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Outer membrane protein (OMP) biogenesis is critical to bacterial
physiology because the cellular envelope is vital to bacterial
pathogenesis and antibiotic resistance. The process of OMP bio-
genesis has been studied in vivo, and each of its components has
been studied in isolation in vitro. This work integrates parameters
and observations from both in vivo and in vitro experiments into a
holistic computational model termed “Outer Membrane Protein
Biogenesis Model” (OMPBioM). We use OMPBioM to assess OMP
biogenesis mathematically in a global manner. Using deterministic
and stochastic methods, we are able to simulate OMP biogenesis
under varying genetic conditions, each of which successfully repli-
cates experimental observations. We observe that OMPs have a pro-
longed lifetime in the periplasm where an unfolded OMP makes, on
average, hundreds of short-lived interactions with chaperones be-
fore folding into its native state. We find that some periplasmic
chaperones function primarily as quality-control factors; this function
complements the folding catalysis function of other chaperones. Ad-
ditionally, the effective rate for the p-barrel assembly machinery
complex necessary for physiological folding was found to be higher
than has currently been observed in vitro. Overall, we find a finely
tuned balance between thermodynamic and kinetic parameters
maximizes OMP folding flux and minimizes aggregation and
unnecessary degradation. In sum, OMPBioM provides a global
view of OMP biogenesis that yields unique insights into this
essential pathway.

p-barrel | OMP biogenesis | BAM | kinetic model | membrane protein folding

he cellular envelope of Gram-negative bacteria is comprised

of two membranes separated by an aqueous compartment
termed the “periplasm.” The outer membrane of the cellular
envelope contains integral p-barrel membrane proteins referred
to as “outer membrane proteins” (OMPs) (1, 2). The outer
membrane and OMPs provide the first barrier between bacteria
and the environment and are essential to many important cel-
lular processes including metabolic transport, bacterial virulence,
and antibiotic resistance (3-5). Understanding the pathway by
which OMPs traverse the periplasm and attain their native
functional state is essential to an ability to manipulate this ele-
ment of the bacterial cell.

The OMP biogenesis process is distinct from the folding of
cytosolic proteins because it involves a unique collection of ob-
stacles. First, OMPs do not adopt their folded conformations
while in an aqueous environment (6). Rather, unfolded OMPs
(uOMPs) must be transported across the periplasm to reach
their native membrane. Because of their marginal solubility in
water, this process must be tightly controlled to avoid aggrega-
tion. Second, structures of folded OMPs (fOMPs) show that
these proteins contain water-solvated residues in loops on the
outer surfaces of bacteria. The desolvation and transport of these
polar and ionizable side chains across the outer membrane
represent significant kinetic barriers to OMP folding (7). Third,
Gram-negative bacteria maintain a high density of fOMP in the
expanding outer membrane (8) that requires a considerable flux
of uOMP transport across the periplasm followed by folding to
replace OMP lost to dilution during growth (9). Finally, all
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periplasmic chaperones, proteases, and folding machinery must
operate without the free energy provided by ATP hydrolysis,
unlike cytosolic proteins with similar roles (10).

Because of the important cellular functions and the unique
biogenesis pathway of OMPs, considerable effort has been ap-
plied to understanding the process of OMP folding and assem-
bly. Many in vitro and in vivo studies have investigated various
components involved in this pathway (11-22). However, in vitro
experiments typically characterize individual components in
isolation, and in vivo studies are often incapable of deciphering
how specific components are responsible for observed phenom-
ena. Computational techniques can overcome these limitations
by combining orthogonal sets of information and allowing
unique system-wide studies of multiprotein networks. This ho-
listic approach is especially important when multiple competing
reactions occur, as in the transit of uOMPs through the periplasm
of Gram-negative bacteria. In this cellular compartment, at least
four distinct complexes can form between uOMPs and chaper-
ones [e.g., uOMP binding to Skp (17-kDA protein), SurA (survival
factor A), FkpA (FKPB-type peptidyl-prolyl cis-trans isomerase
FkpA), or DegP (periplasmic serine endoprotease DegP)], and
the emergent properties of periplasmic proteostasis cannot be
evaluated without a consideration of this linkage. To date, no
computational study has investigated OMP biogenesis in this
comprehensive manner, but this biological system is ideal for this
type of analysis because many of the relevant protein species
have been well studied in isolation (for review, see ref. 2).

Toward this end, we created a single comprehensive mathe-
matical framework, Outer Membrane Protein Biogenesis Model
(OMPBioM), which incorporates known kinetic and thermody-
namic parameters for many of the reactions related to uOMP
transport across the periplasm. We used both deterministic and
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stochastic methods to calculate the time-dependent trajectories
of uOMPs in the periplasm, to simulate and reproduce several
single- and double-null strain phenotypes as well as the ¢ stress
response, to gain insight into periplasmic dynamics between
uOMPs and chaperones, and to predict limits for the effective
rate of B-barrel assembly machinery (BAM)-assisted OMP
folding. We discovered that OMP biogenesis involves timescales
that are much longer than those of chaperone-uOMP com-
plexes. Hundreds of chaperone—-uOMP binding and unbinding
events take place before uUOMP folding, suggesting that chaperone—
uOMP binding reactions are near equilibrium in the periplasm.
Moreover, we find that periplasmic chaperones have distinct
roles that complement each other, resulting in preferential flux
to folding through a SurA-BAM catalyzed folding pathway. Fi-
nally, intricate mechanisms for OMP transport and folding that
involve higher-order complexes that span the width of the peri-
plasm or that contain parallel chaperone folding pathways with
comparable flux are not required to reproduce current experimental
observations.

Results

OmpBioM Reproduces Experimentally Observed fOMP Levels and
uOMP Periplasmic Lifetimes. Fig. 1 shows the set of linked reac-
tions involved in OMP biogenesis that we incorporated for this
mechanistic investigation. OMPBioM deterministically simulates
the biogenesis of a representative uOMP using parameters de-
rived from direct observations of Escherichia coli or from in vitro
experiments using E. coli proteins. SI Appendix, Tables S1 and S2
list the relevant rate constants and kinetic equations. We used
cellular concentrations of known species (23) to reproduce key
experimental observables: genetic phenotypes, OMP copy num-
ber per cell, and uOMP periplasmic lifetime.

Under WT conditions, the area density of fOMP in the outer
membrane has been reported to be high, with a copy number per
cell between 8,000 and 80,000 (23, 24). Others have shown that
the periplasmic lifetime of a representative uOMP (i.e., LamB) is
approximately 2 min (25). We used these fOMP levels and the
periplasmic uOMP lifetime to assess the validity of our treatment
of this system. Fig. 2 shows the WT phenotype in which we ob-
tain a fOMP copy number equal to 28,000, which agrees well

U: unfolded protein
UPd: protein committed to degradation
N: native protein

Ag;: aggregate nucleus
Ag,.,: aggregated protein

u
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with the known experimental values. Similarly, quantitation of
the periplasmic uOMP lifetime yields an average of 1 min in WT
cells (SI Appendix, Fig. S34 and Table S4), also in excellent
agreement with the magnitude observed in vivo.

Single-Chaperone-Null Mutant Phenotypes Reveal the Importance
of SurA Activity and ¢° Response. We used the reaction scheme
outlined in Fig. 1 to simulate genetic mutants lacking specific
chaperones. Four distinct single-chaperone—null strain simula-
tions (AdegP, Askp, AfkpA, or AsurA) were independently per-
formed and compared with the WT simulations and with known
biological phenotypes (11-13). Fig. 2 shows that the individual
AdegP, Askp, and AfkpA simulations display fOMP and free and
aggregated uOMP concentration profiles similar to WT profiles
under normal growth conditions. These results are consistent
with the modest phenotypic effects observed in genetic studies of
the null strains for each corresponding chaperone (11).

In contrast, SurA is the only single periplasmic chaperone that
is known to cause a significant change in fOMP density when
depleted (11, 13). Our simulations capture this genetic finding
(Fig. 2). The importance of SurA in OMP biogenesis arises from
its dual functions, both of which are incorporated in OMPBioM:
(i) SurA can bind to uUOMP, thereby preventing aggregation, and
(ii) SurA can facilitate the folding of uOMP (13-17, 22). Because
SurA plays a prominent role in OMP folding, the loss of SurA in
vivo results in the induction of the o stress response (11, 13), a
regulatory mechanism caused by the accumulation of unfolded
protein in the periplasm. For AsurA, activation of this envelope
stress response results in an increase in chaperone expression
and a reduction in uUOMP expression; these experimental obser-
vations are incorporated into our AsurA simulation (SI Appendix,
Table S3) (26, 27).

To investigate further the role of the 6" response in managing
cellular fitness, we performed sur4-null simulations in both
the absence (Asur4*) and presence (Asurd) of a computational
treatment of o= (SI Appendix, Fig. S4). The hypothetical AsurA*
mutant has not been observed in vivo. Therefore, a computa-
tional comparison between the WT and Asur4* phenotypes
provides an opportunity to observe the molecular damage that
may stimulate an E. coli envelope stress response. SI Appendix,

2 DegP, «<—> DegP,
—> DegP;  DegP,+ DegP, «—> DegP,
—> FkpA, 2 DegP; «—> DegP;
u —> Skp, 2 FkpA, «<—> FkpA,
—> SurA 2 Skp, «<—> Skp,
Skp, + Skp, <—> Skp,
Skp, DegP,

DegPg
DegPs:U ——> DegP:UP! L) [}

DegPg DegP
DegPg A
:2 DegPg

DegP;,:U ———>DegP,,:Urd [}

SurA:U kpA,:U
v

F
BAM SurA  FkpA,
Sug1\i

\—> N

Fig. 1.

2 Degst

Al — @

Diagram of mechanistic treatment used in OMPBioM. The downward vertical arrow at the top of the figure indicates uOMP synthesis and trans-

location. Nascent uOMP (U) can interact with itself through the aggregation pathway (purple), bind to chaperone (red) before folding into its native state (N),
or be degraded (orange). Chaperones enter the system as monomers before undergoing oligomerization into a binding-competent oligomerization state

indicated by subscript (blue). All species are subject to a rate of dilution (g
pathways that are assumed to be accelerated by BAM are shown (green). Fo
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ray). Chaperones are regenerated upon uOMP folding or unbinding. Folding
r more information of this mechanistic treatment see S/ Appendix.
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Fig. 2. Trends observed in the simulated and experimentally observed phenotypes agree. The steady-state concentrations of each OMP species in the
simulations for the WT and indicated chaperone single- and double-null mutants are shown. Species include fOMP (dark green), free monomeric uOMP (blue),
aggregated uOMP (gray), bound uOMP (light green), and degraded uOMP (hatched segments). Bound uOMP is the sum of uOMP bound to all chaperones,
including SurA, Skp, FkpA, and DegP. The x axis indicates simulated phenotypes. Simulations indicate that minimal populations of free and aggregated uOMP
are present under WT and mild phenotype conditions. Simulated ot responses are included for AsurA, AsurAAdegP, and AsurAAskp. Data are provided in

tabular form in S/ Appendix, Table S6.

Figs. S4 and S5 show that the virtual Asur4* results in a re-
duction in fOMP and a 290-fold increase in the sum of free and
aggregated uOMP compared with WT, as is consistent with
suggestions that the accumulation of periplasmic uOMPs stim-
ulates the induction of the o® response (28).

To mimic the consequences of the stress response in the bio-
logically relevant AsurA phenotype, we parameterized OMP
synthesis rates and chaperone levels to return fOMP amounts
equivalent to those observed in vivo. ST Appendix, Fig. S4 shows
this reduction in fOMP in Asur4 compared with WT; this result
agrees with experiments (13, 15). In addition, ST Appendix, Fig. S5
shows that the incorporation of a stress response relieves the
nearly 300-fold increase in the sum of free and aggregated
uOMP populations predicted by AsurA*. Moreover, although
these populations are lower with the stress response, they are not
completely eradicated and are still ~10-fold higher than WT
levels. This finding, too, is consistent with the biologically ob-
served Asur4 phenotype in which uOMP accumulates in the
periplasm although the conditions are still conducive to growth
(11, 13). In addition, the average periplasmic lifetime of an OMP
in vivo is 10-fold longer in Asur4 than in WT (25), as is consis-
tent with our observation that the average periplasmic lifetime in
simulated AsurA is 15-fold greater than that predicted for WT
(SI Appendix, Table S4). In sum, the agreement between the
trends observed in vivo and in simulations for the implementa-
tion of AsurA incorporating a 6= response further validates the
mechanism and parameters used for SurA function and our
simulated 6" response.

Simulations of Double-Chaperone-Null Strains Suggest Distinct Roles
for Skp and DegP. Double-null strains obtained by either gene
deletion or depletion of periplasmic chaperones have docu-
mented phenotypes that can be more severe than those of single-
null mutants (15, 29). In vivo, the absence of either DegP or Skp
concurrent with the absence of SurA (e.g., Asur4AAdegP or
AsurAAskp) results in a phenotype more severe than the pheno-
types for AsurA, AdegP, Askp, or AskpAdegP. This result implies
that the activities of Skp and DegP are more important in a Asur4
genetic background than in a WT cell and has been interpreted as
evidence of parallel folding pathways in OMP biogenesis (15, 29).
To investigate the roles of these chaperones, we simulated and
compared the phenotypes of the double-null mutants AskpAdegP,
AsurAAdegP, and AsurA Askp with a simulated o® stress response
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and appropriate doubling times (Fig. 2 and SI Appendix, Table S3).
Overall we found phenotypes consistent with in vivo observations.
Fig. 2 shows that, similar to each of the single-null mutants,
AskpAdegP is viable with minimal phenotypic consequences
(11, 12), whereas AsurAAskp and AsurAAdegP mutants (both
incorporating ¢=) show either an increase in free and aggregated
uOMP or a decrease in the concentration of fOMP relative to the
single Asur4 mutant (Fig. 2 and SI Appendix, Fig. S5); these find-
ings also are consistent with experimental results (13, 15).

In addition, we observe a large fraction of degraded protein
in the AsurAAskp simulation (~85%) (Fig. 2, hatched bars and
SI Appendix, Fig. S6). This degradation is attributed not only to
the presence of the protease DegP (30-32) but also to the large
population of free uOMP available for proteolysis. In contrast,
free uUOMP cannot be degraded in the Asur4AdegP simulation
because DegP is absent, and OMP can only fold independently of
SurA, aggregate, or dilute away. As a consequence, Asur4AdegP
displays an increase in the fOMP population compared with either
AsurA or AsurAAskp, as is consistent with in vivo findings (15).

DegP Functions Primarily as a Protease and Is Under Kinetic Control.
Although DegP has been suggested to function both as a chap-
erone and as a protease (30, 32, 33), our results from double-null
simulations suggest that the chaperone activity of DegP is not a
significant contributor to OMP biogenesis. This conclusion is
further supported by results from stochastic simulations that al-
low enumeration of chaperone-uOMP binding events. DegP is
involved in <0.02% of the binding events under WT conditions
and <0.4% of uOMP binding events under Asur4 conditions
(SI Appendix, Table S4). These low percentages suggest that the
chaperone activity of DegP may be negligible under all tested
conditions.

In what may seem like a contradiction, a significant fraction of
uOMP is degraded under stressful conditions, with 71% and
85% of secreted uOMP degraded in the AsurA and AsurAAskp
simulations, respectively (SI Appendix, Fig. S6). This phenomenon
is a testament to the kinetic partitioning present in this system,
with the relatively slow binding of DegP to uOMP substrate and
the even slower dissociation of DegP being equally important
(SI Appendix, Table S1). The low population of uOMP, the pres-
ence of other chaperones, and slow binding together prevent DegP
from binding to and degrading uOMP under WT conditions, as
evidenced by the low fraction bound and the infrequent binding
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events observed (SI Appendix, Fig. S7 and Table S4). However,
under stress conditions the high population of free periplasmic
uOMP (a 10-fold increase in AsurA) (SI Appendix, Fig. S5) and
the prolonged periplasmic OMP lifetime (SI Appendix, Table S4)
allow a small but significant number of DegP binding events to
occur. A high fraction of these binding events result in the
degradation of the uOMP substrate, because the timescales for
DegP dissociation and degradation are similar. Therefore, the
binding, dissociation, and degradation rates for DegP measured
in vitro are capable of preventing the unnecessary degradation
of uOMP under WT conditions while also allowing the degra-
dation of substrate and alleviation of uOMP accumulation un-
der stress conditions.

Skp-uOMP Complexes Are Highly Populated and Display Dynamic
Behavior. Skp is thought to act as a “holdase” by binding to
and preventing the aggregation of uOMP in vitro (34-36). The
binding of Skp to uOMP is thermodynamically favorable and
kinetically fast (SI Appendix, Table S1). The favorable binding
results in a large population of Skp—-uOMP complex at steady
state (SI Appendix, Fig. S7). However, the association rate of Skp
to uOMP is nearly diffusion limited, and the dissociation rate is
on the millisecond timescale (SI Appendix, Table S1). This dis-
sociation timescale is several orders of magnitude shorter than
the average periplasmic OMP lifetime under WT conditions,
resulting in a large number of association and dissociation events
for each OMP client (SI Appendix, Table S4). Therefore, to the
extent that the term “holdase” implies a long-lived Skp—~uOMP
complex, its use is misleading. In contrast, the Skp-uOMP in-
teractions are fleeting but populated to a significant extent. This
dynamic nature of Skp binding should be considered when dis-
cussing the holdase activity. This specific binding kinetic behav-
ior may play a unique role in controlling uUOMP conformational
populations. The unfolded client may explore a large configu-
rational space, with certain conformations likely favoring either
the folding or self-association reactions. We speculate that the
fast binding to and dissociation from Skp may help promote
folding-competent or aggregation-incompetent conformations.

The Folding Rate Enhancement Provided by SurA Is Necessary but
Modest. SurA is the only soluble chaperone implicated in the in
vivo folding of uOMP; therefore we investigated this reported
“foldase” activity (37). OMPBioM treats the folding of a uUOMP
through the SurA-BAM pathway as faster than the BAM-only
pathway. This change in folding rate is expressed using the term
“rate enhancement,” and this parameter is defined as the OMP
folding rate through the SurA-BAM pathway divided by the
OMP folding rate through BAM alone. To investigate the nec-
essary magnitude of the rate enhancement provided by SurA, we
concurrently varied this parameter with the BAM folding rate
(Kfo1a)- Fig. 3 shows this space (in cyan) bounded by the known
range of OMP periplasmic lifetimes (in green) and further
constrained by the summed concentration of free and aggregated
uOMP (in red) and the previously reported phenotype range for
AsurA (in gray). The value of the rate enhancement must be
between 3 and 100 to satisfy these constraints, with a WT value
of 10. Interestingly, for this physiological range of folding rates
and rate enhancements, the majority (between 80 and >99%) of
uOMP folds through the SurA-BAM pathway, providing further
evidence that SurA plays a key role in OMP biogenesis (SI Appendix,
Fig. S8).

It is worth noting that a 10-fold rate enhancement is modest
relative to common folding catalyst rate enhancements (38). This
observation may provide insight into the foldase mechanism of
SurA. We speculate that the previously observed binding of SurA
to uOMP and the interaction of SurA and the BAM complex
(14, 15, 17, 36) simply increase local concentrations, which then
could be sufficient to provide the modest rate enhancement
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Fig. 3. A folding rate enhancement provided by SurA is required to re-
capitulate phenotypes. The rate enhancement provided by SurA is defined
as the folding rate constant for SurA-BAM divided by the folding rate
constant for BAM-only. Shown are contour lines for OMP periplasmic life-
time (green) and the summed concentration of free and aggregated uOMP
(red). The concentration of fOMP in the AsurA simulation and WT simulation
are related; the AsurA simulation is expected to return a concentration of
fOMP ~10% of that in the WT simulation (13). The limits defining where the
fOMP concentration in the AsurA simulation is 5% or 15% of the WT sim-
ulation are shown as gray contour lines. If this value is less than 5%, SurA is
more essential than expected; if the value is greater than 15%, SurA is more
inconsequential than expected. The cyan area indicates the parameter space
that results in lifetimes, free and aggregated uOMP concentrations, and fOMP
concentrations that agree with experimental observations; a mild rate en-
hancement of 3-100 fold is required to recapitulate experimental observations.

needed to reproduce phenotypes. For this reason, we propose
that the experimentally observed folding catalytic ability of SurA
is not necessarily indicative of an intricate folding catalytic
mechanism. The details of SurA-BAM-mediated OMP folding
merit further biophysical investigation.

The Estimated Effective Rate of uOMP Folding by BAM is Faster than
in Vitro Observations. The mechanistic details for how the BAM
complex catalyzes uOMP folding are not well understood (20, 39—
44). Even lacking this information, we can use OMPBioM to es-
timate the effective rate necessary for BAM-assisted OMP folding.
This parameter must be large enough to prevent an accumulation
of periplasmic uOMP but maintain a sufficient amount of {OMP
under physiological uOMP synthesis and cellular replication rates.
Under WT conditions, the BAM concentration is not rate limiting,
as evidenced by the absence of a phenotypic effect when BamA
levels are reduced 10-fold (45); therefore we do not explicitly
consider BAM concentration effects. Fig. 4 shows multiple simu-
lation outputs as a function of both the uOMP synthesis rate (k;y,)
and the BAM-mediated OMP folding rate (kgyq). Contour lines
indicate physiological upper and lower bounds for the OMP peri-
plasmic lifetime (green), {OMP copy number per cell (blue), and
an upper bound of free and aggregated uOMP (red). Given these
limitations, the effective OMP folding rate through the BAM
pathway under WT conditions should range from 0.3-6 x 102571,

This value is consistent with the copy numbers for BamA
and total OMP and the replication time for E. coli. For a cell

Costello et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1601002113/-/DCSupplemental/pnas.1601002113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1601002113/-/DCSupplemental/pnas.1601002113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1601002113/-/DCSupplemental/pnas.1601002113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1601002113/-/DCSupplemental/pnas.1601002113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1601002113/-/DCSupplemental/pnas.1601002113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1601002113/-/DCSupplemental/pnas.1601002113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1601002113/-/DCSupplemental/pnas.1601002113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1601002113/-/DCSupplemental/pnas.1601002113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1601002113/-/DCSupplemental/pnas.1601002113.sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1601002113

BEEERENAS - PINAS  PNAS

= 80,000
1,

Q@ Soiey
CN

n
CN

Wild Type
Parameters

-2

Krald (5-1)
)

y [l 10°

kin (Ms™)

Fig. 4. OMPBioM allows the assessment of in vivo BAM folding rates.
Shown are the contour lines for OMP periplasmic lifetimes (green) and
copy number per cell (CN) (blue) as a function of covariation of the
periplasmic input rate (k;,) and the effective BAM folding rate (kfold)-
The parameter space allowed by the known values for OMP lifetimes and
CN is shown in cyan. The dashed red line indicates the boundary where
the concentration of free and aggregated uOMP in the periplasm equals
1 uM; this is a viable parameter space. The solid red line is the boundary
at which uOMP + Aggregate = 10 pM; this concentration would be
expected to induce the envelope stress response. The increasing red
shading in the bottom right corner indicates the increasing accumulation
of UOMP in the periplasm; these levels would be expected to lead to cell
death.

containing 200 BamA molecules (23) and ~28,000 fOMPs, the
calculated turnover number for BamA would be 140 per cell
generation. Assuming a generation time of 1 h, the expected rate
would be 3.9 x 107%s™". This calculated first-order rate constant is
in excellent agreement with the predicted range shown in Fig. 4.
It is noteworthy that this effective rate constant is currently not
attainable in vitro. The predicted lower limit (i.e., 0.3 x 107%s7") is
an order of magnitude faster than the rate observed for BAM
protein A (BamA)-mediated OMP folding in nonnative lipid
conditions (20) and the rate observed for SurA-BAM-assisted in
vitro folding in nearly native lipid conditions (46). This difference
indicates either that current in vitro analysis may be incapable of
capturing all the details of SurA-BAM-mediated folding or that
additional factors are necessary for proper folding in vivo.

Discussion

Chaperones Are Dynamic uOMP Periplasmic Reservoirs. Because
uOMPs are essentially insoluble in monomeric forms in the
aqueous milieu of the periplasm (6), periplasmic chaperones are
essential for preventing the accumulation of unfolded and ag-
gregated species (12, 26, 27). Our simulations suggest that WT
cells maintain a large reservoir of free chaperones while simulta-
neously creating a situation in which essentially all periplasmic
uOMP is bound (Fig. 2 and ST Appendix, Fig. S7). These con-
ditions are possible because the apparent total concentration of
each chaperone is tuned to be above its respective equilibrium
dissociation constant. This thermodynamic finding is complemented
by the fact that kinetic rate constants for folding, binding, and un-
binding result in chaperone-bound uOMP lifetimes that are orders
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of magnitude shorter than OMP periplasmic lifetimes. Stated
another way: periplasmic chaperones bind their client uOMPs
stoichiometrically and are not saturated, and the rates of binding
to and dissociating from chaperones are fast (e.g., in milliseconds)
relative to folding (SI Appendix, Fig. S7) (36). This robust chap-
erone buffering capacity under WT conditions equips the cell with
an ability to cope with mild stress quickly, without the need to wait
for a transcriptional regulatory response. More severe stress
conditions will cause the population of free uOMP to increase,
thus saturating the available chaperone network. Such a condition
requires a consequent increase in the concentration of peri-
plasmic chaperones and protease to maintain cell viability—
exactly what the oF envelope regulatory response is known to
accomplish (27). Interestingly, the modulation of only three
parameters (chaperone concentration, uOMP synthesis rate, and
rate of dilution) within OMPBioM is capable of capturing the
expected phenotype of a genetic knockout that induces oF.

A Strictly Ordered Set of Reactions Is Not Required to Represent OMP
Biogenesis Accurately. There are known examples of escort
mechanisms that shuttle molecules across the periplasm via con-
secutive protein—protein interactions in which the transported
molecule is never free in solution (47). Some of these mechanisms
involve stable interactions between soluble proteins with binding
partners embedded in the inner and outer membranes essentially
forming a physical bridge spanning the periplasm. Accordingly,
models for OMP biogenesis that have been presented in the lit-
erature include a similar, highly ordered mechanism that involves
periplasmic chaperones handing uOMP from the Sec translocon to
the BAM machinery (48). Evidence for these models includes the
in vivo observation of chaperones binding to partially translocated
uOMP as well as chaperones interacting with the BAM folding
machinery (25, 49). Our model considers neither a sequential set of
reactions nor the formation of a multiprotein complex that spans
the periplasm. However, OMPBioM still reproduces biological
observations. Therefore, these intricate escort mechanisms are not
required to explain the process of OMP biogenesis.

Rather, our findings suggest that these biological observations
are simply a consequence of the conditions in the periplasm and
distinct timescales for key reactions. The abundance of unbound
chaperone (SI Appendix, Fig. S7) coupled with the fast rates of
chaperone binding (e.g., in milliseconds) and the slow rate of
translocation (e.g., in seconds) could explain the experimental
observation of chaperones binding to uOMP translocation in-
termediates. Additionally, OMP lifetimes are at least an order of
magnitude longer than the timescales necessary for the dissoci-
ation of a chaperone—-uOMP complex. Therefore, the data to
date for OMP maturation can be modeled by simple consider-
ation of thermodynamic and kinetic parameters. This modeling
results in a stochastic nondirected process that ends with OMP
folding and accurately describes known observables.

One disadvantage of a deterministic treatment is that this
methodology cannot track single uOMP trajectories. We there-
fore complemented our deterministic analysis with stochastic
simulations to enumerate the binding events per uOMP. Sto-
chastic simulations result in an average of 348 binding (and
unbinding) events per uOMP before folding occurs (Fig. 54
and SI Appendix, Table S4). Fig. 5B shows a representative
binding trajectory of a single uOMP, highlighting the stochastic
nature of its interactions. Taken together with the prolonged
OMP lifetimes (i.e., 59 s) (SI Appendix, Table S4), this abun-
dance of chaperone-binding events is not consistent with a
continuous physical pathway across the periplasm. Although we
recognize that neither computational nor experimental kinetic
experiments can disprove a more complex model, the lack of
evidence supporting a linear physical pathway for OMP bio-
genesis and the ability to explain all available data with a
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Fig. 5. OMP biogenesis is highly dynamic, with many binding events occurring between uOMP synthesis and folding. (A) The number of binding events for
each synthesized uOMP under WT conditions. Fitting these data to an exponential decay results in 348 binding events on average. (B) A representative
trajectory (600,000 steps) of binding events for a single (representative) uOMP over its periplasmic lifetime; between every binding event, the OMP is released
to form free uOMP before it is bound by another chaperone. This particular OMP has a periplasmic lifetime of 54 s. S/ Appendix, Table S4 shows the number of

binding events and lifetimes for simulated phenotypes.

simpler mechanism suggest that the treatment presented in this
model is the most parsimonious at this time.

Skp and DegP May Not Form a Productive Parallel Folding Pathway.
Depletion of either Skp or DegP alone results in a phenotype
similar to that of WT, but Asur4 Askp or AsurAAdegP results in a
phenotype in which fOMP is depleted from the outer membrane
or uOMP is accumulated in the periplasm as compared with the
single-null mutant AsurA (Fig. 2) (15, 29). This observation has
been used as evidence that Skp and DegP form a folding pathway
that is parallel to the SurA-BAM pathway and is essential when
SurA is removed from the periplasm (15, 29). Indeed, folding
can formally occur in our model from a complex with any
chaperone or from free uOMP (Fig. 1). However, we observe
negligible folding flux through Skp and DegP because the rate
constants used in this mathematical model are relatively low, and
neither Skp nor DegP has been shown to interact with the BAM
folding machinery.

Nevertheless, to investigate further the role of Skp in cata-
lyzing OMP folding, we increased the folding catalytic activity of
Skp to be equal to that of SurA. SI Appendix, Fig. S9 shows that the
phenotypes resulting from this implementation are not consistent
with biological observations. In this hypothetical scenario, none of
the AsurA mutants except the double-null Asur4Askp show per-
turbations in OMP profiles. Therefore, not only is physiologically
relevant folding from Skp or DegP not required; including it in
OMPBioM yields phenotypes that are in conflict with experimental
results (11-13).

Instead of folding catalytic activity, we suggest the main role of Skp
and DegP is quality control under stress conditions. The loss of the
folding ability of SurA results in the accumulation of free and ag-
gregated uUOMP in the periplasm; under these conditions free uOMP
is still able to fold through the BAM pathway but at a slower rate. As
a result, the increased levels of uOMP in the periplasm require
quality-control mechanisms provided by Skp and DegP to manage
this accumulation. Our results suggest that the primary role of these
two periplasmic proteins is to assist in quality control under stress
conditions and not to form an alternative OMP folding pathway.

Kinetic Partitioning Prevents uOMP Aggregation and Degradation
Under WT Conditions. The kinetic and thermodynamic parame-
ters for the intermediate processes in OMP biogenesis are of
special interest because of the lack of an external energy source
(i.e., ATP) in the periplasm (10). Previous work has suggested
that the thermodynamic stability of fOMP drives the partitioning
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of uOMP from the relatively stable chaperone complexes to the
even more stable native state (19). The fact that BamA is es-
sential to cellular viability provides evidence that the kinetics of
OMP folding is of the utmost importance as well (40). When
known thermodynamic and kinetic parameters are implemented
into this model, additional relationships between these two dif-
ferent classes of parameters and this biogenesis pathway are
revealed. The relatively slow kinetics of OMP folding result in long
periplasmic lifetimes for OMPs, leading to uOMP-chaperone
binding reactions poised near equilibrium. Therefore, the pop-
ulations of free uUOMP and chaperone-bound OMP are essentially
defined by their binding energies. Under these steady-state con-
ditions, the combination of low free uOMP concentrations and
aggregation/degradation rate constants that are even slower than
folding rate constants prevents aggregated and degraded OMP
species from populating to a significant extent. In essence, such
states are kinetically inaccessible despite being thermodynamically
favorable. We conclude that a finely tuned balance between
thermodynamic and kinetic effects maximizes OMP folding and
minimizes aggregation and unnecessary degradation.

Periplasmic Conditions Provide Simple Solutions to Challenges Faced
by OMP Biogenesis. OMP biogenesis is subject to obstacles that
are not present in cytoplasmic protein-folding systems. OMPBioM
simulations indicate that the cell is able to overcome all these
barriers simply by regulating the presence of periplasmic chaper-
ones, proteases, and folding catalysts. The folding catalytic ability
of BAM and SurA in combination with the chaperone ability of
Skp and FkpA and the protease activity of DegP are sufficient to
(¢) prevent an accumulation of free uOMP and therefore aggregated
uOMP, (ii) overcome the kinetic barriers to folding, (i) maintain
fOMP concentrations at sufficient levels, and (iv) accomplish all
these tasks in the absence of mechanisms that use ATP. The remedy
to the many challenges OMPs face during biogenesis is remarkably
simple. The inclusion of chaperones and folding catalysts at
biologically observed concentrations with binding, aggregation
and degradation rates observed in vitro and in vivo results in
cellular conditions that promote the efficient folding of OMP and
prevent an accumulation of free and aggregated uOMP in the
periplasm. Overall, OMPBioM provides a holistic window into
understanding how OMP populations are determined by peri-
plasmic processes. This system can be easily modified in the fu-
ture to incorporate new thermodynamic and kinetic information
and for further investigation of any future mechanistic hypotheses
for OMP biogenesis.
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Methods

Creation of the model is described in S/ Appendix, SI Methods. SI Appendix,
Table S1 lists the rate constants used in the model, and S/ Appendix, Table S2
outlines the set of ordinary differential equations representing all species
and reactions in Fig. 1. Deterministic simulations were used to solve the
system of equations numerically using Matlab R2014b on a MacBook Pro
running OS X Yosemite with a 2.5-GHz Intel Core i5 processor and 8 GB of
RAM. The stochastic treatment used a system built in COPASI, where all
simulations were performed using the Gibson Bruck method (50).
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