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Role of the Native Outer-Membrane Environment on
the Transporter BtuB
Curtis Balusek1 and James C. Gumbart1,*
1School of Physics, Georgia Institute of Technology, Atlanta, Georgia
ABSTRACT BtuB is a TonB-dependent transporter that permits the high-affinity binding and transport of cobalamin (CBL), or
vitamin B12, across the asymmetric outer membrane (OM) of Gram-negative bacteria. It has been shown that Ca2þ binding is
necessary for high-affinity binding of CBL to BtuB, and earlier simulations suggested that calcium ions serve to stabilize key sub-
strate-binding extracellular loops. However, those simulations did not account for the lipopolysaccharides in the OM. To illumi-
nate the roles of both Ca2þ and lipopolysaccharides in protein functionality, we performed simulations of apo and Ca2þ-loaded
BtuB in symmetric and asymmetric bilayers. The simulations reveal that the oligosaccharides of LPS stabilize the extracellular
loops to some degree, apparently obviating the need for Ca2þ. However, it is shown that Ca2þ ions stabilize a key substrate-bind-
ing loop to an even greater degree, as well as reposition specific CBL-binding residues, bringing them closer to the organization
found in the CBL-bound structure. These results indicate the importance of including realistic membrane models when simu-
lating outer-membrane proteins.
INTRODUCTION
Gram-negative bacteria are characterized by the presence
of two membrane bilayers, cytoplasmic and outer, which
together provide a significant barrier to antibiotic uptake.
The outer membrane (OM) protects against both hydropho-
bic and hydrophilic molecules due to the intrinsic asymmetry
of the bilayer (1–3). In contrast to the cytoplasmic mem-
brane, which has two symmetric leaflets of phospholipids,
the OM has a periplasmic, or inner, leaflet of phospholipids
and an extracellular (EC) leaflet of lipopolysaccharides
(LPS) (4,5). Whereas phospholipids characteristically have
two aliphatic tails, LPS has a varying number of lipid tails,
typically four to six depending on the species, as well as a
large, charged oligosaccharide headgroup and long O-anti-
gen chains (2,5–8). Furthermore, the LPS oligosaccharide
has numerous phosphate groups that result in ionic bridging
between LPS oligosaccharides via cations, which is pre-
dicted to reduce the lateral mobility of LPS (9).

Although it affords Gram-negative bacteria additional
protection, the OM complicates the uptake of nutrients
and other molecules needed for cellular function (10).
To circumvent this uptake problem, an assortment of
transmembrane proteins provide pathways for the passive
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diffusion or transport of molecules across the OM. Charac-
teristic of most OM proteins is a b-barrel structure spanning
the membrane, as well as long and charged EC loops. The
orientation of these EC loops often plays a significant role
in nutrient uptake across the OM (11–15).

TonB-dependent transporters, a subset of OMproteins, are
22-stranded, monomeric b-barrels that transport large and
rare nutrients, typically ferric siderophores and chelates,
by coupling to an energy-transducing, cytoplasmic-mem-
brane-bound TonB complex that spans the periplasm
(16–19). Although there are many similarities among
TonB-dependent transporters, BtuB uniquely depends on
calcium-ion binding to transport cobalamin (CBL), also
known as vitamin B12, across the OM (20–22). Crystal
structures show that five aspartate residues on EC loops
3/4 and 5/6, constituting the so-called aspartate cage (Asp-
cage), provide the binding site for two Ca2þ ions, which
are necessary for CBL transport (13,14). The loop positions
are known to be sensitive to solutes (23), and protein dy-
namics are sensitive to membrane composition and thick-
ness (24), necessitating the use of highly accurate models
to capture such sensitivity.

In this work, we first introduce an LPS-containing model
of the OM that was constructed in silico to perform molec-
ular-dynamics (MD) simulations of OM proteins in their
native environment. We then calculate the area per lipid,
hydrophobic thickness, and lateral diffusion rate of the
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asymmetric bilayer. Next, we use this OM model to study
the interactions of BtuB with LPS molecules and compare
them with those of BtuB in a symmetric phospholipid
bilayer, revealing unique protein-LPS interactions in the
asymmetric system. Finally, we use this model of the OM
to elucidate the role of Ca2þ binding, which is required
for high-affinity binding of CBL (21,22).
MATERIALS AND METHODS

Simulation systems

Five systems containing BtuB were built to elucidate the effect of LPS and

the role of Ca2þ binding in EC-loop stability. The apo-state structure (PDB:

1NQE) was placed in a symmetric 1-palmitoyl 2-oleoyl phosphatidyl-etha-

nolamine (POPE) bilayer and two asymmetric LPS (outer leaflet)-POPE

(inner leaflet) OMs using VMD (25,26). The Ca2þ-bound state (PDB:

1NQG) was also placed in two asymmetric model membranes (25). The

two asymmetric OMs differ only in the initial arrangement of LPS mole-

cules around the protein. Missing EC loops in the crystallographic struc-

tures of BtuB were completed using the TonB-bound structure (PDB:

2GSK) (14,27), as shown in Fig. S1, A and B, in the Supporting Material.

Each system was solvated and then ionized to a salt concentration of

150 mM NaCl. The apo-symmetric (Apo-sym) system has a total of

~70,000 atoms, with an outer leaflet composed of 66 POPE lipids and an

inner leaflet composed of 61 POPE lipids. The disproportionate number

of lipids is due to the cross-sectional area of BtuB being greater on the peri-

plasmic side than on the EC side; therefore, more lipids were needed in the

outer leaflet to keep the area per lipid roughly identical between layers. The

asymmetric-bilayer systems all have a total of ~137,000 atoms, with an

outer leaflet composed of 50 LPS molecules and an inner leaflet of 157

POPE lipids (details can be found in Table S1).

The initial model used for a single LPS was taken from the crystal

structure of LPS in complex with FhuA (28). This LPS from Escherichia

coli K-12 is the rough form, also known as the RaLPS chemotype (29),

and contains only lipid A along with the 10-saccharide core region (see

Fig. S2 for a schematic of the core saccharide) (30). Two phosphate

groups were added to heptose I, and one group was added to heptose II.

Based on the crystal structure occupancy (31), half of the lipid A moieties

have one phosphate on the first glucosamine and the other half have two;

all have one phosphate on the second glucosamine. Thus, the net charge

on each LPS molecule is either �11e or �12e. LPS molecules were

neutralized using mostly (97%) Mg2þ ions, along with a few (3%) Ca2þ

ions. These ions were initially placed using the cIonize plugin in VMD,

which uses a Poisson-Boltzmann solver to iteratively place ions in electro-

static minima (32). The force-field parameters for LPS were constructed

by analogy using the CHARMM36 lipid and carbohydrate force fields,

and thus are nearly identical to those developed by Wu et al. (7) (see Sup-

porting Material for details).
MD protocol

NAMD2.9 was used for all MD simulations (33) along with the

CHARMM36 all-atom force field for protein, ions, and phospholipids

(34,35). A 2-fs time step was employed. Bonded terms were evaluated

every time step, and nonbonded terms and long-range electrostatic interac-

tions were updated every 2 fs and 4 fs, respectively. Long-range electro-

static interactions were calculated using the particle-mesh Ewald method

(36). van der Waals interactions were cut off at 12 Å, and a force-based

switching function was used beginning at 10 Å. Temperature and pressure

were maintained at 310 K and 1 atm by means of Langevin dynamics and a

Langevin piston, respectively. All bonds involving hydrogen atoms were

constrained using the SHAKE algorithm (37).
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System equilibration was carried out over multiple steps. First, all atoms

were constrained, with the exception of lipid tails, which were equilibrated

for 1 ns, allowing them to melt. Second, water, ions, and lipid headgroups

were released and equilibrated for 2 ns in the symmetric bilayer. Due to

the large initial spacing of the LPS molecules, which was necessary to avoid

clashes during building, a surface tension of �100, �200, �250, and �300

dynes/cm equilibrated at 2 ns eachwas applied to the asymmetricmembrane.

This process allowed the LPS to eliminate any gaps introduced in construc-

tion. We then released the protein side chains for 1 ns before releasing the

protein backbone and equilibrating for 10 ns. Simulations were run in the

NPT ensemble for 150 ns for the Apo-sym, and 300 ns for the Apo1-,

Apo2-, Ca1-, and Ca2-OM systems after equilibration. Analysis of each

system was performed on data collected from the last 200 ns of production

for the OM systems and the last 100 ns of production for the symmetric

bilayer, as shown in Fig. S3. Langevin dynamics were employed to maintain

the temperature at 310K and a Langevin pistonwas used to keep the pressure

at 1 atm throughout equilibration and production simulations.

For steered MD (SMD), an imaginary particle was affixed to the acety-

lated N-terminus of BtuB with a spring (k¼ 5 kcal/mol Å2). This imaginary

particle was pulled at constant velocities of 1 Å/ns and 0.25 Å/ns normal to

the bilayer plane out of the barrel. Twenty-two Ca atoms in a ring around

the barrel, one per b-strand, were fixed normal to the bilayer to prevent sys-

tem propagation due to luminal domain extraction. The 1 Å/ns SMD runs

were performed three times for each Apo system, and the results presented

were system and time averaged. Due to the amount of time required, the

0.25 Å/ns SMD runs were only performed once each for the Apo-sym

and Apo-OM systems.
Analysis

The membrane thickness was calculated by measuring the average distance

between acyl chain C2 atoms in the POPE leaflet and C2 or C4 on each of

the LPS tails, as done previously (38,39). The APL was calculated by deter-

mining the total lateral surface area of the system, subtracting the cross-

sectional contribution from the protein, and then dividing that area by the

number of lipids in each leaflet. The cross-sectional area of BtuB was deter-

mined using a double summation technique for a plane width of 1 Å normal

to the axis of the protein between the periplasmic turns and EC loops.

Lateral diffusion coefficients were obtained by calculating the mean-square

displacement of the POPE hydrophilic head center of mass as done else-

where (40,41). Similarly, diffusion coefficients for LPS were calculated

by measuring the mean-square displacement of the lipid A center of

mass. The mean-square displacement was also determined for the LPS cen-

ter of mass, which resulted in nearly identical diffusion values (data not

shown). Root mean-square fluctuation (RMSF) values were calculated

only for the Ca atom of each amino acid (42) to remove rotamer conforma-

tion bias. A full summary of the aforementioned values for each system can

be found in Table S2. Sugar conformations for the LPS core oligosaccha-

rides were tracked for each Apo- and Ca-OM simulation and are plotted

in Fig. S4.
RESULTS AND DISCUSSION

Bilayer dynamics

Although the OM typically has an inner-leaflet composition
similar to that of the cytoplasmic membrane (43,44), we
simplified the OM model in this study by utilizing an in-
ner-leaflet composition of pure POPE phospholipids. This
is an intuitive simplification since the OM inner leaflet con-
sists of ~80% PE lipids (43). We modeled our OM after K12
E. coli, whose LPS lacks O-antigen chains, possessing only
the membrane-forming lipid A and inner- and outer-core



Regulation of BtuB in the Outer Membrane
oligosaccharides (1,5,8). The OM model is shown in Fig. 1
with the symmetric bilayer for comparison. To compare our
model system with previous experimental and computa-
tional results, we calculated the hydrophobic thickness,
lateral diffusion, and area per lipid for the apo BtuB
symmetric bilayer system (Apo-sym) (Fig. 1 A), each apo
BtuB asymmetric bilayer (Apo1-OM, Apo2-OM), and
each Ca2þ-bound BtuB asymmetric bilayer (Ca1-OM and
Ca2-OM) system (Fig. 1 B). Furthermore, we simulated
the OM model with no protein present.

To check the validity of the model, we first determined the
hydrophobic thickness of each membrane system. As shown
in Fig. S5, B–E, each protein-containing OM system, as well
as the OM model, has a hydrophobic thickness of ~25 Å,
which matches well with recent results for another OM
simulation model (39). When one compares the OM systems
with the Apo-sym profile shown in Fig. S5 A, it is clear that
the asymmetric OM is much thinner than the symmetric
bilayer. The membrane thickness difference is attributed pri-
marily to the tail length difference (LPS has 12–14 carbons
per tail, whereas POPE has 16–18), as well as lipid tail inter-
digitation in the OM systems. Another verification of the
hydrophobic thickness is the location of aromatic residues
on the protein, specifically phenylalanine, tryptophan, and
tyrosine, which are known to reside at amphiphilic inter-
faces (45,46). From the density profiles shown in Fig. S5,
it is clear that the OM systems match well with the aromatic
residue profile of the protein. In contrast, the increased hy-
drophobic thickness of the Apo-sym system permits PE
headgroups to interact with the protein along the b-barrel/
EC loop interface, which can be seen in Fig. S6. However,
the oligosaccharide number density, as shown in Fig. S5,
B–E, indicates that the LPS headgroups align with the EC
loops of the protein.
FIGURE 1 (A and B) Snapshot of BtuB in (A) a symmetric bilayer and (B) an a

yellow for Naþ, green for Cl�, pink for Mg2þ, and teal for Ca2þ. NaCl concentrat
phospholipid tails are shown in light blue and headgroups are shown as dark blu

groups are shown as magenta spheres, and the core oligosaccharides are shown
Second,we determined the average lateral diffusionofLPS
in the OM systems. It is understood that ionic bridging be-
tween core oligosaccharides by divalent cations significantly
decreases the lateral mobility of LPS (5). Multiple fluores-
cence experiments have providedLPS lateral diffusionvalues
ranging from 10�13 to 10�9cm2=s depending on the LPS
variant (9,47–49). This is in stark contrast to phospholipid
diffusion values, which are on the order of 10�8cm2=s (35).
As shown in Fig. S7 and elaborated in Table S2, the diffusion
coefficients determined for LPS in the OM systems vary be-
tween 6.0 and 9:8� 10�10cm2=s, and thus are comparable to
values found in previous simulations (6,7). The diffusion
coefficients for the inner leaflet of phospholipids are much
larger, ranging between 4.3 and 6:4� 10�8cm2=s, for all
protein-membrane systems simulated. This range is only
slightly higher than the calculated diffusion coefficient for
the Apo-sym bilayer, 2:0� 10�8cm2=s.

As the final check of the OM model’s validity, we deter-
mined the observed area per lipid for each system. The pure
OM simulation was performed with 36 LPS and 102 POPE.
This ratio was chosen to replicate an experimental value of

~156 �A
2
/LPS (50), which was utilized in simulations by

Piggot et al. (6). The area per LPS was found to be

179 �A
2
/LPS for this test system, which was much closer

to that reported for a similar variant by Wu et al. (7)
(a full comparison can be found in Table S2). This value
further contrasts with the measured area per LPS for the pro-
tein-containing OM systems, which was ~10% larger, be-

tween 195 and 199 �A
2
/LPS. Although the area per LPS

differs between the pure-OM and protein-OM systems, the
large number of LPS-protein interactions (see Tables S3
and S5) and the consistent properties of the LPS leaflet
(namely, the thickness and rate of diffusion) suggest that
symmetric bilayer. Water is shown as a molecular surface. Ions are shown as

ions are 150 mM in each system. BtuB is represented as orange ribbons. The

e spheres. Lipid A of LPS is shown in pink, the corresponding lipid A head-

in red sticks. To see this figure in color, go online.
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this small difference in density does not lead to a substantive
difference in BtuB’s behavior.

A simulation of a pure POPE bilayer with 102 lipids per
leaflet was also carried out for 60 ns. After disregarding
the first 10 ns, we found that the area per lipid was
57.9 5 0.9 �A

2
, which is near the CHARMM36-reported

area per lipid for POPE of 57.8 5 0.1�A
2
(51). This value

also is only slightly smaller than the measured area per lipid
in the Apo-sym case of 58.9 �A

2
. The area per lipid for

the inner leaflet in the OM systems was observed to be
5–10% higher at 61.4–63.7�A

2
(see Fig. S8 and Table S2).

In light of the results from Wu et al. (7) and the results of
the simulations reported here, future systems should be
adjusted to target an area per LPS of 180 �A

2
.

Apo-state comparison

To better understand how LPS affects BtuB’s function, we
first compared the interactions of the apo-state BtuB (i.e.,
with no Ca2þ or CBL) in the Apo-sym and Apo-OM systems
described above. The asymmetric distribution of outward-
facing charged and polar amino acids on OM proteins
FIGURE 2 (A) Ribbon representation of BtuB’s b-barrel, with Asp-cage highl

(loop 5/6), blue (loop 7/8), and yellow (loop 19/20). (B) Plot of RMSFs by residu

A substantial RMSF reduction occurs in the highlighted regions, which corresp

Apo1-OM (black trace) and Ca1-OM (red trace) systems. A slight difference i

for Apo2-OM and Ca2-OM can be found in Fig. S9. To see this figure in color
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(45), the substantial anionic charge of LPS, and the observed
alignment of the oligosaccharides with EC loops suggest
that LPS should affect protein functionality. This claim is
substantiated by observing the stabilizing effect LPS has
on the EC loops, the organizational change in the interior
luminal domain of BtuB, and the significant difference in
force required to partially extract the luminal domain.

The stabilizing effect of LPS on the protein is exemplified
by the RMSF of the protein backbone, particularly the EC
loops, as shown in Fig. 2 B. All of the highlighted regions,
which correspond to the highlighted loops of BtuB in Fig. 2
A, showa1–2 Å stabilizationwhenLPS is present. This effect
is due to the alignment of the oligosaccharide along the EC
loops, as shown in Fig. 3 B, which prevents the loops from
folding back over the membrane and thus limits their range
of motion, at least on the ~300-ns timescales investigated
here. Further investigation of the oligosaccharide-protein
interaction reveals a dense hydrogen-bond network between
the LPS and EC loops. These hydrogen bonds occur between
the LPS and charged, outward-facing residues in the EC
loops, particularly those closer to the EC loop apex, as shown
in Fig. S6 and enumerated in Table S3. This contrastswith the
ighted in cyan sticks. Key EC loops are highlighted in red (loop 3/4), green

e of the BtuBApo-sym (orange trace) and Apo1-OM (black trace) bilayers.

ond to the highlighted loops in (A). (C) Plot of RMSFs by residue for the

n RMSF is observed in loop 3/4, where Ca2þ binding occurs. RMSF plots

, go online.



FIGURE 3 Hydrogen-bonding interactions between the protein and

membrane. Specific protein-lipid hydrogen bonds are indicated as orange

dashed lines and BtuB is shown in black ribbon. (A) Apo-sym system,

showing a phospholipid (gray sticks) hydrogen bonding (orange dashes)

to loop 3/4 of BtuB. Loop 3/4 becomes deformed as Asp193 and Asp195

are attracted toward the zwitterionic POPE headgroup. This interaction

causes loop 3/4 to substantially deviate from the conformation observed

in the CBL-bound structure. (B) Apo2-OM system, with an LPS molecule

(gray sticks) hydrogen bonding (orange dashes) to loop 3/4 of BtuB. The

oligosaccharides in the OM systems exhibit hydrogen bonding along

the EC loops, including loop 3/4 residues Asp179 and Asp193, in the

absence of Ca2þ. Additional hydrogen-bonding interactions can be found

in Tables S3–S5. To see this figure in color, go online.

Regulation of BtuB in the Outer Membrane
membrane-protein interactions observed in the Apo-sym
system (Table S4), which occur proximal to the hydropho-
bic-matching region of the protein along the barrel/EC loop
interface (see Fig. 3 A). Although the Asp-cage is exposed,
we see limited interactions with ions: an Naþ ion binds to
Asp195, Asp195, and Asp230 for nearly all but the last
15 ns of the Apo1-OM simulation, and an Mg2þ ion binds
to Asp179 for the last 140 ns of the Apo2-OM simulation.

An unexpected effect observed in the Apo1- and Apo2-
OM simulations was a conformational change in the luminal
domain of BtuB. We first observed a structural difference
between the symmetric and OM systems in the region
from Gly82 to Ser91. This region forms an a-helix in the
Apo-sym simulation within the first 10 ns, whereas in all
OM systems this region forms a random coil, as shown in
Fig. 4. When this a-helix in the Apo-sym system is
compared with the CBL-bound crystal structure (PDB:
1NQH), it can be seen that Ser91, a CBL-binding residue,
is farther from its CBL-bound-state position due to this he-
lix. In contrast, the Apo1- and Apo2-OM simulations
exhibit excellent alignment with the Gly82 to Ser91 back-
bone and side-chain orientations found in the CBL-bound
crystal structure within the first 20 ns of simulation. These
observed structural changes are then maintained throughout
the remainder of each simulation (see Fig. S10). Second, we
observed a conformational difference in a side-chain ro-
tamer in the Apo-sym and Apo-OM simulations. Arg14,
which forms a hydrogen-bonding network with Gln299,
Asp316, and Arg358 in the Apo-sym simulation, rotates
about its Cb atom in the Apo1-OM toward Gly82. This rota-
tion effectively unlocks the so-called Ton-box, the N-termi-
nal residues that mediate interaction with TonB, from the
barrel wall. An unlocked Ton-box is also seen in the CBL-
bound crystal structure, although in neither case is full
release into the periplasm observed.

To determine the functional role of the observed structural
difference in the luminal domain and the apparent unlocking
of Arg14, we performed SMD simulations to extract the
Ton-box in the Apo-sym, Apo1-OM, and Apo2-OM systems
at a rate of 1 Å/ns, and in the Apo-sym andApo1-OM systems
at 0.25 Å/ns. Although these rates are exceedingly fast
comparedwith the biological process, they are in linewith pre-
vious simulations (52). The unlocking of Arg14 resulted in an
~30% lower force required for Ton-box extraction in the Apo-
OM systems compared with the Apo-sym system at 1 Å/ns
(see Fig. 5). The ~250-pN higher force peak between 9 and
12 ns in the Apo-sym case is due to Arg14 being electrostati-
cally bound to the barrel wall via the hydrogen-bond network
described above. The 500-pN force around 5 ns in both
averages correlates with the unbinding of Val10, Thr11, and
Ala12 from the luminal domain hydrophobic core. This force
would be significantly reduced upon TonB binding due to
favorable hydrophobic interactions between the Ton-box
and theC-terminus ofmonomericTonB (19,27).Theobserved
difference is further supported by a pulling simulation at a
Biophysical Journal 111, 1409–1417, October 4, 2016 1413



FIGURE 4 (A and B) Luminal domain organi-

zation of the (A) Apo-sym (purple ribbon) and

(B) Apo-OM (blue ribbon) systems compared

with the CBL-bound crystal structure’s luminal

domain (orange ribbon). There is an observed

difference in the luminal domain secondary

structure (larger oval) of BtuB in the simulated

membrane systems. Apo-sym reveals an a-helix

between Gly82 and Gly92, whereas each OM

system reveals a random coil along the same res-

idues (see also Fig. S10). The random coil

conformation brings Ser91, a CBL-interacting

residue, closer to the conformation observed

in the CBL-bound crystal structure. The

smaller oval shows the Arg14 (gray sticks)

lock mechanism (A) locked to the barrel wall,

as found in the symmetric system, and (B)

unlocked, bent toward the barrel interior. The

unlocked conformation of Arg14 observed in the simulated OM systems is also found in the CBL-bound crystal structure (orange sticks). See the

Supporting Material for movies of lumen extraction using SMD. To see this figure in color, go online.
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speed of 0.25 Å/ns, which shows an ~15% lower force
required for Ton-box extraction in the OM system compared
to the symmetric system (see Fig. S11 C).
Ca2D-bound state comparison

Previous experiments by Bradbeer and Gudmundsdottir (21)
and Cadieux et al. (22) indicated that BtuB has a signifi-
cantly higher binding affinity for CBL in the presence of
calcium ions. Furthermore, previous MD simulations by
Gumbart et al. (14) showed that calcium binding decreases
the fluctuations of the CBL-binding residues compared with
the apo state, suggesting that the role of calcium is to
stabilize the binding site. However, upon comparing the
Apo-sym and Apo-OM systems, we observe that LPS signif-
icantly stabilizes many of the CBL-binding residues located
on the EC loops, as shown in Fig. 2 B. Thus, the importance
of Ca2þ binding in the Asp-cage remains unclear.

Five calcium ions are found in the crystallographic, CBL-
bound structure of BtuB, two of which are bound to the
Asp-cage located on EC loops 3/4 and 5/6 (13,14). Earlier
mutagenesis experiments on residues in the Asp-cage
revealed a dependence on Asp residues in loop 3/4 for
effective CBL uptake (22). To evaluate the importance of
calcium, we again compared the RMSFs of the Ca-OM
systems with those of the Apo-OM systems to illuminate
a potential role for Ca2þ binding in the Asp-cage. Figs. 2
C and S9 show a substantial reduction of RMSF in loop
3/4 in the Ca-OM systems (the RMSD is shown in
Fig. S12); however, Ca2þ has little to no additional stabiliz-
ing effect on the other EC loops. Furthermore, the luminal
domain takes on a conformation similar to that observed
in the Apo-OM systems, as shown in Fig. S10, indicating
that the OM system promotes proper luminal domain orga-
nization. Therefore, in combination, the simulation results
presented here and previous experimental evidence indicate
that Ca2þ binding primarily affects loop 3/4.
1414 Biophysical Journal 111, 1409–1417, October 4, 2016
However, since the high-affinity binding of a substrate is
not dictated solely by protein fluctuations near the binding
site, the stabilization of binding-site loops alone may be
insufficient. The presence of calcium in the Asp-cage in-
duces a conformational change in loop 3/4 such that it
closely resembles the CBL-bound structure of BtuB, which
was not seen in either of the Apo-OM simulations even
though they started from very similar conformations
(RMSD of 0.8 Å between loop 3/4 of Apo and calcium-
bound BtuB). As shown in Fig. 6 A, most of the CBL-inter-
acting residues on the EC loops align with their observed
conformation in the CBL-bound crystal structure; however,
Asn185 on loop 3/4 is poorly aligned. In contrast, with Ca2þ

bound, as shown in Fig. 6 B, there is a nearly perfect align-
ment of Asn185 to the CBL-bound crystal structure, which
after its formation is maintained for the remainder of the
simulations (see also Fig. S13). Thus, Ca2þ binding pro-
motes not only the stabilization but also the structural reor-
ganization of loop 3/4.

The arrangement of residues in the Asp-cage on loop 3/4
due to Ca2þ binding induces a conformational shift of the
remaining loop residues. This shift is made apparent by
the spontaneous formation of a small a-helix between
Tyr183 and Gly187 (Fig. 6 B). The a-helix is first observed
7 ns into the Ca1-OM trajectory and thereafter is maintained
for ~50% of the trajectory. The helix is not formed in
the Ca2-OM trajectory; however, loop 3/4 still aligns
well with the CBL-bound crystal structure, as shown in
Fig. S13. Other recent MD simulations have also revealed
spontaneous helix formation for an OM protein, OmpLA,
in a native OM bilayer (39).
CONCLUSIONS

The OM of Gram-negative bacteria provides an addi-
tional barrier to nutrients, antibiotics, pathogens, and other
large molecules. This barrier gives these bacteria added



FIGURE 5 (A and B) Plot of the observed force for Ton-box extraction

from the luminal domain in (A) Apo-sym (green) and (B) Apo-OM (orange)

systems, with the corresponding standard error shown in gray. Each curve is

an average of three time-averaged, constant-velocity SMD runs of 1 Å/ns.

The Apo-OM curve is the run average of one Apo2-OM and two Apo1-OM

SMD runs. The peak force for Apo-sym occurs around 11 ns and corre-

sponds to unbinding of Arg14 from the hydrogen-bond network, as shown

in Fig. 4. The peak force in the Apo-OM systems occurs around 6 ns and

corresponds to the hydrophobic interaction of Val10 to Ala12 with the

luminal domain. Independent SMD run results can be found in Fig. S11.

To see this figure in color, go online.
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protection, but conversely makes the uptake of essential nu-
trients more difficult. To better understand the local effects
of the OM on embedded proteins, we developed an OM
model suitable for MD simulations. The hydrophobic thick-
ness and lateral diffusion rates of LPS in this OM model
correspond reasonably well with previous simulations and
experiments (7,11,38,39,42); however, the area per lipid/
LPS is ~5–10% higher than that of a similar E. coli OM
model (39), suggesting necessary changes for future itera-
tions of our model. Finally, we carried out simulations of
an OM transporter, BtuB, in a symmetric phospholipid
bilayer and our model OM to characterize novel protein-
membrane interactions in the native environment.

Significant differences in protein conformation were
observed upon comparison of the apo-state BtuB in the sym-
metric and model OM systems. Reduced fluctuations of the
EC loops in the Apo-OM simulations provide strong evi-
dence that LPS plays an important role in OM-protein dy-
namics. Whether fluctuations would increase on much
longer timescales, beyond the 300 ns simulated here, is
uncertain. Additionally, a clear shift in the arrangement of
the EC loops was observed between the symmetric and
OM systems. For example, in the symmetric system, EC
loop 3/4, which is key for substrate binding, becomes
greatly displaced from its substrate-bound conformation
due to interactions with phospholipids. In all of the OM sys-
tems, loop 3/4 maintains an alignment similar to the crystal-
lographic substrate-bound conformation. Surprisingly, the
model OM induces an organizational shift in the luminal
domain, despite having no direct contact. Lastly, in each
OM system, Arg14 becomes unlocked from its interaction
with residues in the barrel wall, thereby permitting a lower
extraction force for removal of the luminal domain, as
observed from SMD simulations.

Previous experimental results indicated that calcium
binding is required for CBL binding and transport, although
the structural effect of calcium on BtuB was not known. The
simulations performed here demonstrate that calcium bind-
ing promotes a conformational shift in EC loop 3/4, as well
as spontaneous secondary-structure formation in this loop.
A comparison of the OM systems reveals that primary
loop stabilization occurs as a result of interactions between
the protein and LPS, with calcium playing a vital role
through CBL-binding-site organization and further loop sta-
bilization. We hypothesize that this function provided by
FIGURE 6 (A and B) Comparison of the (A)

Apo- and (B) Ca2þ-bound states of BtuB in the

simulated OM systems. Orientation differences

observed in loop 3/4 are emphasized by the red cir-

cle. (A) Apo-state BtuB (orange ribbon) aligned to

the CBL-bound crystal structure (transparent gray

ribbon) from Chimento et al. (25). Residues within

4 Å of CBL in the CBL-bound crystal structure are

highlighted as blue (Apo1-OM) and purple (crystal

structure) sticks. (B) Ca2þ-bound BtuB (orange

ribbon) aligned to the CBL-bound crystal structure

(transparent gray ribbon). Calcium ions are shown

as cyan spheres and the green sticks represent the

CBL-binding residues in the Ca1-OM system. Rep-

licates from the second OM system can be seen in

Fig. S13. To see this figure in color, go online.
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calcium ions is necessary for BtuB alone because CBL is the
largest substrate among those transported by TonB-depen-
dent transporters.
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