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Abstract

Interface tryptophans are key residues that facilitate the folding and stability of membrane
proteins. Escherichia coli OmpX possesses two unique interface tryptophans, namely Trp76,
which is present at the interface and is solvent-exposed, and Trp140, which is relatively more lipid
solvated than Trp76 in symmetric lipid membranes. Here, we address the requirement for
tryptophan and the consequences of aromatic amino acid substitutions on the folding and stability
of OmpX. Using spectroscopic measurements of OmpX-Trp/Tyr/Phe mutants, we show that the
specific mutation W76 — Y allows barrel assembly > 1.5-fold faster than native OmpX, and
increases stability by ~0.4 kcalmol=L. In contrast, mutating W140 — F/Y lowers OmpX
thermodynamic stability by ~0.4 kcal mol~1, without affecting the folding kinetics. We conclude
that the stabilizing effect of tryptophan at the membrane interface can be position—and local
environment—specific. We propose that the thermodynamic contributions for interface residues be
interpreted with caution.

Keywords
Outer membrane protein; Interface; Membrane protein folding; Kinetics; Stability; p-Barrel

1 Introduction

Integral B-barrel membrane proteins (OMPS) are major structural determinants of the
bacterial outer membrane. Among the array of forces that stabilize a membrane protein in its
lipid environment, protein-lipid interactions play a key role in deciding the folded functional
form of the mature OMP [1,2]. In turn, strategically placed amino acids in the protein
scaffold govern protein-lipid interactions. For example, it is seen that aromatic amino acids
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cluster largely at the solvent-membrane interface [3], and can contribute significantly to the
stability of membrane proteins.

Interface tryptophans play an important role in the folding of several bacterial and
mitochondrial OMPs [4-8]. Tryptophan exhibits a membrane depth-dependent contribution
in its ability to anchor transmembrane p-barrels. While some studies suggest that tryptophan
stabilizes OMPs at the bilayer midplane [9], others show that this contribution is highest at
the interface [10]. Further, our study with the model OMP PagP showed that tryptophan is
less stabilizing than tyrosine or phenylalanine at the interface [11]. Interestingly, it is the
rigid aryl ring, and not the hydrogen bonding, which drives the partitioning of tryptophan to
the interface [12]. This observation raises questions on why a metabolically expensive amino
acid such as tryptophan is required in an aromatic interface girdle that is otherwise enriched
with tyrosines and phenylalanines.

To address the need for tryptophan at the bilayer interface, we carried out a detailed
thermodynamic analysis on tyrosine and phenylalanine variants of the £. co/i OMP, OmpX.
OmpX has two tryptophans at positions 76 and 140. Both tryptophans of OmpX are located
near the membrane interface (Fig. 1A); the indole side chains point toward the membrane
and can establish non-covalent interactions with the lipid headgroup and hydrocarbon tail. In
OmpX, Trp76 forms a part of the lower aromatic girdle, which also contains two
phenylalanine and four tyrosine residues (Fig. 1A). Trp140 resides in the upper aromatic
girdle, which is more enriched with aromatic residues, particularly tyrosine (eight tyrosine
and three phenylalanine) residues, when compared to the lower aromatic girdle (Fig. 1A).
OMPs usually contain tryptophan and tyrosine in the aromatic girdles, while phenylalanine
shows a distributed occupancy between the interface and the midplane [13]. We have
previously observed that Trp140 is more shielded from the solvent than Trp76 [6]. In folded
OmpX, Trp140 is likely to be located closer to the midplane when compared with Trp76, in
symmetrical bilayer membranes.

In this study, we generated OmpX mutants where one or both tryptophans were
systematically replaced by tyrosine or phenylalanine or both (W76F140Y and W76Y140F)
(Fig. 1B). By comparing folding kinetics and equilibrium free energy values, we find that a
favorable energetic contribution of an interface tryptophan, when compared to its other
aromatic counterparts, can be contextual. Structural plasticity of the extracellular loops of
the OmpX family of barrels is required for its binding to host proteins [14]. Hence, we
propose that a gain in conformational flexibility at the expense of stability might be required
for protein function.

2 Experimental methods

2.1 Protein preparation

OmpX expression, purification, and folding were carried out using reported methods [6,15],
and are detailed in the supporting information. The folded protein stock contained 150 pM
OmpX, 50 mM DPC (n-dodecylphoshphocholine), 50 mM Tris-HCI pH 9.5 and 400 mM
urea. Folded protein stocks were diluted 5-fold to 30 uM protein and 10 mM DPC in all
experiments, unless specified otherwise.
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2.2 Folding rates in micelles and bicelles

The rate of OmpX folding was determined using far-UV circular dichroism (CD)
spectropolarimetry on Jasco J815 CD spectropolarimeter (Jasco Inc., Japan). Briefly, 150
UM unfolded protein in 8 M urea was prepared with 50 mM DPC micelles or DMPC (1,2-
dimyristoyl-sn-glycero-3-phosphocholine): DPC bicelles (g = 0.5) at 25 °C. Additionally,
folding rates were also determined in DMPC:DPC bicelles doped with 20% DMPG (1,2-
dimyristoyl-sn-glycero-3-(1’-rac-glycerol)). This corresponds to a DMPC:DMPG ratio of
1:0.25 and an overall bicelle g of 0.5. In the presence of 8 M urea, the protein scaffold is
unfolded, but OmpX possesses residual secondary structure [16]. Folding was initiated by
the rapid 5-fold dilution of the reaction directly in the cuvette. The final protein
concentration was 30 UM and urea concentration was 1.6 M. In micelle samples, the final
DPC concentration was 10 mM. In bicelles, the final DMPC and DPC concentrations were 2
mM and 4 mM respectively (g = 0.5). Similarly, 2 mM DPC, 3.2 mM DMPC and 0.8 mM
DMPG was used for bicelles of g= 0.5, doped with of 20% DMPG. Heat shock [15] was not
used in these experiments. The gain in secondary structure was monitored by measuring the
change in ellipticity at 215 nm (6 »45), with time. The dead time of the experiment was ~15-
20 s. Each data was fitted to a single exponential function to derive the folding rate for the
OmpX mutants. The data were then averaged to obtain the mean and standard deviation
(s.d.). The endpoint samples were also analyzed on cold SDS-PAGE [15] to confirm that
each protein was completely folded (data not shown).

2.3 Equilibrium unfolding using circular dichroism

Equilibrium measurements were monitored using far-UV CD. The folded and unfolded
protein stocks were diluted 5-fold in various urea concentrations from 80 mM (1.6 M for
folding measurements) to 9.5 M at 0.2 M increments, to promote unfolding and folding,
respectively. The system attained equilibrium at 216 h, which was confirmed independently
using fluorescence measurements. Far-UV CD wavelength scans were recorded between
~205-260 nm at 25 °C [17]; the data were averaged over three accumulations and corrected
for buffer and detergent contributions. The value obtained at 215 nm for each urea
concentration was normalized between 0 and 1 to obtain the unfolded fraction (f,) at that
urea concentration. Each profile thus obtained was fitted to a two-state linear unfolding
model [18,19] provided below:

[+ me[ ) + (50 + o D] ~ & G0 + | o 1]
1+exp| - (8 GO+ m[D)/RT|

YO =

Here y ¢ is the observed ellipticity at any denaturant concentration D. y'r and yy, mg and
m are the intercepts and slopes of the folded and unfolded baselines, respectively. AGY), is

the equilibrium unfolding free energy, mis the change in accessible surface area upon
protein unfolding, Ris the gas constant (1.987 cal K™ mol=1) and 7 is the temperature in
kelvin. The data were fitted globally using a common /m value, and an /m value of — 1.41 kcal

mol~1 M~1 was obtained from the fit. The thermodynamic parameters (AG% and C,) were
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derived for each independent experiment, and then averaged to obtain the mean and s.d. The
complete details are provided in the supporting information.

3 Results

3.1 Tyrosine at position 76 of OmpX increases unassisted barrel folding in DPC micelles

The far-UV circular dichroism (CD) spectrum of OmpX is characteristic of a f-sheet rich
protein, with a negative trough centered at 215 nm [17]. First, we measured the rate of
folding and insertion (k ¢) of OmpX, by monitoring the increase in secondary structure
content at 215 nm (6 »15) (Fig. 2A, first panel). In urea, OmpX possesses residual structure
in its denatured state [16,17]. Further, the burst phase [20,21] of OmpX folding falls within
the dead time of our experiment (denoted by the arrow in Fig. 2A). Hence, the A we obtain
represents the gain in f-sheet content as the OmpX B-barrel assembles upon folding [22].
We were able to fit the measured change in 6 715 to a single exponential function to obtain &
g (the rate of barrel assembly). In r+~dodecylphosphocholine (DPC) micelles, the & g of
OmpX-WT is ~0.1 min~1. Next, we measured the & ¢ of the tyrosine and phenylalanine
mutants listed in Fig. 1B. The results are shown in Fig. 2B. Surprisingly, we find that
introducing tyrosine at position 76 promotes rapid folding of OmpX in DPC micelles. For
example, the overall &g of all OmpX Tyr76 mutants, namely W76Y, W76Y140Y, and
W76Y140F, is > 1.5-fold faster in DPC (Figs. 2, S1). To assess if similar rates are obtained
in lipidic systems, we measured the & g for OmpX in DMPC (1, 2-dimyristoyl-sn-glycero-3-
phosphocholine): DPC and 20% DMPG doped isotropic bicelles [23,24] of g = 0.5. Here,
the k¢ of OmpX-WT is ~1.0 min~1 (Fig. S2 and S3). This value is 10-fold higher than what
we measure in micelles, which is surprising because OMPs typically show slower folding
rates in lipidic systems [25]. Diacylphosphatidylgycerol, which is abundant in native £. coli
membranes, is known to slow the unassisted folding rate of OMPs [2]. As expected, when
we dope DMPC:DPC bicelles with 20% DMPG, we obtain a 2.5-fold reduction in the k¢ of
OmpX (Figs. S2, S3). As seen in micelles, the kg of the OmpX mutants bearing Tyr76 is
higher than OmpX-WT in DMPC:DPC and native-like doped PC:PG bicelles. Additionally,
the folding rate is augmented in mutants bearing phenylalanine at position 140 (discussed in
detail in Fig. S3). However, as bicelle characteristics are affected in the presence of urea
[26], we have limited our studies to DPC micelles. Overall, our results suggest that the rate
of unassisted OmpX assembly is considerably accelerated in DPC micelles when tryptophan
at position 76 is selectively substituted with tyrosine.

3.2 Only one tryptophan affects the thermodynamic stability of OmpX barrel in micelles

Our studies show that tryptophan affects the folding kinetics of OmpX. To assess if the
mutations also influence the thermodynamic stability of the barrel, we measured the change
in equilibrium free energy (AG%) of OmpX in DPC using chemical denaturation. We
monitored the global changes in OmpX structure using far-UV CD post-equilibrium, with
urea as the denaturant (Figs. S4-S7). OmpX folded in vesicles is highly stable and resists
unfolding even in guanidine [28]; the occurrence of hysteresis precludes measurements of
OmpX thermodynamics in lipidic vesicles. Further, urea affects phospholipid hydration [26],
which precludes experiments in bicelles. Hence, we carried out all our equilibrium
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measurements in DPC micelles. Additionally, we were able to achieve path-independent
folding of OmpX only in this condition.

We used the total molar ellipticity at 215 nm (ME 215) obtained from far-UV CD for our
analysis. Although unfolded OmpX possesses residual structure in urea, the secondary
structure content of all the OmpX variants in the folded and unfolded states is similar (Fig.
S4). Hence, we assumed that the overall change in the measured accessible surface as OmpX
unfolds is unaltered across the mutants. Further, we did not detect intermediates when we
analyzed OmpX samples electrophoretically on cold SDS-PAGE [15]. Therefore, we fitted
our equilibrium ME 515 data derived from the unfolding profiles to a two-state linear
extrapolation model. The common measure of /m value (change in accessible surface area)
thus derived was — 1.41 kcal mol~1 M~1. Note that the measured / value is low for an ~16
kDa protein such as OmpX (the measured /77 value for OmpW measured in 12-carbon
phosphocholine large unilamellar vesicles is ~4.5 kcal mol~1 M~ [28]). Such a low value
can arise due to residual structure in the unfolded state (see Fig. S4), the use of urea (versus
guanidine) as the denaturant, measurements in micellar systems, or a combination of these
factors.

The AG{} values measured in DPC micelles are summarized in Fig. 3 (also see Figs. S6, S7).

The OmpX-W76Y mutant, which exhibits fast folding kinetics in DPC, also shows high
stability in the equilibrium measurements. When compared to OmpX-WT, introducing
tyrosine at position 76 increases the barrel stability by > 0.4 kcal mol=1. On the other hand,
the presence of phenylalanine at position 76 marginally lowers the stability of OmpX (by <
0.2 kecal mol~1), suggesting that the stabilizing effect we measure at position 76 in micelles,
is conferred specifically by tyrosine.

We obtained surprising results when we mutated Trp140. We did not see a pronounced effect
in W140 mutants of OmpX in our folding kinetics measurements in DPC (see Fig. 2).
Unlike the k& g measurements, equilibrium thermodynamic measurements indicate that
tryptophan contributes significantly to OmpX stability at position 140. Mutating Trp140 to
either phenylalanine or tyrosine destabilizes OmpX by ~0.4 kcal mol™1 (Fig. 3).
Furthermore, the stability of OmpX is not rescued when Trp76 is additionally mutated to
tyrosine in the W76Y140F and W76Y140Y mutants (Fig. 3). This is also evident from the
interaction energies derived from the double mutant cycle (Fig. 4). Additive mutations give
an interaction energy (AAG;jy;) of zero. Non-zero values for AAG;,; indicate that the effect of
the mutations is non-additive. Hence, we conclude that tryptophan shows a selective
stabilizing contribution of ~0.4 kcal mol1 at position 140. Equilibrium measurements using
tryptophan fluorescence (Figs. S8, S9) and densitometry analysis from electrophoretic
mobility on cold SDS-PAGE (Fig. S10) support our conclusions. However, fluorescence
measurements were limited to only the single-tryptophan mutants. Electrophoretic mobility
measurements exhibited hysteresis. Hence, we have not interpreted these results further due
to the limitations outlined above, with these measurements (further details are in Figs. S9,
S10).

The results obtained from kinetic and equilibrium measurements were further validated by
measuring the thermal stability of OmpX and its variants. OmpX is a highly thermostable
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protein [15], which shows reversible thermal denaturation but with hysteresis in DPC. In
such systems, thermal denaturation can be used to check the stability of the folded OmpX
barrel by measurement of the activation energy barrier (£ 5¢t) Separating the folded and
unfolded states of the protein [29,30]. In DPC, OmpX unfolds beyond 85 °C [6,17]. In line
with previous reports [17], OmpX shows residual secondary structure in its unfolded state
(Fig. S11). Hence, we measured the rate of unfolding of OmpX and the mutants at specific
temperatures between 87 and 93 °C (see Fig. S12) and generated the Arrhenius plot (Fig.
S13A). The £ 4 we obtained is compared in Fig. S13B. Overall, the £ 4.t correlates
reasonably well with the folding rates and the free energy values. OmpX mutants such as
W76Y and W76Y 140F that exhibit high & g also show higher £ 5 values, while the values
are low for mutants bearing tyrosine at position 140 (Fig. S13). These results suggest that
the contribution of aromatic residues to OmpX stability might be independent of the nature
of denaturant.

4 Discussion

Well-studied bacterial OMPs such as OmpA and PagP are known to fold /n7 vitro through a
multistate pathway, depending on the folding environment [2,22,31]. Here, rapid protein
adsorption on membrane occurs within seconds, and is followed by a slower protein
insertion and assembly process that occurs in minutes-hours [22]. Further, defects in the
bilayer are known to accelerate the OMP folding process [27]. From our study in DPC
micelles, we find that the early event in OmpX folding is very rapid, and we are able to
explain only the end-state barrel rearrangement process using a simplistic two-state model. It
can be argued that the process of adsorption and insertion seen for other similar OMPs also
exists for OmpX, but occurs too rapidly for detection. In support of this argument, a previous
study that compared the folding efficiency of various OMPs has identified fast folding
kinetics (within seconds) for OmpX, while that of OmpA is slower in comparison [2]. We
find that the rate of OmpX assembly is accelerated considerably in DPC micelles when the
interface tryptophan at residue 76 is specifically replaced with tyrosine. Additionally, the
stability of OmpX increases in the OmpX-W76Y mutant. However, we obtain contrasting
results at position 140. Here, the stability of OmpX in DPC micelles is lowered even when
Trp140 is replaced with another aromatic amino acid. Tryptophan, tyrosine, and
phenylalanine differ in their chemical characteristics despite the fact that all three are
aromatic residues. For example, tryptophan and tyrosine retain the ability to form hydrogen
bonds at the interface with water molecules and the lipid headgroup [13]. The amphipathic
nature of the indole side chain of tryptophan allows it to form non-polar interactions,
electrostatic N-H...r and C-H...w interactions, as well as hydrogen bonding [32]. On the
other hand, tyrosine forms a limited number of interactions when compared with the indole
ring. Further, the physical chemistry of the phenylalanine side chain (benzyl ring) does not
support strong hydrogen bonding. Hence, we conclude that both the amphipathic chemical
nature and aromaticity of tryptophan is necessary at position 140, to retain the stability of
OmpX.

Studies of the amino acid distribution pattern in membrane proteins have revealed a
clustering of aromatic amino acids at the membrane-protein interface both for
transmembrane helical and B-barrel structures [13]. Among the aromatic residues,
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tryptophan and tyrosine are localized preferentially at the interface, whereas phenylalanine
being most hydrophobic of the three aromatics is buried and occurs preferentially closer to
the bilayer midplane in membrane proteins [3]. The preferential position of tryptophan in the
context of membrane protein stability is still a subject of debate. Different hydrophobicity
scales rate tryptophan from being a highly hydrophobic to an amphipathic and moderately
hydrophobic amino acid. Energetic contribution of the tryptophan side chain at different
membrane depths has been studied for the 8-stranded barrel OmpA [9]. This study indicated
a more stabilizing effect of tryptophan when present near the bilayer mid-plane rather than at
the solvent-protein interface. Other studies suggest its stabilizing role at the solvent-protein
interface where it helps in anchoring the membrane protein to the lipid bilayer ([10],
OmpLA). To compare our results from OmpX-DPC systems previous reports, we calculated
the transfer free energy predicted for interface aromatics from the well-established Wimley-
White interface scale [33] (Table 1). This scale suggests that tryptophan shows a preferential
stabilizing effect at the interface, followed by phenylalanine and tyrosine. Interface
energetics obtained from several membrane proteins including the B-barrel OmpLA [10]
supports a stabilizing role for tryptophan at the interface. In OmpX folded in DPC micelles,
the thermodynamic contributions we measure for the two interface positions follows the
order Tyr > Trp > Phe at position 76, and Tyr > Phe ~ Trp at position 140 (Table 1). It is
evident from this comparison that tyrosine is expected to have a destabilizing effect of > 1.0
kcal mol~2 over tryptophan (from the Wimley-White scale). However, we obtain a
stabilization of > 0.4 kcal mol~1 at position 76. The effective stabilization of ~1.5 kcal mol=1
for Tyr76 is significantly high for a conserved aromatic substitution. We surmise that the
high stability we measure for OmpX-W76Y compared to OmpX-WT is specific to this
mutant. In DPC micelles, the equilibrium thermodynamic measurements suggest that Trp76
is dispensable for OmpX stability. Hence, tyrosine at residue 76 bears a kinetic contribution
to the folding of OmpX. We obtain a stabilizing role for tryptophan only at residue 140. The
stability of OmpX is lowered by ~0.4 kcal mol~1 when W140 is mutated to either tyrosine or
phenylalanine (see Fig. 3). These observations support a highly regio-specific contribution
of tryptophan to OmpX stability in DPC micelles.

Our results reveal an antagonistic behavior of the two tryptophans in OmpX. We and others
have previously shown that Trp76 of OmpX faces the lipid milieu and resides at the solvent
interface (schematic shown in Fig. 5A) [6,14]. Furthermore, the measurements of tryptophan
anisotropy and lifetime, as well as NMR chemical shifts of the indole indicate that Trp76 is
also conformationally constrained [6]. It is well known that conformationally constrained
residues can increase the free energy of the system by lowering the system entropy [34,35].
In the folded OmpX barrel, tryptophan at residue 76 is surrounded by polar entities such as
Asp75, Asn74 and Asn115 in its 5 A vicinity (Fig. 5A). Hence, we propose that the presence
of tyrosine at this position (in OmpX-W76Y) might facilitate barrel rearrangement during
OmpX folding by lowering the conformational strain while simultaneously retaining the
polar contacts formed by the side chain. We also suggest that favorable packing interactions
coupled with the conformational flexibility of the phenolic side chain at this interface will
allow tyrosine to increase the stability of OmpX. This could also explain why Tyr76
specifically enhances the folding rate of OmpX in our experiments in DPC micelles.
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Unlike position 76, which maps to the bilayer interface, we and others have previously
shown that residue 140 is relatively more lipid solvated [6,14]. Further, the vicinity of
residue 140 is enriched with hydrophobic and aromatic amino acids including Tyr9, Tyr126,
and 11e140. Anisotropy and lifetime measurements for Trp140 have established that this
residue is lipid solvated and possesses more conformational flexibility than Trp76 [6]. Based
on the crystal structure of OmpX, Trp140 is likely to establish electrostatic T-shaped aryl
interactions with the two spatially proximal tyrosines in strands B7 and 1 (Fig. 5B). Our
previous studies using peptide models have established that tryptophan/tyrosine interactions
are energetically more favorable by up to ~1.0 kcal mol~2 than tyrosine/tyrosine or
phenylalanine/tyrosine interactions [36]. Based on this observation, we suggest that the
measured change in the free energy for the OmpX mutants could be accounted in part by the
strengths of aryl interactions in the vicinity of Trp140, which are weakened in the OmpX-
W140Y or OmpX-W140F mutants. Furthermore, tryptophan at position 140 is located closer
to the bilayer midplane than tryptophan at position 76 in symmetrical membranes as well as
in micelles. Such regio-specific contributions could also explain why the free energy
changes measured at residue 140 lacks a linear correlation with other well-known scales (see
Table 1). Tryptophan and tyrosine residues are usually observed at the lipid-facing interface
position in membrane proteins, where they are known to stabilize the protein scaffold
[3,5,11,12,37]. Our study reveals that the measure of such contributions of an interface
aromatic amino acid cannot be generalized to all membrane proteins. The measured
energetics can depend considerably more on the local environment and the model protein
system used, than what was believed previously. Finally, we conclude that the tyrosine
substitution of tryptophan can bear different effects on the OmpX folding rates and the
barrel stability depending upon the position of the residue and the local environment, as both
these factors decide the interactions that are formed in the local vicinity.

Can the contributions of positions 76 and 140 that we measure in DPC, be used as a means
to understand the events during OmpX folding, and the resultant stability in micelle
systems? We summarize our hypothesis based on a two-state folding/unfolding model for
the OmpX-DPC system, in Fig. 6. Let us assume that OmpX folding from the denatured (D)
state to the native (N) state in DPC proceeds via an intermediate (3), which represents the
transition state (Fig. 6, left). The rate of conversion of D — 1 is k. The net energetic

change between D and N is represented as AG%. Introducing tyrosine at position 76

increases the folding rate (Fig. 6, middle; & g now shown in green). Additionally, the
mutation lowers free energy of the folded OmpX (now shown as N*) by > 0.4 kcal mol~1
(green solid line, Fig. 6, middle). An alternative explanation could involve a change in D
(blue dashed line, Fig. 6, middle panel); we believe that this is less likely, as the residual
structure in the unfolded state of OmpX mutants is comparable (see Fig. S4). When Trp140
is mutated, the stability of OmpX is lowered by ~0.4 kcal mol™1 (red solid line, Fig. 6,
right), without considerably altering the folding rate. Since the change in free energy of the
double mutants W76F140Y and W76Y 140F is similar to W140Y and W140F respectively
(see Fig. 3), we conclude that the mutations are non-additive (see Fig. 4). The OmpX-
W76YW140F mutant is the most stable of the substitutions we studied. The stabilization we
observed for OmpX for aromatic residues at positions 76 and 140, respectively, is in the
following order: YW > WW > FW > WF ~ WY =~ F ~ YY ~ FY = FY. Overall, we find that
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the contribution of Trp76 and Trp140 to OmpX folding and stability is determined by its
local environment. A depth-dependent contribution of tryptophan has been reported for a
structurally homologous 8-stranded B-barrel OmpA [9]. Hence, the energetic contribution of
amino acids, particularly aromatic residues, should be interpreted with caution.

Why did the OmpX sequence retain a metabolically expensive amino acid such as
tryptophan at position 76, when tyrosine (and phenylalanine) can confer superior barrel
folding and stability? This implies that attaining the most stable form is unlikely to be the
ultimate aim for B-barrel folding. We reason that a gain in conformational flexibility at the
expense of stability might be required for protein function (dynamic association of OmpX
with host proteins during invasion) and for tolerance of OMP structures to fluctuations in the
outer membrane. High thermodynamic costs associated with the turnover of very stable
OMPs could also evolutionarily favor less stable B-barrel structures. Although our present
work using OmpX is limited to micelle systems, recent studies on other model proteins such
as OmpA [9], PagP [11,38], and OmpLA [38,39] in lipidic systems suggest that the
contribution of side chains to the stability of transmembrane p-barrels can be scaffold-
dependent. Whether such factors decide the evolutionary selection of all interface residues in
membrane protein sequences remains to be established.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CD circular dichroism

Cm midpoint of chemical denaturation

DMPC, PC 1,2-dimyristoyl-sr-glycero-3-phosphocholine
DMPG, PG 1,2-dimyristoyl-sr-glycero-3-(1’-rac-glycerol)
DPC n-dodecylphoshphocholine

Eact activation energy barrier of protein unfolding
fu unfolded fraction

K folding rate
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MEj1s total protein molar ellipticity at 215 nm in deg cm? dmol~1
OMP outer membrane protein
OmpX outer membrane protein X
OmpX-WT, WT wild type OmpX containing tryptophans at positions 76
and 140
A(;% equilibrium unfolding free energy
615 ellipticity in mdeg, at 215 nm
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Fig. 1.

OmpX has two interface tryptophans. (A) Ribbon diagram of OmpX barrel highlighting
phenylalanines (orange), tyrosines (pink), and the two tryptophans (blue) as spheres
(interface) or sticks (others). (B) List of the OmpX mutants discussed in this study.
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Fig. 2.

OmpX with tyrosine at position 76 exhibits fast folding kinetics in DPC. (A) Folding
profiles of select OmpX mutants in DPC micelles monitored using the change in 8 51s.

Shown here are representative kinetic traces of folding for each mutant in DPC. Note the
sudden jump in the 815 value (black drop arrow) from 0 min (filled symbol) to 0.017 min.
This transition could not be fully captured in our measurements. The data from 0.017 min
were fitted to a single exponential function (fits shown as solid lines) to derive the folding
rate (kg) summarized in (B). Errors in (B) represent s.d. obtained from 3 to 5 independent
experiments. See Figs. S1-S3 for the complete data in micelles and the significance of the

measured A .

Biochim Biophys Acta Biomembr. Author manuscript; available in PMC 2020 August 18.




s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Chaturvedi and Mahalakshmi Page 15

— 85

=

£ g0-

()

O

B

= 75 -

OD

Q)

< 70
6.0

Cr [M]

Fig. 3.
Thermodynamic parameters of OmpX mutants in DPC micelles. ME 515 values from
equilibrium unfolding measurements were fitted to a two-state linear extrapolation model to

obtain the AGY and C , values. We obtained an /7 value of — 1.41 kcal mol~ M~ from a

global analysis of the data. Data are mean and s.d. of 2-3 independent experiments. The
differences are significant with p-values of 0.19 for W76F, 0.03 for W76Y, and 0.004 for
W140F, with respect to the WT protein. The dotted line in each panel represents the value
obtained for OmpX-WT, and is shown for easy comparison of the thermodynamic
parameters with the mutants. The complete data are presented in Figs. S6, S7.
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Fig. 4.

Double mutant free energy values are non-additive. The coupling free energy (AAG i),
arising from mutating the two aromatic residues at 76th and 140th in every double mutant is
derived using the double mutant cycle [10] and is mentioned below each cycle. It is
calculated as: AAG i = AG wt — AG m1 — AG mp + AG mimp- Here, AG 1 is the change in

free energy (AG%) of OmpX-WT, AG 1 and AG o are the change in free energy of the

single mutants, and AG m1mg is the change in free energy of the double mutant. The AGY

value for each protein is indicated beside the protein name, and the change in free energy
accompanying each mutation is indicated above the arrowhead connecting the two proteins.
All values of free energy are in kcal mol™. The double mutant cycles are presented for (A)
WT76F140F, (B) W76Y140Y, (C) W76F140Y and (D) W76Y 140F.
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Fig. 5.

C:rtoon representation of OmpX highlighting residues in the vicinity of Trp76 and Trp140.
(A) The 5 A vicinity of Trp76 (shown as grey sticks in the magnified image on the left) is
populated with polar residues. Here acidic amino acids are shown as red, basic residues as
different shades of blue and the aromatic residue is shown as green. Other apolar residues
are shown as grey spheres. (B) The 5 A vicinity of Trp140 (shown as grey sticks in the
magnified image on the left) is populated with aromatic, hydrophobic and polar residues.
The vicinity of Trp140 does not contain any charged residues. Here, aromatics are shown as
green, hydrophobic as cyan and other apolar residues as grey spheres.

Biochim Biophys Acta Biomembr. Author manuscript; available in PMC 2020 August 18.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Chaturvedi and Mahalakshmi Page 18

76
N
WT W76Y W140F/Y
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Fig. 6.

TV?/O state diagram depicting possible effects of mutating residues 76 and 140 in an OmpX-—
DPC micelle assembly. The energy profile for WT (left) and is shown as grey dashed lines in
the middle and right profiles. The transition state (1) bridges the folded (N) and denatured
(D) states of OmpX-WT. The measured folding rate A (D — 1) increases in W76Y
(middle, green, bold) due to a likely change in the height of the transition state (green
profile) while it is unaltered in W140F/Y mutations (right). An alternative energy profile
where state D changes might also explain the observed increase in &g (middle, blue, dot-
dash). The equilibrium folded state of OmpX-W76Y (N*, middle) is more stable than WT,

resulting in an overall increase in the AG% of this mutant. OmpX-W140F/Y mutants are

destabilized (N*, right, maroon) than WT. The inset (left extreme) shows the positions of
residues 76 and 140 in the OmpX-micelle assembly.
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Table 1
Energetic cost of Trp/Tyr/Phe mutations of OmpX compared with known scales.

gl Residue position in OmpX AAG% [keal mol‘l]a

=

o

'8 76 140 WWint WW,e  Arojpe  OmpX

g w 0.0 0.0 0.0 0.0

@) F W 0.7 0.4 0.2 0.2

:'%-' Y w 0.9 14 11 _oab

= w F 0.7 0.4 0.2 0.4

S

w W 0.9 1.4 11 0.4

z

= A A G% = A G%,WT - A G%,mutant- A A G‘% calculated for the transfer of tryptophan, tyrosine, or phenylalanine from interface to
9< water (Wimley-White interface scale, WWint [33]), octanol to water (Wimley-White octanol scale, WWqct [40]), and interface to water (aromatic
< side chain transfer free energy, Arojnt [10]).

S

% bResidue substitution calculated to be destabilizing from known energetics scales; a stabilizing effect is seen as an exception in the case of OmpX.
=
=)

[ond

%)
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