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ABSTRACT Many proteins of the outer membrane of Gram-negative bacteria and of the outer envelope of the endosymbioti-
cally derived organelles mitochondria and plastids have a b-barrel fold. Their insertion is assisted by membrane proteins of the
Omp85-TpsB superfamily. These proteins are composed of a C-terminal b-barrel and a different number of N-terminal POTRA
domains, three in the case of cyanobacterial Omp85. Based on structural studies of Omp85 proteins, including the five POTRA-
domain-containing BamA protein of Escherichia coli, it is predicted that anaP2 and anaP3 bear a fixed orientation, whereas
anaP1 and anaP2 are connected via a flexible hinge. We challenged this proposal by investigating the conformational space
of the N-terminal POTRA domains of Omp85 from the cyanobacterium Anabaena sp. PCC 7120 using pulsed electron-electron
double resonance (PELDOR, or DEER) spectroscopy. The pronounced dipolar oscillations observed for most of the double spin-
labeled positions indicate a rather rigid orientation of the POTRA domains in frozen liquid solution. Based on the PELDOR
distance data, structure refinement of the POTRA domains was performed taking two different approaches: 1) treating the in-
dividual POTRA domains as rigid bodies; and 2) using an all-atom refinement of the structure. Both refinement approaches
yielded ensembles of model structures that are more restricted compared to the conformational ensemble obtained by molecular
dynamics simulations, with only a slightly different orientation of N-terminal POTRA domains anaP1 and anaP2 compared with
the x-ray structure. The results are discussed in the context of the native environment of the POTRA domains in the periplasm.
INTRODUCTION
The central components of the protein complexes facili-
tating protein insertion into or translocation across the outer
membrane (OM) of Gram-negative bacteria, mitochondria,
and chloroplasts are members of the Omp85 superfamily
(1). Omp85 proteins are composed of a transmembrane,
pore-forming b-barrel at their C-terminus with two charac-
teristic motifs (2) and a varying number of polypeptide-
transport-associated (POTRA) domains in their N-terminal
region (3,4). Although the b-barrel domain follows the
evolutionary path in its divergence, phylogenetic analysis
of the POTRA domains revealed a functional classification
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(5). POTRA domains of Omp85 proteins have been impli-
cated in complex assembly and recognition of substrate pro-
teins (6).

In Escherichia coli, BamA is the central component of the
b-barrel assembly machinery (BAM) complex that performs
membrane insertion of OM proteins (OMPs) (7). It consists
of the characteristic C-terminal b-barrel and five POTRA
domains at the N-terminus. In addition to BamA, the BAM
complex is composed of several lipoproteins (BamB/C/D/E
(7–10)). It is described that the third POTRA domain of
BamA binds BamB (11) and thus is involved in complex
formation. In turn, the first, and thus most N-terminal,
POTRA domain is an essential interaction partner of SurA,
which has been proposed to deliver b-barrel proteins from
the plasma membrane to the BAM complex (12). In line
with this, NMR titration experiments revealed that ecP1
(for POTRA 1 of the E. coli protein BamA) and ecP2 interact
with peptides comprising transmembrane b-strands of PhoE,
which itself is a substrate of the BAM complex (13).
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Omp85 proteins in cyanobacteria were discovered first in
Synechocystis sp. PCC 6803 (14) and in Anabaena sp. PCC
7120 (hereafter, Anabaena sp. (15)). They are considered to
be ancestors of the translocation pore of the translocase of
the outer envelope membrane of the chloroplast (TOC
(16)). Although Anabaena sp. contains three open reading
frames coding for distinct Omp85 proteins (17), the one
encoded by alr2269 (hereafter referred to as anaOmp85)
is considered the most abundant Omp85 protein in the outer
membrane (18) and is the subject of this study. anaOmp85
contains three POTRA domains (anaP1, anaP2, and
anaP3), which were found to regulate the pore gating of
the b-barrel (5,15,19). In contrast to BamA, anaOmp85 con-
tains an N-terminal proline-rich region of ~200 amino acids
that precedes the POTRA domains and for which structural
information does not exist (19).

The importance of the POTRA domains in the eukaryotic
systems remains under debate. A mutant of the Omp85 pro-
tein in the sorting and assembly machinery (SAM, also
referred to as topogenesis of mitochondrial outer membrane
b-barrel proteins (20)), Sam50, which lacks the POTRA
domain, is viable (21), although it is said that this domain
is involved in substrate release from the SAM complex
(22). Similarly, the POTRA domain of Omp85 in the TOC
complex, Toc75, recognizes the transit peptide of the chlo-
roplast proteins that have to be translocated across the outer
envelope and also interacts with another complex compo-
nent, the receptor Toc34 (15). However, in Arabidopsis
thaliana, two Omp85 homologs without the POTRA
domain have been described experimentally (23,24), which
is in line with the notion that Omp85 with either alternative
or without soluble domains has evolved to perform alter-
native functions (25). POTRA domains might function as
a hub for interaction with other complex partners, which
might be absent in the case of the Omp85 proteins without
POTRA domains. In support of this suggestion, a POTRA
domain is also found in the cell-division protein FtsQ, which
is not involved in the translocation of other proteins, and the
POTRA domain is essential for FtsQ positioning by interac-
tion with a complex partner (26).

POTRA domains have a characteristic b-a-a-b-b fold,
where the two helices are packed from the same side
against the three-stranded b-sheet (19,22,27–29). The
length of the linker and the interface between two adjacent
POTRA domains determines their angular range of motion
relative to each other. This flexibility is thought to be of
functional relevance. The POTRA domains of BamA pro-
vide a scaffold for assembling the BAM complex, which
implies that the orientation of the POTRA domains relative
to each other is an important factor. This was also shown to
be the case for FhaC, as a two-amino-acid insertion be-
tween its two POTRA domains reduced substrate recogni-
tion (30).

The published x-ray structures of the POTRA domains of
BamA revealed a fishhook-like arrangement of the POTRA
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domains, with a kink between ecP2 and ecP3 (29), as well as
an extended conformation of the domains (28). As a result,
a conformational change upon substrate recognition was
proposed for the hinge region in proteobacterial Omp85
proteins. However, the conformational exchange between
ecP2 and ecP3 in full-length BamA in lipid bilayers, if it ex-
ists at all, is slow on the timescale of solid-state NMR (31).
A conformational change similar to that in BamA x-ray
structures was proposed for full-length FhaC by electron
paramagnetic resonance (EPR) spectroscopy (32). Analysis
of the orientation and conformational flexibility of the
POTRA domains of BamA by solution and solid-state
NMR, EPR, or small-angle x-ray scattering measurements
revealed a rigid connection between ecP1 and ecP2 with a
reorientation at timescales not detectable by these experi-
mental methods, especially in lipid bilayers (13,31,33,34).
Similarly, ecP4-ecP5 has a stable/rigid conformation in lipid
bilayers as well as in detergent (31,35,36), which is similar
to the x-ray structure of those domains.

Sequence information in connection with existing results
on BamA led to the proposal that at least the last twoC-termi-
nal POTRA domains of anaOmp85 (anaP2 and anaP3) form
a stable hub, whereas the preceding POTRA domain (anaP1)
might be more flexibly connected (1). To experimentally
challenge this interpretation, we analyzed the anaOmp85-
POTRA domains by pulsed electron-electron double reso-
nance (PELDOR, also called DEER) spectroscopy (37–39).
PELDOR is a method for measuring long-range distances
and their distribution in spin-labeled macromolecules.
Thus, PELDORmeasurements can providevaluable informa-
tion on conformational changes (40,41) as well as wide-range
distance restraints (1.8 nm to 6–10 nm in deuterated sam-
ples) for structural modeling (33,42–46). The spin label
(SL) utilized, MTSSL ((1-oxyl-2,2,5,5-tetramethylpyrro-
line-3-methyl) methanethiosulfonate)), possesses an intrinsic
linker flexibility, which needs to be taken into account when a
structure is refined or modeled based on PELDOR distance
constraints. Several approaches to describe the intrinsic flex-
ibility of the SL, such as rotamer libraries, as well as molec-
ular dynamics (MD) simulations, have been introduced to
enhance the reliability of structural modeling (46–48). We
used site-directed spin labeling (SDSL) to investigate the
relative orientation and conformational flexibility between
POTRA domains of anaOmp85 by PELDOR spectroscopy
using 27 double cysteine mutants including intra- and inter-
domain distance constraints. We compare our experimental
results to the available SL rotamer libraries, as well as MD
simulations, to account for the SL linker flexibility. The diffi-
culties arising from ambiguities in rotamer libraries are eval-
uated and discussed in the context of structure refinement
using our experimental PELDOR constraints. Despite these
ambiguities in rotamer prediction, structure refinement using
Rosetta revealed a rather restricted conformational ensemble
of the POTRA domains in frozen liquid solution compared to
the same orientation between anaP2 and anaP3, and only a
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slightly different orientation of anaOmp85 POTRA domains
anaP1 and anaP2, as observed in the x-ray structure.
MATERIALS AND METHODS

Sample preparation and purification

Surface-exposed residues were substituted by cysteine via Quick-change po-

lymerase chain reaction on a construct containing amino acids 161–467 of

anaOmp85, as described in (19) (for oligonucleotides, see Table S1 in the

SupportingMaterial). TransformedE. coliBL21DE3 (Invitrogen, Carlsbad,

CA) were inoculated in lysogeny broth at 37�C and expression was induced

by addition of 1 mM isopropyl 1-thio-b-d-galacto-pyranoside at A600¼ 0.8.

Cellswere harvested after 4 h incubation, resuspended in lysis buffer (25mM

HEPES/KOH, pH 7.0, 250 mMNaCl, and 5 mMMgCl2), and lysed via son-

ication. After 30 min centrifugation at 25,000� g, the proteins were immo-

bilized onNi-NTA (Qiagen, Hilden, Germany) and washedwith wash buffer

(25 mM HEPES/KOH, pH 7.0, 250 mM NaCl, 5 mM MgCl2, and 10 mM

imidazole). The protein was labeled with MTSSL (Enzo Biochem, New

York, NY) in wash buffer at 4�C overnight. After extensively washing, the

labeled proteins were eluted with elution buffer (25 mM HEPES/KOH, pH

7.0, 250 mM NaCl, and 500 mM imidazole). Protein concentration was

determined using Bradford reagent (Bio-Rad, Hercules, CA) and adjusted

to 100 mM in PELDOR buffer (25 mM HEPES/KOH, pH 7.0, 250 mM

NaCl, 500 mM imidazole, and 30% glycerol). X-band samples (180 mL or

40 mL with 100 mM protein concentration) were transferred to standard 4-

mm or 2.8-mm-diameter quartz EPR tubes (Wilmad-Labglass, Vineland,

NJ). The samples were shock-frozen in liquid nitrogen. The Q-band samples

(10 mL with 100 mM protein concentration) were transferred to a 1.6-mm-

diameter suprasil EPR tube (Wilmad).
PELDOR data collection and data analysis

Pulsed EPR data were measured on an Elexsys E580 EPR spectrometer

(Bruker, Billerica, MA) equipped with a Bruker PELDOR unit (E580-

400U). Temperaturewas kept at 50Kwith a continuous-flowhelium cryostat

(CF935) and temperature control system (ITC502), both fromOxford Instru-

ments (Abingdon, UK). For PELDOR experiments, the dead-time free four-

pulse sequence was used (49). For measurements at X-Band frequencies

(9.6 GHz), a 1 kWTWTamplifier (ASE 117x) and a dielectric ring resonator

or split ring resonator (MD5W1 orMS3) were used. The pulse lengths were

32 ns (p/2 andp) for the probe pulses and 12 ns for the pumppulse. The delay

between the first and second probe pulses was varied between 136 and 192 or

200 and 256 ns in 8 ns steps (protonated samples), and between 456 and

848 ns in 56 ns steps (for buffer-deuterated sample I292C-V460C) to reduce

contributions from nuclear modulations (50). The pulse separation between

the second and third probe pulses was between 1.2 and 7.3 ms, depending on

the probed distances and transversal relaxation time (T2) of the samples. The

shot repetition timewas 4–5 ms. The frequency of the pump pulse was set to

the resonance frequency of the over-coupled resonator (Q ~50) and the mag-

netic field was such that the excitation coincided with the maximum of

the nitroxide powder spectrum to obtain optimum pumping efficiency. The

probe frequency was chosen to be 70 MHz higher (80 MHz for the

A319C-E344C sample). Possible SL orientational effects on the distance

determination were probed for I292C-E344C, I292C-V370C, N265C-

A319C,Q429C-A319C,Q429C-E344C, andV460C-E344Cby experiments

using a 40MHz offset between pump and probe frequency. No changes in the

PELDOR time traces were observed, so SL orientational contributions could

be excluded (data not shown). For measurements at Q-band frequencies

(33 GHz) experiments were performed with the Elexsys SuperQ-FT acces-

sory, with a 10 WAmpQ amplifier (Bruker) and an EN5107D2 resonator.

The pulse lengths were 32 ns (p/2 and p) for the probe pulses and 20 ns

for the pump pulse. The delay between the first and second probe pulses

has not been varied due to the negligible effect of nuclear modulations for
protons at this frequency band (51). The pulse separation between the second

and third probe pulses was between 3 and 4 ms, depending on the probed

distances and transversal relaxation time (T2) of the samples. The shot repe-

tition time was 4.5 ms. The pump pulse frequency was set to the resonance

frequency of the over-coupled resonator (Q ~300) and the magnetic field

was such that the excitation coincides with the maximum of the nitroxide

powder spectrum to obtain optimum pumping efficiency. The probe fre-

quency was chosen 70 MHz lower. Data analysis was performed using the

DeerAnalysis software package (52) to obtain the distance distributions

between the spin pairs of the double-labeled mutants. The PELDOR time

traces were corrected for background decay using a homogeneous three-

dimensional spin distribution.
Prediction of interspin distances and
intramolecular dipolar evolution functions

In silico spin-labeling of the protein structure (PDB: 3MC8)was used to pre-

dict the interspin distances and intramolecular dipolar evolution functions

for all SL pairs. Hereby, different rotamer libraries to model the conforma-

tional flexibility of the MTSSL were used for the predictions and compared

to the experimental results. For rotamer libraries from multiscale modeling

of macromolecular systems (MMM) (47) (175 K and 298 K), prediction of

distance distributions and intramolecular dipolar evolution function were

directly performed in MMM. Distance distributions from MD simulation

trajectories were extracted using every 40th frame by calculating the dis-

tance between geometric midpoints of N1 and O1 atoms of SLs. Intramolec-

ular dipolar evolution functions for distance distributions were derived from

rotamer libraries of mtsslWizard (53), using thorough search and loose vdW

restraints (cutoff 2.5 Å, five clashes allowed), and MD simulations were

simulated in a home-written MATLAB script.
Structure refinement

Structural refinement of the x-ray structurewas done using two approaches, a

rigid-body-motion approach using a home-written MATLAB script, and a

more structure-based approach. In the first approach, the N-O midpoint co-

ordinates of each SL position derived from rotamer libraries described above

were fixed to the respective POTRAdomain (rigid-body assumption). Then a

displacement (x, y, and z) and rotation (a, b, and g) of domains anaP1 and

anaP3 with respect to anaP2 were allowed to minimize the RMSD between

the experimental and predicted distance distribution function. Typically,

20,000 minimizations (with different starting conditions) were performed,

and the 100 best solutions were stored. The linker regions between the

domains anaP1, anaP2, and anaP3 of the best solutions were rebuilt using

Yasara. For the second approach, a YASARA (54) Python script was devel-

oped to screen the relative orientational space of the POTRA domains

(with respect to the twist and swing angles) utilizing Rosetta (www.

rosettacommons.org, release 2015.05.57576). The angular space, which

was explored in the MD simulations (anaP1-anaP2: twist 0–160�, swing
0–120�; anaP2-anaP3: twist 10–105�, swing 0–75�), was screened in steps

of 18�. For a total of 143 angle combinations, the corresponding structure

was extracted from the trajectories of theMD simulations. In case a structure

with the required angle combination was not available, two structures were

extracted from the trajectories, i.e., one with the required anaP1-anaP2

angles and another that fulfilled the requirements for anaP2-anaP3. These

two structures were then further processed and joined to form a single struc-

turewhose angles correspond to the requested angle combination for anaP1-

anaP2, as well as anaP2-anaP3. Any missing or superfluous SLs in these

structures were introduced or removed. The above-selected structures were

subjected to Rosetta relax protocol (55), creating 500 models for each input

structure (143� 500z 72,000 Rosetta models) and enforcing distance con-

straints to ensure that the pairwise SL distances lie within the range of the

experimentally determined distance distributions. Briefly, the better SL pairs

match the distances associated with the highest normalized frequencies, the
Biophysical Journal 110, 2195–2206, May 24, 2016 2197
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larger their contribution to the total Rosetta score of a model. Avirtual atom

was introduced at the geometric center of the N1 andO1 atoms of each SL by

extending theR1Aparameter file included inRosetta.Distance constraints of

the type ‘‘AtomPair’’ were defined between these virtual atoms of SL pairs,

and the experimentally determined SL-pair distance distributions were used

as SPLINE functions for constraint scoring. The frequencies of each distance

distribution were normalized to (0, 1); they were multiplied by�1 to fit into

Rosetta’s scoring scheme. The constraint weight was set to 4, which leads to

optimal results with RosettaEPR (45). It employs a related approach for

refining structures with EPR/PELDOR data.
MD simulations: wild-type

The rotational freedom of the POTRA domains of anaOmp85 was explored

by replica-exchange MD (REMD) across 128 replicas in the temperature

range from 300 to 405 K. A webserver (http://folding.bmc.uu.se/remd/

(56)) was used to calculate the exponential temperature distribution of the

replicas with an exchange probability of 0.2. The 20 ns REMD simulation

(20 ns � 128 replicas ¼ 2560 ns) using the AMBER03 force field (57)

was performed with Gromacs 5.0.4. A rhombic dodecahedron was selected

as the shape of the simulation box, with the protein being at least 18 Å away

from the periodic boundaries. A 5 fs time step was enabled by converting

hydrogen atoms to virtual sites (pdb2gmx option –vsite hydrogens). TheVer-

let cutoff schemewas used for neighbor searching (58). The short-range cut-

offwas 1.4 nm.Long-range electrostaticswere calculatedwith particle-mesh

Ewald (PME) (59). The PME order was 4 and the Fourier spacing 0.16 nm.

Two groups (protein and water/ions) were used for temperature coupling

with a time constant of 0.1 ps using the V-rescale thermostat (60). Isotropic

pressure coupling was performed with a Parrinello-Rahman barostat (61,62)

using a time constant of 2.0 ps to keep the pressure at 1.0 bar. The 1 ms wild-

type MD simulation of anaOmp85 POTRA domains used the same parame-

ters as described for the REMD setup, but the temperature was set to 300 K.
MD simulations: spin-labeled mutants

For spin-labeled mutants, MTSSL was modeled, quantum-mechanically

optimized with YASARA (63), and introduced into the crystal structure of

the anaOmp85-POTRA domains (PDB: 3MC8) at appropriate sites. In total,

five sets of mutants were constructed, which carry MTSSLs at the following

positions in anaP1 and anaP3: 1) Q259, I292, Q429, and V460; 2) N265 and

Q429; 3) Q259, I292, and L448; 4) Q259, I292, and V457; and 5) G233 and

V460. For each set of mutants, threeMD simulations were performed, where

anaP2 carries MTSSL at residue A319, E344, or V370, respectively. The SL

combinations of these mutants minimize the number of required simulations

as well as the putative contact between the SLs. MD simulations were per-

formed with YASARA using the AMBER03 force field (57). The structures

were put in cubic simulation boxes of 128 Å side lengthwith periodic bound-

aries. The three POTRA domains of the initial (x-ray) conformation of

anaOmp85 span ~9 nm; also, a fully elongated (~10.5 nm) structure can

be accommodated in the box. Placement of water and ions, as well as pKa

prediction of protonatable groups of the protein, were performed with

YASARA’s neutralization experiment (64). The van der Waals interactions

were cut off at 10.48 Å and Coulomb interactions were calculated with

PME (59). Proteins were simulated for 100 ns at 298 K.
FIGURE 1 Analysis of the intradomain distances in anaOmp85-POTRA

domains anaP1, anaP2, and anaP3. (A) The crystal structure of the three

POTRAdomains, indicating the spin-labeled residues. (B) The obtained intra-

domain experimental distance distributions (gray) compared with distance

distributions generated on the crystal structure byMMM in 298Kmode (red).
RESULTS

The N-terminal anaOmp85-POTRA-domain-
containing region is monomeric in the absence of
the b-barrel and other interaction partners

To verify the monomeric state of the recombinantly ex-
pressed anaOmp85-POTRA domains, we probed for the
2198 Biophysical Journal 110, 2195–2206, May 24, 2016
potential presence of POTRA domain dimers using a sin-
gle-Cys mutant in domain anaP2 (V370C). A monotonously
decaying background due to random intermolecular interac-
tions was detected (Fig. S1 (39)). Calculation of the spin
concentration from this decay function, assuming an inter-
molecular interaction between randomly distributed pro-
teins, resulted in a value of 86 mmol/L, very similar to the
spin concentration of 103 mmol/L determined by continuous
wave (CW) EPR. This proves the monomeric behavior of
the domains under the experimental conditions. In addition,
different cryoprotectants and freezing procedures had no
impact on PELDOR results probed by the I292C-V370C
double mutant (Fig. S2).
Structure of individual anaOmp85-POTRA
domains in frozen solution compares well to the
x-ray structure

Seven intradomain PELDOR constraints (Fig. 1 A) located
within regular a-helix or b-sheet elements of the POTRA
motif (b-a-a-b-b) were used to probe the structural integrity
of individual POTRA domains in the absence of substrate
and possible interaction partners. We observed well-defined
oscillations that allow a clear differentiation between intra-
and intermolecular dipolar interactions (Fig. S3), allowing
the extraction of well-resolved distance distributions by

http://folding.bmc.uu.se/remd/
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Tikhonov regularization (Fig. 1 B; Table S2). We applied
in silico modeling of the internal conformational flexi-
bility of the MTSSL using rotamer libraries obtained from
different programs (47,53) to simulate distance distributions
and intramolecular dipolar evolution functions to compare
our results to the available x-ray structure. Comparison of
the experimental distance distributions with predicted distri-
butions based on the x-ray structure (19), using MMM in
298 K mode, shows that experimental and predicted mean
distances are in good agreement (Table S2). This is true
for all other rotamer libraries compared in this study (see
Materials and Methods, Figs. S4 and S5, and Tables S2
and S3 (48,66)). Analysis of the root mean-square fluctua-
tion between MD simulations and x-ray structure for the
individual POTRA domains showed that large fluctuations
within each domain are mostly restricted to loop regions
(Fig. S6). Fluctuations in anaP3 are primarily caused by
the presence of an elongated loop in this domain (Fig. S7
and Table S4 (1)).

Especially for SL pairs N265C-I292C, A319C-E344C,
and A319C-D337C, the predicted distances and widths of
the distributions are in good agreement with the experi-
mental results (Fig. 1 B). This indicates that the rotamer li-
braries for these positions are able to reflect the true distance
and flexibility of the SLs in these pairs with high precision
(Figs. 1 B and S5). However, the anaP3 (Q429C-V460C), as
well as the anaP2 (D337C-D351C), label pair (Fig. 1 B) ex-
hibits experimental distance distributions much narrower
than the predictions by any of the applied rotamer libraries
(Fig. S5). In addition, we observe distance distributions of
similar width but different shape compared with the predic-
tions for SL pairs related to residue 370 in anaP2 (Fig. 1 B).
The rigidity of the SL at this position was also observed in
liquid solution via CW EPR (Fig. S1).

All these aforementioned deviations of experiment from
prediction are most likely due to a more confined rotamer
flexibility of at least one partner in an SL pair within the
experiment. Thus, it can be concluded that the architecture
of the individual domains in frozen solution is very similar
to the x-ray structure, allowing the assumption that the indi-
vidual domains can be treated as rigid bodies.
Interdomain distance constraints suggest a
confined relative orientation of the anaOmp85-
POTRA domains

The relative orientation of the individual domains with
respect to each other in frozen-solution samples was inves-
tigated by PELDOR spectroscopy using 20 interdomain
distance constraints (Figs. 2 A, 3 A, and 4 A). These con-
straints were selected such that a triangulation of a posi-
tion in P1 and P3 with a position in P2 was possible. The
majority of the interdomain SL pairs exhibit pronounced
dipolar oscillations (Figs. 2 B, 3 B, 4 B, and S8), leading
FIGURE 2 Analysis of the distances between

anaOmp85-POTRA domains anaP2 and anaP3.

(A) The crystal structure of the three POTRA

domains, indicating the spin-labeled residues. (B)

Comparison of background-corrected PELDOR

time traces for measurements between domains

anaP2 and anaP3 (gray) with predicted intramo-

lecular dipolar evolution functions for MD (blue)

and x-ray (red; MMM 298 K). (C) Comparison

of distance distributions for interdomain SL pairs

between anaP2 and anaP3 obtained by PELDOR

(gray), MD (blue), and x-ray (red; MMM 298 K).

Biophysical Journal 110, 2195–2206, May 24, 2016 2199



FIGURE 3 Analysis of the distances between

anaOmp85-POTRA domains anaP1 and anaP2.

(A) The crystal structure of the three POTRA do-

mains, indicating the spin-labeled residues. (B)

Comparison of background-corrected PELDOR

time traces for measurements between domains

anaP1 and anaP2 (gray) with simulated intramo-

lecular dipolar evolution functions for MD (blue)

and x-ray (red; MMM 298 K). (C) Comparison

of distance distributions for interdomain SL pairs

between anaP1 and anaP2 obtained by PELDOR

(gray), MD (blue), and x-ray (red; MMM 298 K).
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to well-resolved interspin distances (Figs. 2 C, 3 C, and 4 C;
Table S2) ranging from ~2.4 nm (N265C-E344C (Fig. 3 C))
to ~5.7 nm (I292C-V460C (Fig. 4 C)). Especially distance
distributions related to residues V370 or Q374 are narrow,
indicating a fairly defined domain-domain orientation for
anaP1 and anaP2 as well as anaP2 and anaP3. Distance dis-
tributions obtained for different rotamer libraries and tem-
peratures show comparable predictions (Figs. S9, S11, and
S13); however, comparison to the experimental distances
and distributions reveals discrepancies especially in the
width of the predicted distributions, whereas the mean dis-
tances are close to those determined experimentally. The
discrepancies in distribution width are most likely due to a
smaller inherent flexibility of the SL in frozen liquid solu-
tion compared to the flexibility predicted by the different ro-
tamer libraries.

Comparison of the experimental intramolecular dipolar
evolution functions observed between anaP2 and anaP3
with the predictions from x-ray (MMM 298 K) reveals that
V370C-V460C exhibits stronger intramolecular dipolar
oscillation and therefore a narrower experimental distance
distribution than predicted by in silico labeling (Figs. 2
and S9–S14). E344C-V460C yields a bimodal experimental
distance distribution. These observations are in line with
our intradomain results, where distances involving residues
2200 Biophysical Journal 110, 2195–2206, May 24, 2016
370 or 460 showed deviations between experiment and
rotamer library prediction, emphasizing that the SL flexi-
bility is strongly hindered at these positions. Apart from
the rotamer-library-based predictions, distance distribu-
tions were extracted from MD simulations on spin-labeled
POTRA domains of anaOmp85 by in silico labeling with
MTSSL at the desired positions in the x-ray structure. These
modified structures were simulated for a total of 1.9 ms with
YASARA using the AMBER03 force field, which was vali-
dated by a 1 ms wild-type MD simulation (see Materials
and Methods).

The extracted distance distributions are slightly broadened
compared to the experimental result, leading to an increased
dampening of the simulated intramolecular dipolar evolution
functions of the SL MD simulations. This indicates a more
constrained conformational flexibility of the domains in
frozen solution than predicted by the MD simulations
(Fig. 2). In the case of E344C-V460C, the MD simulations
better reflect the shape of the experimental distance distribu-
tions than predictions based on the x-ray structure (Fig. 2 C).
A reason for this might be that rotamer libraries are calcu-
lated based on the static crystal structure, whereas MD
simulations allow us to account for backbone fluctuations
and side-chain rearrangements of the protein. However, this
improvement in rotamer prediction is not observed as a



FIGURE 4 Analysis of the distances between anaOmp85-POTRA do-

mains anaP1 and anaP3. (A) The crystal structure of the three POTRA

domains, indicating the spin-labeled residues. (B) Comparison of back-

ground-corrected PELDOR time traces for measurements between domains

anaP1 and anaP3 (gray) with simulated intramolecular dipolar evolution

functions for MD (blue) and x-ray (red; MMM 298 K). (C) Comparison

of distance distributions for interdomain SL pairs between anaP1 and

anaP3 obtained by PELDOR (gray), MD (blue), and x-ray (red; MMM

298 K).
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general trend (see, e.g., SL pair Q259C-E344C (Fig. 3 C)).
Altogether our PELDOR results for SL pairs between
anaP2 and anaP3 reveal a rigid conformation of these do-
mains, which is comparable to the x-ray structure. At first
glance, this seems to be the case for anaP1 and anaP2 as
well (Fig. 3).

In-depth inspection revealed that the predicted time traces
not only exhibit a stronger damping, but also some shift in
dipolar coupling frequency (Fig. 3 B), leading to some devi-
ations between experimental and predicted mean distances,
especially for SL pairs N265C-E344C and N265C-A319C
(Fig. 3 C), as well as width of the distribution (e.g., SL
pair I292C-V370V (Fig. 3)). Since residue 265 was already
probed in the intradomain experiments, where reasonable
agreement was observed between experiment and predic-
tion, we suggest that the alterations in mean distance might
be due to a slightly different orientation of the domains,
rather than rotamer inaccuracy (Fig. 1). Interestingly, this
was not confirmed by the MD simulations on spin-labeled
domains, which reveal distance distributions similar to those
predicted on the basis of the x-ray structure (Fig. 3 C). This
is most likely a freezing effect that results in a smaller selec-
tion of rotamer states of the SL. In the case of residue 370,
limited flexibility of the SL side chain was observed by CW
EPR as well as intradomain constraints. Thus, the width of
the related distance distributions is much narrower than the
rotamer library predictions (Figs. 1 and S5). Here, MD sim-
ulations report a bimodal distance distribution of the SL
pair N265-V370. This might be a hint that also the flexi-
bility of the SL at position 265 is influenced by backbone
fluctuations and side-chain rearrangements of the protein.
Taken together, a slightly different domain-domain orienta-
tion as well as a more confined rotamer ensemble compared
to that predicted on the basis of the x-ray structure is
observed in frozen solution. For the three constraints be-
tween anaP1 and anaP3 (Fig. 4 A), reasonable agreement
between experimental results and simulations on the x-ray
structure is observed (Fig. 4, B and C). Only the mean dis-
tance for SL pair Q259C-L448C is slightly longer than that
predicted on the x-ray structure. However, this seems to be
the cause of population differences of the rotamers at these
positions. Interestingly, the distance distributions extracted
from our MD simulations on spin-labeled domains show
differences in mean distances for SL pairs Q259C-V457C
and I292C-V460 (Fig. 4 C). These deviations might be
due to a lower sampling of these distances within the MD
simulations.
PELDOR in frozen solution yields a restricted
conformational ensemble

Tounravel the orientation of anaP1 and anaP3with respect to
anaP2 in frozen solutionwemade use of two structure refine-
ment approaches considering the high-quality PELDOR
distance constraints (see Materials and Methods). For the
rigid-body approach, the orientation of the domains was
varied such that the RMSD between the experimental and
simulated distance distributions of pairs of rotamer bundles
was minimized, whereas for the Rosetta refinement, the
optimal orientation of the domains, as well as pairs of
single rotamers, was optimized, using the best match to the
experimentally most populated distances. Comparison of
the refined distance distributions for the best rigid-body
refinement reveals that especially distances for SL pairs
N265-A319 and N265-E344 are shifted to match the experi-
mental distribution (Figs. S15 and S16). The width of the
simulated distributions is mainly unchanged, especially for
distance distributions related to position V370, preserving
the increased dampening of the dipolar oscillations of the
time domain signal (Fig. S15). This overestimation of the
SL flexibility by the rotamer library leads to several solutions
giving similar goodRMSDs between experimental and simu-
lated distance distributions. Thus, this approach is strongly
dependent on the quality of the rotamer library prediction.

The best Rosetta refined model gives an almost complete
agreement (~98%) with the most probable distances of
Biophysical Journal 110, 2195–2206, May 24, 2016 2201



Dastvan et al.
the experimental distributions by selecting a single rotamer
for each position, which fulfills all distance constraints at
once (Fig. S16). The precision of the underlying rotamer li-
brary, as well as the increased degrees of freedom due to full
protein flexibility, allow several models with similar good
agreement with the experimental results in frozen solution.
Ensembles of the top 100 models of both refinement strate-
gies were selected. In terms of rigid-body refinement, all
models have an RMSD variation that is below the error of
Tikhonov regularization. For Rosetta refinement, these
models fall into a score range of ~0.6% (Fig. 5; Table S5).
To compare the models in each ensemble, the twist and
swing angles between adjacent domains were used to
describe the relative orientation of the domains with respect
to each other (Fig. 5). The twist angle describes a rotational
motion about the main axis of the respective domain
anaP1 or anaP3 (Fig. 5 A). The swing angle describes a
bending of either anaP1 or anaP3 from the main axis of
anaP2 (Fig. 5 A). The small angular spread observed for
the anaP2-anaP3 pair (40� and 30� for the rigid-body and
Rosetta refinements, respectively) is in line with the well-
defined oscillations of the dipolar evolution functions ob-
FIGURE 5 Comparison of the orientational space of spin-labeled

anaOmp85-POTRA domains obtained by REMD simulations by PELDOR

distance constraints. The density maps (10 contour levels) indicate the rela-

tive population of the orientational space between adjacent POTRA do-

mains. (A) Cartoon representation of the POTRA domains, indicating the

twist and swing angles describing the relative orientation of the domains.

(B–D) Comparisons of anaP2 and anaP3 (B), anaP1 and anaP3 (C), and

anaP1 and anaP2 (D) based on REMD simulations. In all plots, the asterisk

indicates the conformation of the respective domains in the crystal struc-

ture. The refined structures obtained by rigid-body refinement (black

dots) and Rosetta (cyan dots) are indicated.

2202 Biophysical Journal 110, 2195–2206, May 24, 2016
tained for these constraints (Fig. 2), indicating that the
observed inaccuracy in orientation prediction is mostly due
to the inaccuracy in SL flexibility prediction by the rotamer
libraries in both approaches (Fig. 5B). Nonetheless, the orien-
tation of this domain pair in the x-ray structure resembles
the putative orientation in frozen solution (Fig. 5 B). In case
of anaP1 and anaP2, we observed an elliptic distribution of
angles with a small swing angle spread of 30� and 40� and a
larger twist angle spread of 50� and 70� for the rigid-body
and Rosetta refinements, respectively (Fig. 5 D). However,
the large twist-angle spread, aswell as the deviationof the cen-
troids (rigid body: twist 90�, swing 92�; Rosetta: twist 66�,
swing 69�) is in contradiction to the observed pronounced
dipolar oscillations for constraints of this domain pair
(Fig. 3 B). The relative orientations obtained for anaP1 and
anaP3 show a comparable spread of twist/swing angles for
both strategies, which is similar to the one observed for the
domain pair anaP2 and anaP3. As concluded for anaP2 and
anaP3, the relative orientation of anaP1 and anaP3 present
in the x-ray structure bears a close resemblance to the model
ensembles (Fig. 5).

To check whether the orientational space of the POTRA
domains of anaOmp85 was sufficiently scanned during
Rosetta refinement (Fig. S17), the total possible orienta-
tional space was estimated by REMD simulations (Fig. 5)
in addition to the MD simulations on spin-labeled domains
presented above. All MD simulations show a large overlap
of the orientational space for all domain pairs (Figs. 5,
B–D, and S17). This is also the case for the previously pub-
lished MD simulations (19); however, the simulations pre-
sented in this study enable a more comprehensive view of
the conformational space of anaOmp85 POTRA domains
due to their multitude, time length, and an enhanced sam-
pling method. The orientational ensemble of anaP3 with
respect to anaP2 describes a circular space with a diameter
of ~30� for the most populated conformations and a larger
area with a diameter of ~90� in the case of low-populated
structures (Fig. 5 B). The refined models of both strategies
are located within the conformational space of the REMD
simulations. Especially the models found by Rosetta refine-
ment overlap with the most populated MD conformations.
The conformational ensemble of anaP1 with respect to
anaP2 describes an ellipse with a spread of ~50� for the
twist angle and ~40� for the swing angle for the most popu-
lated conformations (Fig. 5 D), leading to a rather restricted
conformational space of these anaOmp85 POTRA domains
in frozen solution. Since the overall conformational space of
the MD simulations including the area of lower-populated
conformations is much larger for these domains, especially
the full range of twist motion is explored during the REMD
simulation in a small corridor bounded by the swing angle
mostly between 80� and 100�.

Looking at the relative orientation of anaP1 and anaP3
reveals a circular orientational space; however, the diam-
eter of the space is ~20� larger than the one observed for
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anaP2-anaP3. The lower-populated conformations show a
spread of ~140� in the twist angle and ~90� in the swing
angle; this again covers the conformations observed upon
structure refinement. The orientational space of the most
populated REMD conformations is the same size as that
for the model ensembles obtained by our refinement ap-
proaches. Furthermore, the Ca distance distributions of
the investigated interdomain constraints in the REMD simu-
lation reveal that the resulting distributions due to interdo-
main movement are much narrower than those of the
experiment, which is due to the rather small size of POTRA
domains and the short linkers between them (Fig. S16).
Thus, the envelope introduced by the flexibility of the SL
imposes a resolution limit to the presented structure refine-
ments. Nonetheless, we conclude that the conformational
ensemble of anaOmp85-POTRA domains in frozen liquid
solution is restricted in comparison to the conformational
space sampled by the REMD simulation.
DISCUSSION

PELDOR spectroscopy has become a valuable tool to
gain insight into conformational dynamics of biomolecules
(67). This is achieved by introducing paramagnetic spin cen-
ters at selected sites in the biomolecule. In our study, 27 dis-
tance constraints within and between the POTRA domains
of anaOmp85 were measured, which showed strong dipolar
oscillations and narrow distance distributions, strongly
indicative of a defined relative orientation of the domains.
Nevertheless, the large intrinsic flexibility of the most
commonly used SL, MTSSL, needs to be taken into account,
especially when it comes to structure determination. The
comparison of our experimental data to distance distribu-
tions from rotamer library predictions on the x-ray structure
revealed some discrepancies, which can most likely be
attributed to differences in rotamer populations. In addition,
distance distributions extracted from MD simulations on
spin-labeled POTRA domains are slightly broader than
the experimental distributions. The deviations are observed
especially for constraints between anaP1 and anaP2, sug-
gesting a slightly different orientation from that observed
in the x-ray structure, as well as a smaller flexibility of
these anaOmp85-POTRA domains in frozen liquid solution
compared to MD simulations. We used our PELDOR con-
straints in two structure refinement approaches. In the case
of the rigid body refinement, rotamer libraries based on the
static x-ray structure were used to account for SL flexibility
at a specific site, disregarding side-chain rearrangement
of surrounding residues or putative tertiary interactions.
This leads to an overestimated flexibility of the SL, which
is reflected by broader distance distributions, as previously
reported as well (68). By considering the intraresidue
Ca—H ∙∙∙Sd interaction (48,66,69), the width of the distri-
butions is slightly reduced, but the most probable distances
differ as well (Figs. S5, S11, and S13). Thus, overall agree-
ment of predicted and experimental distance distributions is
not greatly increased. Nonetheless, the obtained models
suggest a somewhat reduced angular space compared to
our MD simulations (Fig. 5). To overcome the inherent in-
accuracy of the rotamer libraries and to account for protein
flexibility as well as interactions of the SL in structure
refinement we used Rosetta. Here, a specific rotamer is
selected to match the experimental constraints. By choosing
the labeling sites such that each position is correlated to two
or more different sites, the degrees of freedom introduced
by the linker of the SL are drastically reduced. This
approach yielded similar precision for the top 100 models
as the rigid body refinement. However, a more stringent se-
lection of allowed models significantly reduces the spread
in angular space of the Rosetta models, which in the case
of the rigid-body refinement is not true for the orientation
of anaP2-anaP3 (Fig. S17). In addition, the Rosetta
ensemble shows a larger overlap with the most populated
orientations in the MD simulations, which therefore are a
good representation of the ensemble in frozen solution.
Yet the ensembles of both refinement approaches reveal a
small intrinsic flexibility of the POTRA domain pairs
anaP1-anaP2 and anaP2-anaP3 in frozen solution. In terms
of anaP2-anaP3, this is in line with earlier findings on
BamA, where the C-terminal POTRA domains ecP3–ecP5
were assumed to have a rigid architecture (36). However,
recent crystal structures of assembled BAM complexes
challenge this assumption (8–10). In addition, the orienta-
tion of anaP2-anaP3 in the x-ray structure is well within
this structure bundle, and thus seems to be a good represen-
tative of this ensemble. Unfortunately, the resolution of
structure refinement cannot be increased any further, due
to the small size of the POTRA domains, which results in
Ca-distance distributions narrower than the experimental
PELDOR constraints (Fig. S16). Furthermore, due to the
inherent flexibility of the SL, and thus the uncertainty in
prediction of the mean label position with respect to the
protein backbone, structural refinement cannot be improved
higher than a limit (70).

Looking at the Ca interdomain distances for the pair
anaP1 and anaP2, we observe slightly broader distributions
for distances related to residue 374 than for the Ca atoms of
other SL pairs. Thus, we suggest that anaP1 and anaP2 are
connected in a slightly more flexible fashion than anaP2 and
anaP3; likewise, a flexible connection of ecP2 and ecP3 was
observed for a folded precipitate of BamA by solid-state
NMR (34). However, a switch between different conforma-
tions of anaP1 and anaP2, as reported for ecP2 and ecP3
constructs of POTRA domains ecP1–ecP4 of BamA
(28,29), is not observed in frozen solution. This is in agree-
ment with solid-state NMR studies on full-length BamA in
lipid bilayers, where a reorientation of ecP2-ecP3 was found
to be slow, if present at all (31).

Our study considers the POTRA domains of anaOmp85,
and thus, the orientation of anaP3 relative to the b-barrel,
Biophysical Journal 110, 2195–2206, May 24, 2016 2203
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as well as its interaction with other complex components, re-
mains unknown. However, extrapolating the position of ecP5
from known crystal structures of BamA ((8,9,28,29)), we
propose, to our knowledge, a first model for the relation be-
tween flexibility and the dimension of the peptidoglycan
layer (PGL, Fig. 6). In general, the PGL is attached to the
outer membrane and forms a porous network (71,72), but
FIGURE 6 Model of anaOmp85-POTRA domains embedded in the

PGL. (A) The domain compositions of anaOmp85 and ecBamA are shown.

PRD denotes the proline-rich domain of anaOmp85. (B and C) An

ensemble of MD structures on the outer contour line of the elliptic region

in Fig. 5 D, representing the most populated orientations of anaP1-anaP2

in MD simulations, and overlapping with the top-scoring Rosetta ensemble,

was superimposed onto anaP2 in the crystal structure to indicate the space

in which anaP1 rotates relative to anaP2 (Fig. S18). To estimate the rotation

of anaP3 relative to the b-barrel, we selected BamA structures that exhibit

different orientations of ecP5 relative to the b-barrel (PDB: 4K3B (green),

4K3C (blue), 5AWY (red), and 5EKQ (orange)) and aligned anaP3 onto

ecP5. Another structure (PDB: 4C4V) was omitted, because it was a

construct including ecP5 and the b-barrel only, which probably resulted

in an artificial ecP5 orientation (35). A homology model of the b-barrel

of anaOmp85 was built with YASARA based on an alignment with the tem-

plate structure 4n75 constructed by the HHpred server (80). An ~10-nm-

thick model of the PGL (ice blue) (71) is shown in surface representation.

(D and E) The BAM complex (PDB: 5AWY (9)) is shown with its compo-

nents BamA (domains colored cyan to blue from N- to C-terminus), BamB

(magenta), BamC (orange), BamD (green), and BamE (red). For ecP1 and

ecP2, an additional conformation (PDB: 3EFC) is shown, which exhibits a

different angle at the switch region between ecP2 and ecP3 (yellow). The

PGL was cut to match the reported thickness of 5–6 nm in E. coli. The

models in (B) and (D) are not shown on the same scale.

2204 Biophysical Journal 110, 2195–2206, May 24, 2016
its dimension appears to be species-specific. The PGL in
Anabaena sp. is at 12 nm about twice as thick as that in
E. coli ((73); Fig. 6, B and C). All current models suggest a
close vicinity of the PGL to the outer membrane (74,75)
and thus, we selected a spacing between the outer membrane
and the PGL of ~3 nm. This positioning is in agreement with
the observed BAM structure when considered in combina-
tion with the finding that the BAM components Pal in
Caulobacter crescentus (76) and ComL/BamD in Neisseria
gonorrheae (77) bind to PG and that PG binding motifs
have been identified in Mlp/BamE in N. meningitidis (78).

The three POTRA domains of anaOmp85 span ~9.5 nm
in the conformation known from the crystal structure (19),
revealing that anaOmp85 might only require two POTRA
domains to reach about as far as BamA ecP2–ecP5 into
the PGL (~5–6 nm). The positioning of the PGL would
render ecP1 accessible for interaction with SurA and its
substrates in the periplasm (Fig. 6,D and E), as recently pro-
posed (8). anaP1 adds an additional 3–3.5 nm, and thus, all
three POTRAS together would still not span the PGL. The
remaining ~6 nm of the PGL could be overcome by the
proline-rich N-terminal domain, which is specific for cyano-
bacterial Omp85 proteins and potentially provides an initial
interaction platform at the PGL boundary.

Thus, the observed conformational space would be
consistent with constraints existing in vivo, although com-
plex components might affect the conformational space of
the POTRA domains as well. Based on our model, the
conformational space of the POTRA domains determined
for anaOmp85 would be consistent with thermal fluctua-
tions within the confined environment of the PGL (Fig. 6,
B and C), whereas the hinge between ecP2 and ecP3 found
in BamA is likely absent in anaOmp85, as the anaPOTRA
domains do not span the PGL, and only the proline-rich
N-terminal domain is exposed to the periplasm.
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