

Dmax (Å) 105 ± 5 83.5 ± 1.5 89 ± 4 93.5 ± 1.5

Errors on Rg, I(0) and Dmax represent the standard error of the mean for 3 different Guinier or P(r) fits.

*
Errors on the concentration values are about 5 %.
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Table 2

Skp-OmpA Parameters

0 % D2O 15 % D2O 30 % D2O 98 % D2O

Concentration* (mg mL−1) 5.6 5.4 5.3 1.31

Guinier Rg (Å) 39.7 ± 0.1 39.8 ± 0.3 39.1 ± 0.3 36.3 ± 0.7

Guinier I(0) (cm−1) 0.462 ± 0.002 0.261 ± 0.004 0.119 ± 0.001 0.056 ± 0.001

Rg from P(r) (Å) 41.1 ± 0.4 42.0 ± 0.8 41.8 ± 0.3 38.1 ± 0.1

I(0) from P(r) (cm−1) 0.475 ± 0.003 0.263 ± 0.002 0.120 ± 0.001 0.056 ± 0.001

Dmax (Å) 135 ± 5 137 ± 7 133 ± 3 127 ± 3

Errors on Rg, I(0) and Dmax represent the standard error of the mean for 3 different Guinier or P(r) fits.

*
Errors on the concentration values are about 5 %.
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Table 3

Stuhrmann Analysis for Skp-uOMP Complexes

Skp-OmpW Skp-OmpA

α 64 ± 55 242 ± 34

β 41 ± 162 461 ± 66

Rm (Å) 32.3 ± 0.5 39.3 ± 0.2

χ2 4.75 0.4

Rg (Skp) (Å) 31.5 ± 0.5 33.5 ± 0.8

Rg (Omp) (Å) 32 ± 6 36.1 ± 0.8

DCM (Å) 13 ± 26 38 ± 3

50 % deuteration was assumed for OmpW and OmpA. χ2 is from the fit to Eq. 10.
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Table 4

Parallel Axis Theorem Analysis for Skp-uOMP Complexes

Skp-OmpW Skp-OmpA

Rg (Skp) (Å) 31.3 ± 0.6 32.7 ± 0.9

Rg (Omp) (Å) 32 ± 6 35.7 ± 0.9

DCM (Å) 14 ± 28 40 ± 3

50 % deuteration was assumed for OmpW and OmpA
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Table 5

Skp-OmpW Model Structures

Model Rg (Skp) (Å) Rg (OmpW) (Å) Rg (complex) (Å) DCM (Å)

S2e21 32.5 21.2 32.7 30.5

S1e27 31.2 27.6 32.1 28.6

S2e27 32.5 27.6 32.1 28.6

S3e27s 31.6 27.6 31.9 25.0

S3e27 31.6 27.6 32.1 29.2

S3e24 31.6 23.9 32.0 30.9

Values are from the coordinates only. Contrast was not taken into account.
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Table 6

Skp-OmpW Model Structure Rg as a Function of Contrast

Model 0 % D2O Rg (Å) 30 % D2O Rg (Å) 80 % D2O Rg (Å) 98 % D2O Rg (Å)

S2e21 31.7 27.8 32.4 32.8

S1e27 32.3 30.9 30.4 31.6

S2e27 33.1 30.1 32.4 33.3

S3e27s 32.4 31.2 31.9 32.4

S3e27 33.3 31.5 31.9 33.0

S3e24 32.4 29.8 31.9 32.6

Guinier 32.7 ± 0.2 31 ± 1 31.5 ± 0.4 31.6 ± 0.2

P(r) 32.9 ± 0.1 29.0 ± 0.2 31.32 ± 0.03 31.3 ± 0.2
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Table 7

Skp-OmpA Starting Model Structure Rg as a Function of Contrast

Model 0 % D2O Rg (Å) 30 % D2O Rg (Å) 98 % D2O Rg (Å)

S3e24PP1 37.4 35.7 35.9

S3e24PP2 40.3 38.9 37.2

S3e24PP3 40.1 37.6 37.7

S3e24PP4 42.1 40.3 38.3

S3e24PP5 42.3 41.4 37.9

S3-OmpA 39.1 37.5 36.3

Guinier 39.7 ± 0.1 39.1 ± 0.3 36.3 ± 0.7

P(r) 41.1 ± 0.4 41.8 ± 0.3 38.1 ± 0.1
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Table 9

Component Rg values for Skp-OmpA Global Best-fit Structure

SASSIE Run Structure number Rg (Skp) (Å) Rg (OmpA) (Å) DCM (Å)

S3e24PP4 442 32.0 33.8 51.3

S3e24PP5 740 32.0 37.8 46.6

S3-OmpA 1188 31.7 36.6 40.5

Stuhrmann 33.5 ± 0.8 36.1 ± 0.8 38 ± 3

Parallel Axis 32.7 ± 0.9 35.7 ± 0.8 40 ± 3

Values are from the coordinates only. Contrast was not taken into account.
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