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Abstract

SurA is thought to be the most important periplasmic chaperone for outer

membrane protein (OMP) biogenesis. Its structure is composed of a core region

and two peptidylprolyl isomerase domains, termed P1 and P2, connected by

flexible linkers. As such these three independent folding units are able to adopt

a number of distinct spatial positions with respect to each other. The confor-

mational dynamics of these domains are thought to be functionally important

yet are largely unresolved. Here we address this question of the conformational

ensemble using sedimentation equilibrium, small-angle neutron scattering,

and folding titrations. This combination of orthogonal methods converges on a

SurA population that is monomeric at physiological concentrations. The con-

formation that dominates this population has the P1 and core domains docked

to one another, for example, “P1-closed” and the P2 domain extended in solu-

tion. We discovered that the distribution of domain orientations is defined by

modest and favorable interactions between the core domain and either the P1

or the P2 domains. These two peptidylprolyl domains compete with each other

for core-binding but are thermodynamically uncoupled. This arrangement

implies two novel insights. Firstly, an open conformation must exist to facili-

tate P1 and P2 exchange on the core, indicating that the open client-binding

conformation is populated at low levels even in the absence of client unfolded

OMPs. Secondly, competition between P1 and P2 binding paradoxically

occludes the client binding site on the core, which may serve to preserve the

reservoir of binding-competent apo-SurA in the periplasm.

Abbreviations and Symbols: BAM, β-barrel assembly machine; CD, circular dichroism; NIST, National Institute of Standards and Technology;
OMP, outer membrane protein; PPIase, peptidyl prolyl isomerase; P1, PPIase domain number 1 on SurA; P2, PPIase domain number 2 on SurA;
SANS, small-angle neutron scattering; SE, sedimentation equilibrium; smFRET, single-molecule Förster resonance energy transfer; TB, Terrific broth;
uOMP, unfolded OMP; client, uOMPs that require SurA for efficient biogenesis.
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1 | INTRODUCTION

Outer membrane proteins (OMPs) play essential roles in
gram-negative bacteria such as nutrient uptake,1 modify-
ing lipid structures,2,3 and rigidifying the cell.4,5 OMPs
are posttranslationally secreted into and subsequently
trafficked through the aqueous periplasm by a network
of chaperone proteins that bind to unfolded OMPs
(uOMPS) to prevent aggregation and misfolding.6–8 Fold-
ing is finally catalyzed by the β-barrel assembly machine
(BAM) at the outer membrane.9–11 SurA is thought to be
the most important chaperone in the OMP biogenesis
pathway as it has been shown to interact with a subset of
OMPs12 (termed “clients”) at every stage of this pathway:
it is associated with OMPs at the translocon during secre-
tion into the periplasm,13 in the aqueous periplasm,14

and is thought to hand-off clients to the BAM complex.15

Structurally, SurA contains three domains that are
connected by flexible linkers including a core chaperone
domain comprised of both the N- and C-terminal regions
of the sequence, and two peptidyl prolyl isomerase
(PPIase) domains, P1 and P2. Figure 1a shows the mono-
meric crystal structure of SurA in which the P1 domain is
bound to the core domain while the P2 domain is
extended away from the core-complex.16 In solution,
however, alternative conformations of SurA are thought
to exist. Indeed, the chaperone activity of SurA has been
linked to the conformational dynamics of its domains, as
a mutation at the core-P1 interface was shown to increase
chaperone activity in vivo.17 These data imply an “open”
conformation of SurA in which each domain is structur-
ally isolated from the others; this open conformation has
subsequently been confirmed as the active, uOMP-
binding conformation of SurA.18,19

In this work, we investigated the intrinsic properties
of SurA in solution to better understand and model SurA
function in the uOMP biogenesis pathway. Unlike the
other general chaperones in the uOMP biogenesis path-
way that form functional oligomers we find that SurA is
monomeric in solution at concentrations equivalent to
the reported expression level in Escherichia coli. Using
small-angle neutron scattering (SANS) to examine the
hydrodynamic properties of SurA we observe that the
radius of gyration is compatible with an average domain
organization in which one PPIase domain is unbound
and extended away from the two interacting domains.
We further used the experimental scattering curve to

assess which structural models of SurA are representative
of the solution conformation of SurA. This analysis
potentially identifies a novel conformation of the
P1-closed conformation in which the P1 domain is

FIGURE 1 SurA is Monomeric in Solution. (a) The

monomeric crystal structure of SurA (Protein Data Bank [PDB] ID:

1M5Y) is shown as a surface representation with its domains

colored as depicted in the sequence diagram below. The flexible

linkers between the domains of SurA are colored white. In this

conformation of SurA, the core (N and C regions) and P1 domains

are contacting each other, while the P2 domain is extended away in

a structurally isolated conformation. (b) Representative

sedimentation equilibrium (SE) data set collected for SurA at a total

concentration of 25 μM. These data are well described by a single-

ideal species model with a molar mass equal to 43 ± 2 kDa. This

agrees with the calculated molecular weight of monomeric SurA

(45 kDa). These values represent the average weight obtained from

fitting three independent experiments and the standard deviation of

fitting (Figure S1)
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docked to the core domain using an interaction surface
not observed in crystal structures. Finally, we measured
the energetics associated with PPIase-core domain inter-
actions and discovered that both the P1 and P2 domains
compete for binding to the core domain. Together, our
results quantify the intrinsic conformational ensemble of
SurA and provide insight into a potential mechanism for
the regulation of its chaperone function.

2 | RESULTS

2.1 | SurA is monomeric in solution

Many chaperones self-associate to form higher order spe-
cies that bind to their unfolded client proteins.20–22 The
other general chaperones in the uOMP biogenesis path-
way, Skp and FkpA, both use this oligomeric approach to
solubilize uOMPs in the periplasm.23–26 SurA, on the
other hand, is thought to exist in a monomeric conforma-
tion in the periplasm. However, SurA crystallizes as a
dimer when the P2 domain is deleted.27 It was unclear
until now whether full-length SurA can dimerize, and
whether a dimeric state is populated at the native con-
centration of SurA in the periplasm.

To determine the oligomeric state(s) of SurA that exist
in solution we measured the apparent molecular weight
of wild-type (WT) SurA using analytical ultracentrifuga-
tion sedimentation equilibrium (SE). Figure 1b shows
that the SE profile for WT SurA is well described by a
single-ideal species model corresponding to the molecu-
lar mass of the SurA monomer (global fit shown in
Figure S1). Notably, this experimental concentration
range, that is, 8–25 μmoles/L (μM), encompasses the
reported SurA periplasmic concentration (20 μM).28,29

These results therefore suggest that WT SurA is mono-
meric under physiological protein concentrations.

2.2 | SurA exists in an expanded
conformation in solution

Given that SurA is monomeric in solution, we investi-
gated the structural conformation of SurA in solution to
gain insight into how this may affect its function. Specifi-
cally, the relative orientation of the domains of SurA has
been recently called into question. In the monomeric
crystal structure of SurA reported by Bitto and McKay
(Protein Data Bank [PDB] ID: 1M5Y) the P2 domain
exists in an extended conformation away from the core
and P1 domains, which are interacting.16 We refer to this
general domain arrangement as “P1-closed.” In contrast
to this domain organization, Radford and coworkers

recently used a combination of chemical crosslinking and
single-molecule Förster resonance energy transfer
(smFRET) to show that the P2 domain may exist in a
more collapsed conformation in solution.18

To address the discrepancy of the overall size and
shape of SurA between the two studies, we measured the
solution hydrodynamic properties of SurA using SANS.
SANS is a label-free method that reports on the intrinsic
size and shape of biomolecules in solution. Guinier analy-
sis of the scattering profile of SurA reveals the radius of
gyration (RG) for WT SurA equals 32.8 ± 0.5 Å (Figure 2a,
Table S1). This finding agrees with RG of the monomeric
1M5Y SurA crystal structure calculated using HullRad
(33 Å)30 and indicates that the unbound PPIase domain is
located distal from the core-PPIase complex on average.

We next used the entire SANS scattering curve to
evaluate whether any of the available 22 structural
models of SurA represents the average SANS curve in
solution. The available models are derived either from
crystal structures or molecular dynamics simulations.
Although the monomeric crystal structure RG agrees with
the Guinier region, a reduced χ2 analysis using the model
SANS curve calculated from the monomeric crystal struc-
ture (1M5Y) using the SasCalc module in SASSIE31,32

shows that this crystal conformation is not in fact a good
representation of the data as evidenced by the lack of
overlay between the predicted and observed scattering
curves (Figure 2b), by nonrandom residuals (Figure S2),
and by a reduced χ2 = 4.567 (Table S2) that is signifi-
cantly elevated above the target value of χ2 ffi 1 for a good
fit. We observed much poorer fits for “open”
(χ2 = 10.063) and “P2-closed” (χ2 = 10.985) conforma-
tions of SurA monomers. The P2-closed conformation
has a domain arrangement in which the P2 is bound to
the core domain while the P1 domain is extended away
from the core-P2 complex, and its existence is implied by
the folding studies described below. Finally, 17 of
19 structural models recently published also show poor
fits (Table S2) even though these structural models more
broadly explore the conformational arrangements of the
P1 and P2 domains.18 Figure 2c depicts a succinct sum-
mary of how all 22 structural models describe the data:
those with predicted RG values less than the experimental
RG display large reduced χ2 values and do not fit the data.

Having eliminated most structural models, we found
two published models that describe the experimental
SANS curve well (reduced χ2 < 2). Figure 2b shows the
overlay of the SasCalc curve for the best fitting model,
termed P1C1 (P1-closed number 1) for which χ2 = 1.536.
Figure 2d shows this structural model oriented similarly
to the monomeric crystal structure shown in Figure 1c).
Although not shown, both the P1 orientation and the
SasCalc curve for the second structure, P1C2 (χ2 = 1.655)

MARX ET AL. 2045

http://firstglance.jmol.org/fg.htm?mol=1M5Y
http://firstglance.jmol.org/fg.htm?mol=1M5Y
http://firstglance.jmol.org/fg.htm?mol=1M5Y


are very similar. P1C1 and P1C2 are similar to the mono-
meric crystal structure in that all three of these can be
generally considered as P1-closed conformations because
the P2 domain is isolated in solution and the P1 domain
is docked onto the core domain. However, the core-P1
interaction in P1C1 is distinct from the monomeric crys-
tal structure: it occurs through a different interface than
the crystal structure. In P1C1, the P1 domain has trans-
lated and rotated relative to the core domain. Overall, the
abilities of these particular SurA conformations to fit the
experimental scattering profile better than any other
structural model means that a predominantly P1-closed
conformation represents the ensemble average structure
of SurA in solution.

2.3 | The P1 and P2 domains
independently compete for binding to the
core domain

To gain insight into the conformational ensemble of
SurA, we measured the binding energetics of P1 and P2

domains to the core domain. To access these interaction
energies, we first measured the thermodynamic stability
of multiple SurA domain-deletion constructs using chem-
ical denaturation titrations. Figure 3 shows that the dena-
turation titrations of each construct are well described by
a two-state, linear extrapolation model.33 In these titra-
tions, we monitored the urea-dependent change in the
circular dichroism (CD) signal at 222 nm, which reports
on the foldedness of α-helices. This signal reports primar-
ily on the core domain because it contains the vast major-
ity of the α-helices in SurA (Figure S2). The two-state
behavior of every SurA construct further confirms that
CD is primarily measuring the folding of just the core
domain, as more transitions would be expected in the
cases where the PPIase domain unfolding was visualized
in our experiments.

These data show that each SurA construct has a dif-
ferent stability. Because our titrations report on the core
domain in each construct, these results indicate that
the presence of the P1 and P2 domains modulate the
stability of the core domain through favorable interac-
tions. The intrinsic interaction energies between the

FIGURE 2 Elongated models of SurA best describe small-angle neutron scattering (SANS) curve. (a) The Guinier region of the WT

SurA SANS dataset in 98% D2O is shown, with the data shown in darker purple used to conduct the Guinier analysis. The fit for this region

is shown with a gray line, with the radius of gyration obtained from the fit shown at the bottom left corner. Additional q * RG ranges give

similar values and are shown in Table S1. (b) The experimental SANS curve is shown in violet circles with error bars to reflect the standard

error of the mean with respect to the number of pixels used in data averaging. The predicted scattering profiles from P1C1 and 1M5Y are

shown as solid and dashed lines, respectively. (c) The reduced χ2 of each available structural model of SurA is plotted against the predicted

RG values calculated using HullRad.30 Each point is a different conformation of SurA, with reduced χ2 and RG values listed in Table S2. The

dotted vertical line indicates the RG value obtained from the Guinier analysis, with the error represented by the shaded gray region. The

horizontal dashed line marks a cutoff for a reduced χ2 of 2. The data points for P1C1 and 1M5Y are shown in black and labeled. (d) The

P1C1 structural model is shown as a surface representation and colored as described in Figure 1
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core and PPIase domains can be calculated by taking
the difference between the stabilities of the isolated
core domain from those of either SurAΔP2 or SurAΔP1,
for example, ΔGo

P1,int =ΔGo
F,SurAΔP2−ΔGo

F,SurAΔP1ΔP2 and
ΔGo

P2,int =ΔGo
F,SurAΔP1−ΔGo

F,SurAΔP1ΔP2 . Using this strat-
egy, we find a thermodynamically favorable core-P2
interaction, ΔGo

P2,int = −0:6 kcal mol−1. This was surpris-
ing because an interaction between the core and P2
domain has not been structurally resolved, though recent
work suggests that the P2 domain may reside closer to
the core domain than in the crystal structure.18 In con-
trast, the P1 domain interacts slightly more favorably,
ΔGo

P1,int = −1:47 kcal mol−1, as expected from its docked
conformation.

The ability of the P2 domain to bind the core domain
raises the question of whether the PPIase domains can
both bind the core domain at the same time or if they
compete for a single binding site. To address this ques-
tion, we constructed a thermodynamic cycle of the four
SurA domain-deletion constructs as shown in Figure 4.
This analysis reveals that both PPIase domains bind the
core domain more favorably in the absence of the other
PPIase domain. In other words, the presence of the P2
domain affects the apparent affinity of the P1 domain
and vice versa. These differences are reflected in the
ΔGo

P1,comp and ΔGo
P2,comp energy terms, and this result

means that the P1 and P2 domains compete with each
other for a binding site on the core domain. The nature
of the competition can be assessed by comparing the

FIGURE 3 Chemical denaturation titrations of SurA domain-

deletion constructs. Circular dichroism signal at 222 nm was

monitored as a function the concentration of urea to measure the

equilibrium unfolding of SurA constructs of varying compositions.

The cartoons in the upper left-hand corner of each plot indicate the

domain organization of each construct. Each SurA construct was

found to cooperatively unfold and were fit to a two-state, linear

extrapolation model. The folding stabilities of each construct are

shown in the bottom right-hand corner of each plot and are the

average of three independent titrations, with errors representing

the standard deviation between the three measured stabilities. The

WT SurA and SurAΔP2 titrations were best fit with an m value of

unfolding equal to 1.78 and the SurAΔP1 and core domain

titrations were best fit with an m value of 1.75, as determined by

globally fitting the three titrations for each construct separately

FIGURE 4 Thermodynamic cycle analysis reveals competitive interactions between the peptidyl prolyl isomerase (PPIase) domains

and the core. Thermodynamic cycle describing the difference in stabilities between two domain deletion constructs of SurA is shown. The

four SurA constructs are shown as cartoons with the most favorable conformation of SurA colored solid and transparent domains to indicate

the flexibility of the P1 and P2 domains relative to the core domain. Each side of the cycle is labeled to indicate the corresponding ΔGo in

Table S3. The two indirect thermodynamic paths from WT SurA to the core domain are indicated with purple arrows, and the direct path is

indicated with the diagonal arrows in the middle of the cycle. This analysis reveals that the P1 and P2 domains compete for binding to the

core domain in a thermodynamically uncoupled manner. This mechanism necessitates three conformations of SurA
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summed free energy changes along the two paths from
the WT SurA (top-left corner of the cycle) to the isolated
core domain (bottom-right corner). Figure 4 demon-
strates that these two paths (curved arrows) are energeti-
cally equivalent. Therefore, there is no evidence for
allosteric communication between the P1 and P2
domains, and we conclude from these data that the two
microscopic binding events are thermodynamically
uncoupled and thus independent.

The observation of independent, competitive binding
of the P1 and P2 domains to a single site on the core
domain necessitates that at least three distinct conforma-
tions of SurA exist in solution. Figure 5 shows the distri-
bution of these populations at equilibrium calculated
from the interaction energies. The dominant conforma-
tion (75%) is P1-closed and the second most favorable
conformation (18%) is P2-closed. To switch between these
two conformations, an “open” conformation where both
the P1 and P2 domains are structurally isolated from the
core domain must exist in the remaining 7% of the popu-
lation of the SurA conformational ensemble. These equi-
librium populations are in agreement with the SANS
data that revealed the P1C1 P1-closed conformation to be
most represented of the average ensemble in solution.

3 | DISCUSSION

SurA is a key member of the periplasmic chaperone net-
work in the OMP biogenesis pathway in gram-negative
bacteria. The other chaperones in this network, Skp and
FkpA, oligomerize to sequester uOMPs to prevent their

aggregation and shield them from interacting with other
proteins.25,34–38 In contrast, we find that SurA does not
oligomerize in solution at physiological concentrations.
This means that SurA does not adopt a structural organi-
zation that encapsulates uOMP clients, consistent with
the distinct roles that SurA plays in the OMP biogenesis
pathway compared to Skp and FkpA. Unlike these chap-
erones, evidence suggests SurA delivers uOMPs to the
BAM complex to initiate their folding.15 Additionally,
recent work has shown that SurA can interact with
uOMPs as they are secreted into the periplasm through
the translocon.13 These auxiliary functions require a
binding mode in which SurA can protect the client
uOMPs while allowing for uOMPs to interact with other
proteins in the biogenesis pathway.

Indeed, the conformational dynamics of SurA have
been proposed to regulate and promote binding of client
uOMPs.18 In particular, mutations affecting the core-P1
interaction increase the apparent chaperone activity of
SurA in vivo,17 and the transition between the “P1
closed” and “open” conformations has been shown be
necessary for uOMP binding. Using equilibrium thermo-
dynamics, we have found that both the P1 and P2
domains compete for binding to the core domain. This
competition results in 93% of the SurA molecules existing
in a conformation in which one of the PPIase domains of
SurA occupies the proposed uOMP binding site. There-
fore, the P1 and P2 domains inhibit the exposure of the
client-binding site on SurA in the absence of uOMPs. As
SurA is thought to only bind a subset of OMPs,14 we spec-
ulate this inhibitory function may serve to prevent SurA
from binding nonclient uOMPs or other proteins in the
periplasm. Interestingly, this autoinhibition does not
appear to be allosterically regulated, although it should
be noted that our work does not exclude cooperative cou-
pling in the presence of a client uOMP. Further structural
studies will be required to evaluate the details of whether
there is a single binding site or two overlapping binding
sites for the P1 and P2 domains on the core domain.

Finally, we investigated the intrinsic hydrodynamic
properties of SurA, as the conformation adopted by the
unbound PPIase domain (usually P2) may be important
for the function of SurA. We find that the RG of SurA in
solution is approximately equal to that of a “P1-closed”
domain arrangement in which the P2 domain must also
be extended away from the core-P1 complex. Our finding
is seemingly in conflict with recent work that concluded
that the P2 domain exists in a more collapsed state.18 This
contradiction can be resolved by recognizing that the lat-
ter conclusions were primarily based on the ability of the
P2 domain to chemically crosslink with the core and P1
domains and on smFRET experiments measuring appar-
ent distances between domains. While the presence of

FIGURE 5 The relative populations of the three

conformations of SurA. Cartoon models of each conformation is

shown above the bar. The percent population of each conformation

in solution was calculated using ΔGo
P1,int and ΔGo

P2,int
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crosslinks confirms that the P2 can exist in a collapsed
conformation, one drawback is that these data do not
report on the relative populations. Moreover, Sosnick and
coworkers have shown that the fluorescent dyes attached
to intrinsically disordered proteins in smFRET experi-
ments can lead to reduced hydrodynamic sizes as com-
pared label-free methods, such as scattering.39 Because
the P2 domain is connected to the core and P1 domains
by flexible linkers, it is reasonable to expect the published
smFRET data may overestimate the compaction of the P2
domain in solution. Our SANS-based RG was obtained in
the absence of exogenous modifications of SurA and
therefore is a more accurate measurement of the intrinsic
size of SurA in solution. Together, the data support a
model where the position of the P2 domain relative to
the core-P1 complex is highly dynamic with its average
position being found in an extended conformation.

Using the full SANS scattering curves, we identified
the P1C1 conformation of SurA as best representing the
average conformation of SurA in solution. In this struc-
tural model the P2 domain is structurally expanded away
from the core-P1 complex. The P1 domain in these
models is contacting the core domain, but in a location
that is different from the canonical monomeric crystal
structure. This raises the idea that the PPIase domain
binding site on the core domain may be larger than previ-
ously indicated from structural studies. The location of
the P1 domain in these models warrants further investi-
gation, as it may provide insight into biologically impor-
tant SurA conformations.

By quantifying the dynamics and energetics that
determine the intrinsic conformational ensemble of
SurA, we can begin to understand exactly how SurA rec-
ognizes uOMPs in the periplasm. In conclusion, we have
determined that SurA exists as monomer in solution in a
slightly expanded conformation where its PPIase
domains compete for binding to the core domain. Para-
doxically this dynamic conformational ensemble reduces
the population of the chaperone-active, “open” confor-
mation in the absence of client uOMPs. On the other
hand, autoinhibition has the advantage of increasing dis-
crimination of SurA for its clients and for preserving the
reservoir of apo-SurA in the periplasm.

4 | MATERIALS AND METHODS

4.1 | SurA construct cloning

The WT SurA plasmid was designed by inserting the
Escherichia coli gene for SurA with a C-terminal
6-Histidine tag into the pET28b vector between restric-
tion sites Nde I and BamHI. The signal sequence was

omitted from the sequence for cytoplasmic expression.
Primers for SurAΔP1 and core domain constructs were
designed using the Takara Infusion primer design website
tool (https://takara.teselagen.com/#/DesignPage). These
two constructs were cloned using the In-Fusion HD Clon-
ing Plus CE method (Takara). SurAΔP2 was created
through a multi-step approach in which both the first
281 amino acids of SurA were amplified (N and P1
domains) and the region starting with residue 383 until
the end of the sequence were amplified. These two frag-
ments were joined and amplified using polymerase chain
reaction, followed by insertion into a linearized pET-28b
vector using Gibson assembly. All primers used to create
SurA constructs are listed in Table S4.

Stellar cells were transformed with the PCR product
by heat shock and plated grown overnight on Luria Broth
plates with 50 μg/ml kanamycin at 37�C. Plasmid DNA
was extracted from single colonies with the GeneJET
Plasmid Miniprep Kit and sequenced to validate the con-
struct sequences. Plasmids were transformed into E. coli
HMS174(DE3) via electroporation for protein expression
and stored at −80�C as glycerol stocks.

4.2 | SurA expression and purification

Terrific broth (TB) cultures of 5 ml containing 50 μg/ml
kanamycin were inoculated with cells containing a SurA
plasmid and grown overnight at 37�C. These cultures
were used to inoculate a 500-ml TB culture with antibi-
otics at 37�C and were grown until reaching an OD600 of
0.6–0.8, followed by addition of isopropyl-β-D-
1-thiogalactopyranoside (IPTG) to induce expression our
constructs overnight. Cells containing SurA FL and SurA
ΔP2 plasmids were expressed at 37�C, while cells con-
taining plasmids encoding for SurA ΔP1 and the isolated
core domain were expressed at room temperature. For all
growths, cells were pelleted by centrifugation at
5,000 rpm (rpm = 1/60 Hz) for 15 min (Beckman J2-MI,
JA-10 rotor) the following morning and stored at −20�C.

Cells were thawed for lysis and then solubilized in
25 ml of Buffer A (20 mM sodium phosphate, 500 mM
NaCl, 20 mM imidazole, pH 8.0) containing a
ethylenediaminetetraacetic acid (EDTA)-free protease
inhibitor tablet (Pierce). An Emulsiflex homogenizer
(Avestin) was used to lyse cells, followed by centrifuga-
tion (Beckman J2-MI, JA-10 rotor) for 30 min at
5,500 rpm to pellet cell debris. Clarified cell lysate was
passed through a 0.45-μM Millex filter prior to being
loaded onto to a Ni-NTA sepharose high-performance
bench-top column that was preequilibrated with Buffer
A. The column was then washed with 40 ml of Buffer A,
followed by elution with 30 ml of Buffer B (Buffer A
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+ 300 mM imidazole). A second round of protein purifi-
cation was performed using FPLC with a Superdex
75 Increase 10/300 GL column (GE) in an elution buffer
of 20 mM Tris–HCl, pH 8.0. The purity of elution frac-
tions was assessed by sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) and protein
concentration was assessed using the theoretical extinc-
tion coefficient 29,450 M/cm. SurA stocks were stored at
−20�C until experiments were performed.

4.3 | SE analytical ultracentrifugation

SE analytical ultracentrifugation experiments were used
to evaluate the oligomerization state of SurA in solution.
SurA was diluted into three samples with A280 = 0.90,
0.60, and 0.30 at a path length of 1.2 cm (corresponding
to concentrations of 25, 17, and 8 μM, respectively) in
20 mM Tris buffer (pH = 8.0). Samples were loaded into
six-sector centerpieces and allowed to equilibrate at
speeds of 20,000, 24,500, and 30,000 rpm in a Beckman
Optima XL-A analytical ultracentrifuge with absorbance
optics. Data were collected at 37�C with radial scans
(wavelength, λ = 280 nm) acquired with 0.001 cm radial
steps with 10 replicates. The condition of sedimentation
equilibration was confirmed using WinMatchv0.99, and
data were subsequently trimmed using WinReedit
v.0999.0028 to regions where Beer's law applies.40 Global
fitting was completed utilizing WinNonLin v.1.06.40 For
data analysis, we calculated partial-specific volume
values and buffer densities using Sednterp v.20130813b.41

The values used for protein partial specific volume (�νÞ is:
�ν = 0.7325ml/g. For 20mM Tris buffer (pH = 8.0), the
buffer density (ρ) and buffer viscosity (η) are
ρ = 0.9988 g/ml and η = 1.0069mPa.

4.4 | SANS of WT SurA

All scattering experiments were collected at the National
Institute of Standards and Technology Center for Neu-
tron Research (Gaithersburg, MD) as previously
described.23 The scattering data presented here were col-
lected on the NGB 30-m SANS Instrument (National
Institute of Standards and Technology [NIST]). A neu-
tron beam of wavelength λ = 6 Å (wavelength spread,
Δλ/λ = 0.15) was utilized to collect scattering profiles
from all samples described here on a 2D position-
sensitive detector (64 cm × 64 cm) with 128 × 128 pixels
at resolution of 0.5 cm pixel−1. For data processing, raw
counts were normalized to a common monitor count and
then corrected for empty cell counts, ambient room back-
ground counts, and non-uniform detector response. Data

were placed on an absolute scale by normalizing the scat-
tering intensity to the incident beam flux for each indi-
vidual pixel. Radial averaging was utilized to produce
scattering intensity profiles, I(q) versus q; q = 4πsin(θ)/λ,
where 2θ is the scattering angle, λ is the neutron wave-
length, and q is the magnitude of the scattering vector.
Sample-to-detector distances of 5.0 and 1.5 m were used
to cover a range of 0.01 Å−1 < q < 0.4 Å−1.

We prepared the WT SurA protein with a slightly
modified protocol for SANS analysis. After expression
and purification in that we further purified SurA by gel-
filtration (GF) in 20 mM Tris and 200 mMNaCl (pH = 8.0,
GF buffer). SurA (40 μM) was injected onto a Superdex
200 10/300 (GE Healthcare Life Sciences) gel-filtration
column in GF buffer with a flow rate of 0.6 ml/min. Frac-
tions containing SurA were pooled and buffer exchanged
into GF buffer containing 98% D2O via centrifugation in
an Amicon filter (Millipore) with a 10-kDa molecular
weight cut-off. We collected the scattering profile of apo-
SurA at 1 mg/ml (20 μM).

For initial analysis of SANS data, we utilized the
Guinier approximation to obtain two fit parameters: the
macromolecule RG (Å) and the forward scattering inten-
sity at q = 0 (i.e., I[0] in cm−1). This approximation esti-
mates the intensity in low q regions as follows:

I qð Þ≈ I 0ð Þexp −
1
3

� �
R2
Gq

2

� �
, ð1Þ

ln I qð Þ½ �≈ ln I 0ð Þ½ �− 1
3
R2
Gq

2: ð2Þ

Therefore, linear regression of ln[(I(q)] versus q2

yields information in the slope (i.e., R2
G) and the intercept

(i.e., I(0)). I(0) was also calculated using the contrast cal-
culator module42 in the web version of the SASSIE soft-
ware developed at NIST32:

I 0ð Þ= CΔρ2�ν2M
NA

: ð3Þ

In the above equation, C indicates the protein concentra-
tion in mg/ml, Δρ is the contrast, �ν is the protein partial-
specific volume in ml/g, M is the molecular weight in Da,
and NA is Avogadro's number. We compared the fit value
of I(0) to the calculated value to ensure that samples con-
tain homogeneous, monomeric species (Table S1).

4.5 | SANS SasCalc calculations

This module requires several input parameters to be spec-
ified including PDB files to indicate atom positions,
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buffer (H2O:D2O) composition, protein deuteration level
and I(0) value. For SasCalc, we built the missing linkers/
loops and a C-terminal histidine tag onto 1M5Y using
Modeller.43 We created the open conformation by com-
bining the core-P1 domain arrangement from 2PV327 and
the core-P2 domain arrangement from 1M5Y. The
P2-closed conformation was built by taking the open con-
formation and collapsing P2 to the binding groove
between the core and P1 domains.

4.6 | Evaluation for agreement between
SANS data and structural models

The SasCalc module in SASSIE was used to calculate
SANS profiles (P(q)calc) for all structural models.31,32 Sas-
Calc curves were evaluated for their ability to describe
the experimental SANS curve using the reduced χ2 as rec-
ommended by Trewhella and colleagues44:

χ2 =
1

N−1

XN
1

I qð Þobs− I qð Þcalc
σobs

� �2
, ð4Þ

where N equals the number of data points, I(q)obs and I
(q)calc are the experimental and calculated intensity
values, respectively, at each point q and σobs is the error
on the experimental measurement at each point. A good
fit is defined as χ2 = 1.

4.7 | CD urea titrations

CD titrations were collected on an Aviv 62A DS spectro-
polarimeter using a 0.1 cm quartz cuvette. SurA and
domain deletion constructs were diluted to 1 μM (SurA,
SurAΔP1, SurAΔP2) or 1.5 μM (core) in buffer con-
taining 20 mM Tris (Fisher Scientific), pH 8.0. Equilib-
rium unfolding titrations were conducted by titrating a
solution containing equivalent protein concentration to
the analyte and 8 M urea (ThermoFisher), 20 mM Tris,
pH 8.0 using a computer-controlled titrator (Hamilton)
to maintain constant protein concentration. Each urea
step was between 0.1 and 0.2 M urea until a final con-
centration of 7 M urea was reached, with 5 min of equil-
ibration time with stirring between each reading. Signal
at 222 nm was averaged at each data point 30 s with stir-
ring off. Three repeats were conducted for each
construct.

We then used a two-state linear extrapolation model45

to fit the normalized titration curves with the equation
below:

Y obs =
YN + aN Urea½ �ð Þ+ YU + aU Urea½ �ð Þ � e−

ΔGo
N−U

+m Urea½ �
RT

� �

1+ e
−

ΔGo
N−U

+m Urea½ �
RT

� � ,

ð5Þ

where Yobs is the observed signal; YN and YU are the
intercepts of the native and unfolded baselines, respec-
tively; aN and aU are the slopes of the folded and
unfolded baselines, respectively; mT is the m value,
[Urea] is the concentration of urea, ΔGo

N−U is the change
in Gibbs free energy of folding, R is the gas constant, and
T is the temperature (393K). The m value was deter-
mined by globally fitting all three repeats: m = 1.78 for
SurA and SurAΔP2, m = 1.75 for SurAΔP1 and SurA
core. Mean and SD values were calculated for the ΔG
values of each construct.
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