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Abstract

The transmembrane region of outer-membrane proteins (OMPs) of Gram-negative bacteria

are almost exclusively β-barrels composed of between 8 and 26 β-strands. To explore the rela-

tionship between β-barrel size and shape, we modeled and simulated engineered variants of the

Escherichia coli protein OmpX with 8, 10, 12, 14, and 16 β-strands. We found that while smaller

barrels maintained a roughly circular shape, the 16-stranded variant developed a flattened cross

section. This flat cross section impeded its ability to conduct ions, in agreement with previous

experimental observations. Flattening was determined to arise from the presence of inward-facing

glycines at sharp turns in the β-barrel. An analysis of all simulations revealed that glycines, on av-

erage, make significantly smaller angles with residues on neighboring strands than all other amino

acids, including alanine, and create sharp turns in β-barrel cross sections. This observation was

generalized to 119 unique structurally resolved OMPs. We also found that the fraction of glycines

in β-barrels decreases as the strand number increases, suggesting an evolutionary role for the

addition or removal of glycine in OMP sequences.

Keywords : Outer membrane proteins (OMPs), Electrophysiology, β-barrels, OmpX, protein evo-

lution
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Introduction

Gram-negative bacteria have a unique cell envelope system comprising an inner membrane (IM), a

peptidoglycan cell wall, and an outer membrane (OM) [1]. The OM is an asymmetric lipid bilayer

composed of phospholipids in the inner leaflet and lipopolysaccharides (LPS) in the outer leaflet [2].

Nearly all outer-membrane proteins (OMPs) possess a transmembrane β-barrel. These OMPs per-

form various functions including nutrient transport [3, 4], antibiotic efflux [5], and biogenesis of the

OM itself [6–8]. Thus, they are critically important for the survival of bacteria.

The size of OMP β-barrels ranges from 8 to 26 strands, although some multimeric barrels are

even larger [9]. Unlike the structural diversity of β-barrels in general, the transmembrane region of

OMP β-barrels have only one structural motif, up-and-down β-hairpins. This simple motif suggests

that gene duplication has played a role in the evolution of OMP β-barrels [10–12], i.e., larger β-

barrels evolve from smaller ones through the addition of one or more duplicated β-hairpin(s). Among

possible evolutionary mechanisms, the probability of gene duplication is higher than mutations [11].

Given their modular structure, β-barrels can easily be expanded, at least in principle, through β-

augmentation. Probing this potential growth mechanism, multiple attempts have been made to add or

subtract β-hairpins to/from a β-barrel to artificially alter its pore size, although not always successfully

[10, 13–16].

One common method for probing the pore size of OMPs is to measure their ionic conductance

[17–22]. For example, variability in the measured conductance over time indicates a flexible chan-

nel [17] while a switch between constant low and high conductance sub-states indicates a transition

between channel closing and opening [23]. OMP conductance will depend on the specific protein

and species, as some OMPs are optimized for charge transport. For example, the 8-stranded OmpX

from E. coli has six-fold higher conductance than in Enterobacter aerogenes [22]. Furthermore,

the length and conformation of extracellular loops may also influence conductance measurements,

complicating the task of determining β-barrel shapes from conductance alone. However, molecular

dynamics (MD) simulations of a membrane-embedded OMP under an externally-applied electric field

can provide molecular-level insights into the shape of a β-barrel as well as how it correlates with

conductance.

OmpX is an 8-stranded OMP with a short extracellular loops [24, 25]. Because OmpX can be

highly expressed and easily refolded in vitro [26, 27], it was previously used to build homologous β-

barrel constructs with between 8 and 16 β-strands by β-hairpin duplication in experiments [10]. One

might expect that increasing the number of β-strands would also increase the conductance of these
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OmpX variants. However, while the conductance did increase from the 8-stranded to the 10-stranded

β-barrel, increasing the barrel size to 12, 14, and 16 strands did not produce any further significant

changes [10]. In fact, the 16-stranded variant has three times lower conductance than OmpF, despite

the latter also possessing a 16-stranded β-barrel [28]. Why the expanded OmpX variants failed to

also produce a consistent rise in conductance is unknown, although it was postulated that the cross-

section of the pore was deformed from a circle, limiting their conductance [10].

In this paper, we used MD simulations and subsequent analysis to investigate the changes in

shape, size, and conductance of OmpX variants with an increasing number of β-strands. We also

determined how the location of specific amino acids, most notably glycine, contribute to the shape of

the β-barrels of these variants as well as all other structurally resolved OMPs. These contributions

are interpreted in the context of the gene duplication theory of β-barrel evolution.

Methods

Construction of OmpX variants

The WT OmpX (8-stranded) protein was taken from the NMR structure PDB ID: 2M06 [29]. Larger

variants were modeled after those used in experimental electrophysiology studies in Arnold et al. [10],

in which existing β-hairpins were deleted and/or duplicated to created the desired number of β-

strands. The 10-stranded variant is based on OmpX64c (Arnold et al. naming [10]), the 12-stranded

variant on OmpX84, the 14-stranded variant on OmpX86, and the 16-stranded variant on OmpX88.

Larger β-barrels were constructed by first forcibly separating OmpX at the N-C interface, inserting

the appropriate number of new β-strands, and then “healing” the new interfaces through the use of

enforced hydrogen bonds via the colvars module in NAMD [30, 31]. Setup was carried out using the

visualization and analysis program VMD [32].

After ensuring each constructed OmpX variant forms a stable β-barrel, they were placed in a

uniform diphytanoyl phosphatidylcholine (DPhPC) membrane using CHARMM-GUI [33, 34]. DPhPC

was selected to mimic the black lipid membranes used in electrophysiology experiments [10]. The

systems were solvated with TIP3P water [35] and ionized with KCl to a strength of 1M, again to match

experiments. Final system sizes are from 45,000 to 50,000 atoms.
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Molecular dynamics simulations

In order to avoid bias arising from the details of their construction, each β-barrel was simulated for at

least 50 ns in which it was forced into a perfectly circular shape. Collective variables were designed

to adjust the planar distance of every other Cα atom in the β-barrel from their collective center line

until they were all equal. The resulting circular OmpX variants were then used for two subsequent

equilibrium simulations using the MD program Amber [36]. Each of the two simulations was run for

3 µs with no externally imposed forces.

The end result of each of the two 3-µs equilibrium simulations was used to initialize a set of

simulations with an applied electric field, mimicking the electrophysiology experiments. The field was

chosen to create a potential difference (voltage) between the two sides of the system of ±125mV,

±250mV, ±500mV, ±750mV, and ±1000mV [37]. Although experimentally, the maximum voltage

used was 120mV [10], due to the limited time scales of MD simulations, a higher voltage is commonly

used [38]. Simulations at ±125mV were run for 600 ns each, while those at higher voltages were run

for 300 ns each. In total, 30 µs of equilibrium simulations and 36 µs of applied-field simulations were

run.

All simulations used the CHARMM36 force field for lipids [39] and the CHARMM36m force field

for proteins [40]. A 12-Å cut off was used for van der Waals interactions, with a force-based switching

function starting at 10Å. Long-range electrostatic interactions were calculated with the particle mesh

Ewald (PME) method [41]. Temperature was maintained at 310K using Langevin dynamics, while

pressure was kept at 1 atm using a Langevin piston in NAMD and a Monte Carlo barostat in Amber.

In Amber, a constant surface tension of 0 dyn/cm was enforced. The time step for initial simulations

in NAMD was 2 fs. For long equilibrium and applied-field simulations in Amber, we used Hydrogen

Mass Repartitioning [42, 43] and a time step of 4 fs.

Current and conductance calculations

Our approach to calculating the current and conductance follows the example of Aksimentiev and

Schulten [44], using scripts provided in Comer et al. [45]. Assuming that the center of the β-barrel

is at zero in the z direction and the length of the β-barrel is ℓ, we calculate the transient current I

passing through the β-barrel at time t+∆t/2 by

I(t+∆t/2) =
1

∆tℓ

N∑
i

qi (ζi(t+∆t)− ζi(t)) (1)
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where

ζi(t) =


zi(t), |zi(t)| ≤ ℓ/2

−ℓ/2, zi(t) < −ℓ/2

ℓ/2, zi(t) > ℓ/2

(2)

and qi and zi are the charge and z coordinate of ion i, respectively. The time step used for calculation

is ∆t = 0.05 ns. We found the current calculated with this time step is indistinguishable from that

calculated with ∆t = 0.01 ns, demonstrating that the longer time step is sufficient to capture ion

motion in the OmpX variants.

In Figure 2A, every current data point is the average of the transient current I over the 300-ns

simulation (600-ns for the ±125mV runs), and every conductance data point is the averaged current

divided by the applied voltage. The conductance for each OmpX variant is plotted by β-strand number

as the slope of the IV curve in Figure 2B. The transient conductance in SI is transient current I divided

by system voltage.

Shape calculation

For each OmpX variant, an ellipse is fit to the x and y coordinates of the β-barrel Cα atoms, which are

flattened onto the z = 0 plane, using the cv2 python library and cv2.fitEllipse function. We extract the

semi-major (a) and semi-minor (b) axes from these ellipses and define the ratio of b to a as the shape

of the fitted β-barrel. Thus, the shape value will fall between 0 and 1, with a perfect circle giving a

shape value of 1 and a flattened ellipse giving a shape value close to zero. The pore radii over the

channel coordinate of OmpX variants were measured using the program HOLE [46].

β-barrel membrane protein analysis using OPM

We downloaded all β-barrel membrane-protein structures analyzed in this paper from the Orientation

of Proteins in Membranes (OPM) server [47]. To sort and filter these structures, we first searched for

individual structure information using OPM’s API (Application Programming Interface) and selected

only those structures that included a β-strand number. Then, we further refined the list by removing

any apparent duplicates. Specifically, we defined two structures as duplicates if they were the same

protein from the same species but in different conformations. If the same protein had structures

from two different species, they were considered two separate structures. In total, we analyzed 119

different OMP structures. Next, we identified those residues in the β-barrel of the protein by select-

ing protein residues between dummy atoms that mark the transmembrane region of the membrane
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proteins from the OPM server. Then, we manually inspected each structure to exclude any protein

residues that are inside the barrel but are not part of it. The barrel-only regions of OMPs were fur-

ther processed using VMD’s psfgen plugin to add hydrogens. To determine the orientation of each

residue’s side chain, we first imposed two different vectors on the surface area of the barrel: one from

the center of the barrel to the backbone of the residue and the other from the center of the barrel

to the side chain of the residue. If the backbone vector was shorter than the side-chain vector, then

the residue was considered outward-facing; conversely, if the side-chain vector was shorter than the

backbone vector, the residue was considered inward-facing. For glycine residues, to define the back-

bone and the side chain accurately, the backbone selection was changed to the HA2 atom and the

side-chain selection to the HA1 atom (CHARMM force-field names). We also utilized the expectation

that residues in β-strands alternate facing outward and inward to confirm the in/outward recognition

results [48]. The volume and mass of amino acids were taken from Perkins [49].

Results

Shape of OmpX variants in simulations

To obtain model OmpX variants with different numbers of β-strands, one or more β-hairpins from

OmpX were inserted into the 8-stranded OmpX β-barrel to match constructs used experimentally in

Arnold et al. [10] (see Methods for additional details). In total, we constructed five OmpX variants

with 8 (WT), 10, 12, 14, and 16 β-strands, all forced to be circular initially (Figure 1A).

OmpX variants were simulated twice in equilibrium for 3 µs each under a constant surface tension

of 0. While the β-barrels of the 8, 10, 12, and 14-stranded variants deviate from their initial circular

shape, remarkably, the 16-stranded variant collapses in both equilibrium simulations (Figures 1B, S1).

This collapse is stabilized by the formation of a few electrostatic interactions between inward-facing

residues (Figure S2), akin to the stabilizing “electrostatic core” identified in WT OmpX as necessary

for folding [50]. Consequently, this variant does not contain a channel large enough for ions to pass.

Also, even though the 12-stranded OmpX variant maintains a channel, it is blocked by extracellular

loops that may move away over longer timescales than sampled here (Figures S3, S1).

To quantify the shape of OmpX variants, we fit the α-carbons of each β-barrel to an ellipse using

the least-mean-squares method followed by calculation of the semi-minor axis length (b) and semi-

major axis (a) length (Figure 1C). The ratio of b to a will have a range of 0< b/a ≤ 1, where a circle

will be represented by b/a = 1. We define the ratio as the “shape” of a β-barrel.
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Figure 1: Equilibrium simulations of OmpX variants with different strand numbers. A. Snapshots show

five OmpX variants built with different strand numbers in cartoon (side view) and surface (top view) represen-

tations colored red (N-terminus) to blue (C-terminus). B. Snapshots show the structure of OmpX variants after

3-µs equilibrium simulations. C. Representative snapshots (bottom view) of two OmpX variants at the end of

3-µs equilibrium simulations. Semi-major (a) and semi-minor (b) axes of OmpX β-barrels are shown. D. The

shape of OmpX variants over time in the two equilibrium simulations (blue and orange, respectively). Initial

shapes are marked by red dashes. E. Shapes of OmpX variants vs. strand numbers. The data points are

calculated from the last 300-ns of each 3-µs simulation.
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To investigate how the shape of OmpX β-barrels changes with an increasing number of β-strands,

we tracked the shape of OmpX variants during equilibrium simulations (Figure 1D). The calculated

shapes are consistent with our initial observations; the variants with 8, 10, 12 and 14 β-strands

maintain a high shape value while that of the 16-stranded variant drops significantly. The shapes

of OmpX variants with 10, 12 and 14 strands are about 0.8 as calculated from 3-µs equilibrium

simulations (Figure 1E), suggesting that they are close to a circle. The shapes of WT OmpX (8-

stranded) are relatively low with a value of about 0.6. However, the shapes of variants with 16 strands

are about 0.3, demonstrating that these OmpX variants adopt a nearly flat shape. The full range of

shapes for the equilibrium simulations is given for each variant in Figure S4.

Effect of β-barrel shape on conductance

After equilibrium simulations, an external electric field was applied to OmpX variants to create a

voltage ranging from -1000 mV to +1000 mV. Although experimentally, applied voltages are typically

limited to a few hundred millivolts, simulations routinely use larger voltages (up to 1V) in order to

improve statistics of ion permeation [38, 51]. Details of all the simulation conditions are provided in

Table S1.

The currents passing through 8- and 10-stranded OmpX variants were almost uniformly zero at all

applied voltages (Figure S5), apparently due to their very narrow channels (Figure 1B, S6, Table S2).

Even if a single ion (Cl– or K+) could fit, these variants could not accommodate the accompanying

solvation shells with a radius of 3.3 Å. [52] The currents for both the 12- and 16-stranded OmpX

variants are almost zero under negative voltage, rising in a nonlinear fashion as voltage is increased

in the positive direction (Figure 2A). In contrast, current can pass through the 14-stranded OmpX

variant under negative voltage as well, although the magnitude of the current under negative voltage

is much lower than under positive voltage. However, this apparent rectification may be an artifact as

it is most apparent at very large applied voltages (750 - 1000 mV). Both Cl– and K+ ions go through

the channel of OmpX, and the current contributed by K+ is greater than that by Cl–; the ratio of the

two currents on average, K+/Cl–, is 1.6 (Figure S7). This ratio is similar to that observed previously in

simulations of OmpF (1.2) [51] and in agreement with the experimentally measured selectivity of WT

OmpX [22].

The conductance of OmpX variants was calculated from the slopes of current-voltage (I-V) plots

(Figure 2B). Given the apparent non-ohmic behavior at large voltages, only data points from between

-250 and 250 mV were used for these calculations. The simulated conductance values of OmpX
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variants with 8 and 10 β-strands are practically zero, in contrast to the experimental values of 120 pS

and 350 pS, respectively (Figures 2B, S8) [10]. However, we note that the experimental traces for

the 8-stranded WT OmpX in Arnold et al. [10] were relatively noisy in comparison to larger variants,

making its conductance more difficult to determine precisely. The conductance of the 12-stranded

OmpX variant is approximately half of the experimental value, while that of the 14-stranded variant

is close for one replica and 3× higher for the other (Figure S8). Finally, the conductance of the 16-

stranded variant, is zero except for very large voltages (> 500 mV) due to the collapse of its β-barrel

(Figure 1C), far below the experimental value (290 pS) [10].

Figure 2: I-V plots and conductances of OmpX variants. A. Current through OmpX barrels (first row)

and the corresponding conductance (second row) under voltages ranging from -1 V to +1 V for 12 (left),

14 (middle) and 16 (right) β-strands OmpX variants in two independent (blue and orange) MD simulations.

B. Comparison between the conductance from simulations (blue and orange) and experiments (black) [10].

Simulation conductances are the slopes from a linear fit to the I-V plots.

We computed the shape for each OmpX variant under externally applied electric fields to account

for any field-induced conformational changes that, in turn, impacted the conductance. We calculated

the instantaneous conductance and shape for all 100 simulations performed under an electric field

(Figures S9, S8). We observed that in one replica of the 16-stranded OmpX variant under voltages of
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+750 mV and +1000 mV (labeled 16strands-p750-r2 and 16strands-p1000-r1, respectively, in Figure

S9), the initial shape value (∼0.35 as obtained from the equilibrium simulations) increases to 0.5.

Therefore, the β-barrel cross-section becomes more circular under large applied positive voltage

(Figure S9). Note that the 16-stranded β-barrel does not possess a channel at the end of equilibrium

simulations. However, the significant change in shape under an applied electric field caused the

channel to open, giving a small non-zero conductance. We speculate that over longer time scales

than simulated here, a smaller applied field in line with those used experimentally could also generate

the same conformational changes.

In order to quantify the relationship between the conductance and β-barrel shape, if any, we calcu-

lated the Pearson correlation coefficient between instantaneous conductance and shape from each

simulation (Figure S10). A positive coefficient indicates that the conductance increases with increas-

ing shape, while a negative coefficient indicates that the conductance decreases with increasing

shape. If the coefficient is close to zero, it indicates the absence of correlation between conduc-

tance and shape. We observed that in simulations with a small OmpX variant and/or a small applied

field, there is no current passing through the β-barrel (Figure S8). Additionally, the shapes of many

β-barrels do not change during 300-ns applied-field simulations (600 ns for ±125 mV). Thus, many

coefficients fluctuate around zero. However, we found that for large positive fields, where the current

was non-negligible, the coefficients are larger than +0.5 and some nearly +0.9. These large coef-

ficients indicate a positive correlation between conductance and shape, i.e., a more circular shape

(higher shape number) is positively correlated with a larger conductance.
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Figure 3: Location of specific amino acids plays a role in determining the overall shape of OmpX β-

barrels. A. Side and bottom views of the 16-stranded OmpX variant β-barrels. Two sets of glycines parallel

to the membrane normal, labeled I and II, are shown in licorice in the side view and marked with circles in

the bottom view. B. Schematic definition of the 3-Cα angle. Cα atoms are identified as nearby by virtue of the

adjacent backbone hydrogen bonds (green dashed lines) between their β-strands. The 3-Cα angle (θ) was then

defined as the membrane-plane projection of the angle between three nearby Cα atoms and was assigned to

the central amino acid. All 3-Cα angles are calculated from the inward-facing residues. C. Averaged 3-Cα

angles of all amino acids calculated from MD simulations of OmpX variants. Error bars denote ±1 standard

deviation. Glycine is shown with two data points reflecting two apparent populations. D. The 3-Cα angle

distribution of inward-facing glycines (GLY) in simulations.
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Glycines create sharp turns in OmpX-variant β-barrel cross sections

Side chains of amino acids are responsible for many of their properties, such as hydrophobic-

ity/hydrophilicity, charge, volume, and polarity, among others. Unsurprisingly, they also can influence

the local shape of a β-barrel. Side chains of amino acids in β-barrels alternate pointing into or out of

the barrel. We observed that glycines pointing into the β-barrel tend to appear in sharp turns (∼75°),

forming a line parallel to the membrane normal, which amplifies their effect (Figures 3A, S11). From

this observation, we hypothesized that an inward-facing glycine, which has the smallest side chain,

creates an effective hole within a β-barrel (compared to larger side chains) that can be filled by tighter

packing of side chains on neighboring β-strands, thereby altering the shape of the β-barrel cross

section.

Figure 4: Equilibrium simulations of a 16-stranded OmpX variant in which inward-facing glycines have

been replaced by alanine. A. Snapshots from the beginning and end of one of the simulations. B. The shape

of OmpX variants over time in the two equilibrium simulations (blue and orange, respectively).

In order to quantify the local shape of a β-barrel near a single amino acid, we measured the

angle between the Cα atoms of three amino acids from three adjacent β-strands (Figure 3B) defined
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as the 3-Cα angle. All three amino acids form backbone hydrogen bonds with each other, and the

value of the angle is assigned to the central amino acid. A lower value of the 3-Cα angle for an

amino acid indicates a sharper turn in the barrel shape around it. Over all 30 µs of equilibrium

simulations, the 3-Cα angle of inward-facing glycine stands out with an average value of 135°(Figure

S12). Glycine has the lowest average 3-Cα angle and the largest standard deviation among all amino

acids. We found that the low average value and the broad range of glycine 3-Cα angles originate

from two separate populations (Figure 3C, D). The glycine 3-Cα angle has a large population in the

range from 120°to 180°as well as a smaller population centered around 75°(Figure 3D). The smaller

population around 75°represents sharp turns around glycines, while all other amino acids have larger

3-Cα angles (Figure 3C). Tyrosine possesses the second-smallest angle on average, apparently

caused by its location adjacent to glycines in the OmpX variants, which only have two inward-facing

tyrosines except for the 16-stranded variant with four (Figure S13). There is no apparent residue-size

dependence of the 3-Cα angle except for glycine (Figure 3C), emphasizing its unique contribution to

the shape of the β-barrel.

To test our claim that sharp turns are caused by glycines, we mutated 26 inward-facing glycines

in the 16-stranded variant to alanine, the second-smallest amino acid. While the original 16-stranded

variant quickly collapsed in simulations (Figure 3A), the mutated variant maintains its roughly circular

shape over the course of both 3-µs simulations (Figure 4). The lack of collapse for the mutated variant

further supports the necessity of inward-facing glycines to introduce sharp turns in the β-barrel.

Glycine-induced sharp turns are a general feature of OMPs

We hypothesized that glycine’s influence on the shape of OmpX variants could be generalized to

other OMPs as well. To test our hypothesis, we calculated the 3-Cα angles over all amino acids

facing the inside of β-barrels from 119 structurally resolved β-barrel membrane-protein PDBs taken

from the Orientation of Proteins in Membranes (OPM) server [47]. We found yet again that glycine

has the lowest average 3-Cα angle of all amino acids at 146°(Figure S14). In contrast, the average

3-Cα angles for other amino acids are between 163 and 170°(Figure 5A). Serine and alanine, which

are the next smallest amino acids, have the second and third lowest average 3-Cα angles in all 119

OM β-barrels. However, they are much closer to all other amino acids than they are to the glycine.

In addition to having the smallest average angle, glycine also has a much wider distribution of

3-Cα angles (70-180°) compared to other amino acids (130-180°; Figure S15, 5B). The 3-Cα angle

distribution of glycine also has a small but distinct peak around 75° (Figure 5A, B), similar to that

14



Figure 5: 3-Cα angles for inward-facing residues. A. Average 3-Cα angles of different amino acids facing

inside from 119 β-barrel membrane-protein PDBs. Error bars denote ±1 standard deviation. Glycine is shown

with two data points reflecting two apparent populations. B. The distribution of 3-Cα angles for inward-facing

glycines. C. Top and side view of β-barrels of OprN (PDB ID: 5AZP), Omp33 (PDB ID: 6GIE), and Ail (PDB ID:

3QRA). Glycines at the sharp turns are highlighted.

identified in OmpX variant simulations. Alanine has the second-smallest side chain after glycine, but

the distribution of its 3-Cα angle is similar to those of other amino acids (Figure S15). This suggests

that the missing β-carbon of glycine, not just its size alone, is a major contributor to the sharp turns.

Thus, it appears that glycine is the only amino acid that has the potential to induce sharp turns in

β-barrels.

To illustrate the connection between the shape of β-barrels and the location of glycines in pro-

teins, three examples with different strand numbers and from different species of bacteria, OprN

from Pseudomonas aeruginosa (PDB ID: 5AZP) [53], Omp33 from Acinetobacter baumannii (PDB

ID: 6GIE) [54], and Ail from Yersinia pestis (PDB ID: 3QRA) [55], are shown in Figure 5C. We found

that the glycines are again lined up parallel to the membrane normal at the sharp turns of the β-

barrels. However, BamA from Haemophilus ducreyi [56] and E. coli [57], for example, demonstrate

that glycines appear at smooth location as well (Figure S16), which contribute to the large fraction of

angles greater than 140°in the distribution in Figure 5B.

We also measured the 3-Cα angles for amino acids facing outside of the barrels based on 119

β-barrel membrane-protein PDBs (Figure 6A). The average angle of glycine facing outside is around

165° and does not stand out from the average angles of other amino acids. That glycines facing

outside do not alter the structure of β-barrels compared to other amino acids suggests that the sharp
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Figure 6: 3-Cα angles for outside-facing residues. A. Average 3-Cα angles of different amino acids facing

outside from 119 β-barrel membrane-protein PDBs. Error bars denote ±1 standard deviation. B. Top and side

views of the β-barrel of NanC (PDB ID: 2WJR). A proline at a sharp turn is highlighted.

turns from those facing inward arises due to packing defects caused by the lack of β-carbons. Con-

versely, prolines facing outside do stand out with an average angle of ∼145°, which is 20°less than

other amino acids. Because of their highly constrained backbone angle, prolines force bends in the

β-strands and also sometimes create sharp turns in the barrel cross section. An example, NanC from

E. coli (PDB ID: 2WJR) [58], is shown in Figure 6B.

Discussion

Outer membrane proteins (OMPs) almost exclusively have a β-barrel fold appearing in their trans-

membrane domains and serve a number of essential functions for the cell [9, 59]. The shape of an

OMP β-barrel often plays an important role in their function, which for many is to allow substrates or

ions to traverse the membrane [3, 4, 60, 61].

To examine the connection between shape and conductance, we built OmpX variants with 8

(WT), 10, 12, 14, and 16 β-strands, matching the constructs used in electrophysiology experiments in

which additional strands were duplicated from existing ones [10]. Our simulations show that variants

possessing β-barrels with 8–14 strands can maintain a circular shape (Figure 1E). In contrast, the 16-

strand β-barrel developed a much flatter cross section than it had initially (Figure 1C). The potential

collapse of large β-barrels may be addressed through the presence of long loops and/or turns bending

into the β-barrels, supporting their shape. For example, the 19-stranded β-barrels of VDAC and

Tom40 maintain their shapes through the presence of an N-terminal helix inside [61–63]. Previous

studies demonstrated that the β-barrel of VDAC collapses when the N-terminal helix is deleted [61].

Therefore, we hypothesize that the β-barrel of large (16 strands or more) OMPs need “support arms”
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(long loops, turns, or extra α-helices) or “fixed points” (periplasmic domains) to prevent collapse.

Examples of one or both of these features can be seen in proteins as varied as BamA and OmpF (16

strands) [56, 64], BtuB (22 strands) [65], and LptD (26 strands) [66].

Interestingly, electrophysiology experiments revealed that conductance of OmpX variants with 10–

16 strands was practically independent of size, in contrast to expectations (Figure 2B). We calculated

the conductance of all OmpX variants from extensive simulations using an applied electric field,

finding notable discrepancies from experiment. In particular, we failed to observe an ionic current

in the 8, 10, and 16-stranded variants at voltages less than ±250 mV, despite 120 pS and 350 pS

being measured experimentally, respectively [10, 22]. One possible reason for the discrepancy is that

the β-barrel undergoes fluctuations to a more open state on a time scale longer than the 300–600 ns

simulated; another is that the current derives from protons, which we cannot observe in classical MD

simulations.

To quantitatively connect β-barrel strand number and shape, we developed a shape metric that

measures the deviation from a perfect circle (Figure 1). We calculated the shape of β-barrels with

different strand numbers (Figure S17) using 119 OMP β-barrel PDBs from the OPM server [47]. Even

though 10-, 16-, and 26-stranded β-barrels possess a relatively flattened structure in comparison

to other β-barrels, all native β-barrels maintain a shape value larger than 0.6. We measured the

percentage of glycines from all the inward-facing residues within the barrel as a function of the number

of β-strands (Figure 7). The results show that the percentage of glycines inside the barrel generally

decreases as the number of strands increases, which is consistent with previous results from Kikuchi

et al. [67]. This inverse relationship likely arises from the fact that smaller barrels have larger average

curvatures and thus need more glycines to accommodate their sharper turns. Sequence alignment of

8-stranded OMPs indicates that glycines are highly conserved and appear inside of β-barrels as well

[68], consistent with our finding that glycine has the lowest 3-Cα angle (Figure 3C). Considering that

larger OMPs may evolve through gene duplication [10–12], replacing glycine with larger amino acids

may be a necessary step to maintain a circular cross section and avoid flattening as we observed for

the 16-stranded OmpX variant.

Based on glycine having the lowest average value and widest distribution of 3-Cα angles, we

conclude that it behaves like a hinge in the β-barrels of OMPs, creating flexibility in the local barrel

structure and often leading to sharp turns in the barrel cross section. In addition to OMPs, sharp

turns due to glycines were also demonstrated in the de novo design of water-soluble β-barrels with a

hydrophobic core [69]. Taken together, we can conclude that regardless of having a hydrophobic or

hydrophilic core, in water or in a membrane environment, glycines facing inside the barrel can cause
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Figure 7: Percentage of glycines from the inward-facing residues as a function of the number of

strands. The thin error bars at each point denote ±1 standard deviation.

sharp turns in β-barrel structures.

In addition to the role of modulating the shape of β-barrels, the small side chain volume of glycine

may affect the folding of OMPs as well. An aromatic residue in one neighboring β-strand takes

advantage of the available space created by the empty side chain volume of glycine, forming a so-

called “mortise-tenon” joint [70, 71]. This joint is conserved in OMPs and improve the the folding

speed and stability of OMPs [71].

Considering the evolution of OMPs, the secondary structure of a region of an OMP may inter-

convert between a loop and a β-strand [11]. The 3-Cα angle measurements demonstrate that glycine

and proline located in β-strands can be shape-defining features of β-barrel structures. Glycines and

prolines are often found in loops and turns [72], where the structure of proline is ideally suited for the

β-turn and the smallest side chain of glycine provides the most flexibility. Thus, glycines and prolines

in β-strands may aid their conversion to loops, reducing the size of a β-barrel. Further quantifying

a possible role of these amino acids in β-barrel evolution remains an interesting avenue for future

investigations.
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