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ABSTRACT: A hallmark feature of biological lipid bilayer structure is a depth-dependent
polarity gradient largely resulting from the change in water concentration over the angstrom
length scale. This gradient is particularly steep as it crosses the membrane interfacial regions
where the water concentration drops at least a million-fold along the direction of the bilayer
normal. Although local water content is often assumed to be a major determinant of membrane
protein stability, the effect of the water-induced polarity gradient upon backbone hydrogen bond
strength has not been systematically investigated. We addressed this question by measuring the
free energy change for a number of backbone hydrogen bonds in the transmembrane protein
OmpW. These values were obtained at 33 backbone amides from hydrogen/deuterium
fractionation factors by nuclear magnetic resonance spectroscopy. We surprisingly found that
OmpW backbone hydrogen bond energies do not vary over a wide range of water concentrations
that are characteristic of the solvation environment in the bilayer interfacial region. We validated
the interpretation of our results by determining the hydrodynamic and solvation properties of our OmpW-micelle complex using
analytical ultracentrifugation and molecular dynamics simulations. The magnitudes of the backbone hydrogen bond free energy
changes in our study are comparable to those observed in water-soluble proteins, the H-segment of the leader peptidase helix used in
the von Heijne and White biological scale experiments, and several interfacial peptides. Our results agree with those reported for the
transmembrane α-helical portion of the amyloid precursor protein after the latter values were adjusted for kinetic isotope effects.
Overall, our work suggests that backbone hydrogen bonds provide modest thermodynamic stability to membrane protein structures
and that many amides are unaffected by dehydration within the bilayer.

■ INTRODUCTION
Lipid bilayers provide a unique solvent environment for
membrane proteins (MPs) and are essential for the proper
folding and function of these biomolecules.1,2 An improved
quantitative understanding of the impact of lipid bilayer
structure on MP energetics will boost current design methods3

and therapeutic development efforts.4−6 How the bilayer alters
MP stability is largely a result of membrane structure, which
can be divided into two regions: the hydrocarbon core and the
interface.7 The hydrocarbon core is composed of aliphatic lipid
chains,8 and the interface is a transition region connecting bulk
water to the hydrocarbon core.9 A notable feature of lipid
bilayers is the transmembrane (TM) polarity gradient mainly
due to depth-dependent changes in hydration levels.7,10 The
water concentration reduces across the interface and reaches a
minimum at the hydrocarbon core.7

Because the conformation of a protein is intimately related
to the chemical nature of its surrounding solvent, the hydration
gradient across the interfacial region of the phospholipid
bilayer alters the energetics of MP structures. Equilibrium MP
folding experiments in vitro show that the local water
concentration influences the energetic contributions of
aromatic side chains in a depth-dependent way.10 Similarly,
partitioning of the leader peptidase α-helical H-segment in vivo
reveals that side chain residues placed in guest positions along

the helix show position-dependent energetics along the bilayer
normal in response to the polarity gradient.11−13 In an
independent assay in vivo, the stabilizing influences of side
chains were inferred from analysis of a library of TM segment
variants, which recapitulated bilayer depth-dependent side
chain preferences.14 It is unclear if the protein backbone is
affected in the same way.
Due to their electrostatic nature, it is reasonable to assume

that backbone hydrogen bonds (bbHBs) would also show a
depth dependence in their thermodynamic contributions to
MP folds. Consistent with this idea is the fact that reduced
water content has been speculated to drive the formation of
TM bbHBs.15 Indeed, a characteristic feature of most MPs is
the formation of secondary structure within the membrane-
embedded regions, which by definition creates large numbers
of bbHBs. Therefore, even small alterations in bbHB stabilities
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due to the bilayer solvation environment could have large
energetic consequences for MP stability.15

This hypothesis has not been fully tested because methods
to directly investigate bbHB energetics are few and technically
challenging.16 However, bbHB energetics can be measured
using hydrogen/deuterium fractionation (φ) factors, which
report on the equilibrium isotopic preference of individual
amides for either protium or deuterium as follows17−23

φ =
[ − ] [ − ]

[ ] [ ]
N D N H

D H
/
/

backbone backbone

W W (1)

In this definition, [N − D]backbone and [N − H]backbone are the
deuterated and protonated populations of a backbone amide,
while [D]W and [H]W are the concentrations of deuterium and
protium in the water. This method minimally perturbs protein
structure enabling direct and easily interpretable analysis. An
additional advantage is site specificity, because φ factors are
collected using nuclear magnetic resonance (NMR) spectros-
copy thus providing atomic level resolution. Finally, φ factors
can be converted into free energy changes by using an
empirical scaling factor to provide quantitative values of bbHB
stabilities.24

In this study, we measured φ factors for 33 bbHBs in the
TM protein OmpW to ask whether reduced water content in
the local environment alters any of the bbHB strengths. These
amide sites are unambiguously assigned, quantifiable, and
completely equilibrated under experimental conditions. The
NMR experiments were carried out on OmpW that was
reconstituted in sulfobetaine-3-12 (SB3-12) micelles.25 We
used sedimentation velocity (SV) analytical ultracentrifugation
(AUC) and molecular dynamics (MD) simulations to
demonstrate that the solvation environment of the protein-
micelle complex displays a water gradient similar to that
observed in bilayer interfaces. We found that the bbHB
energies stabilize the folded structure by an average of −1.4
kcal mol−1 and are surprisingly constant over a large range of
water concentrations. The magnitudes of the OmpW bbHB
free energy changes are comparable to those observed in
several water-soluble proteins previously obtained using φ
factors.17,20−22 Our values also agree with measurements of
average bbHB strength in several interfacial peptides,26,27 the
H-segment of the leader peptidase,13 and the bbHb energies
for the TM α-helical amyloid precursor protein (APP)
following adjustment for kinetic isotope effects.18

■ MATERIALS AND METHODS
OMP Expression into Inclusion Bodies (IBs). The plasmid

construct and protocol for unlabeled OMP expression and
purification has been previously detailed.28 A brief overview is
provided for reference. OmpW lacking the native signal sequence was
expressed in HMS E. coli cells. All media contained 0.1 mg/mL of
ampicillin to select for plasmid containing cells. A 5 mL initial growth
was initiated from a glycerol stock stored at −80 °C and grown for 8
to 10 h in LB media at 37 °C. A 50 μL portion of this culture was
used to inoculate 25 mL of LB, and this mixture was grown overnight
at 37 °C. In the morning, 10 mL of the overnight growth was used to
inoculate 500 mL of TB media, and this mixture was grown at 37 °C
until it reached an optical density of 1.0 at 600 nm. Protein expression
was induced by the addition of isopropyl β-D-1-thiogalactopyranoside
(IPTG) to a final concentration of 1 mM. Expressing cells were grown
for an additional 5 h and harvested by centrifugation at 5000 rpm for
15 min at 4 °C. The supernatant was discarded, and cell pellets were
frozen at −20 °C until IB prep.

Expression of isotopically labeled OmpW was carried out using M9
minimal media(Cold Spring Harbor Protocols29) supplemented with
different isotopic precursors. For uniform 15N labeling, 15NH4Cl
(Cambridge Isotopes: NLM-467) was used. For uniform 13C and 2H
labeling, isotopically labeled glucose (Cambridge Isotopes: CDLM-
3813) and D2O (Cambridge Isotopes: DLM-4) were employed.
Expression cultures using deuterated glucose used 3 g of isotopically
labeled glucose and 1 g of 15NH4Cl per 1 L of D2O. Protein
expression was initiated with a 5 mL starter culture in LB media
inoculated from a glycerol stock kept at −80 °C. This was grown for 8
to 10 h at 37 °C. From the starter culture, 3 mL of cells was pelleted
and resuspended in 1 mL of M9 media. The resuspended culture was
used to inoculate two separate 25 mL growths in M9 media, and these
were grown for 16 to 18 h at 37 °C or until the OD600 was between
0.8 and 0.9. At this point, the 25 mL growths were each diluted to a
final volume of 500 mL. The diluted cultures were grown to an OD600
between 0.6 and 0.8, and the cells were induced with 1 mM of IPTG.
Cells were allowed to grow for an additional 10 h post induction. The
cells were harvested by centrifugation at 5000 rpm for 15 min at 4 °C.
The supernatant was discarded, and cell pellets were frozen at −20
°C.

IB Prep. The protocol for purification of OMP IBs has been
previously detailed.10,28 Briefly, each frozen cell pellet from a 500 mL
growth was thawed, resuspended in 25 mL lysis buffer (pH 8, 50 mM
Tris.HCl, 10 mM EDTA), and lysed using an Avestin EmulsiFlex C3.
Brij L23 detergent (Sigma: 9002-92-0) was added to the lysed cell
suspension at a final concentration of 0.08% w/v (66 μL for every 25
mL of lysed cells). The cell solution was centrifuged at 4500 rpm for
20 min at 4 °C. The supernatant was discarded, and the IB pellet was
resuspended in 25 mL of wash buffer (pH 8, 10 mM Tris.HCl, 1 mM
EDTA). This centrifugation procedure was repeated twice. After the
final centrifugation step, the IB pellets were frozen at −20 °C.

AUC Sample Prep and SV Experiments. Frozen IB pellets
containing OmpW from 500 mL of expression culture were
resuspended in 40 mM Tris pH 8 supplemented with 8 M urea
(Amresco Ultrapure: 4170833) to create a filtered, stock OmpW
concentration ranging between 80 to 100 μM determined by
absorbance spectroscopy. This typically involved a resuspension
volume of 5 to 25 mL depending on the expression levels of the
growth. Resuspended stock was filtered using a 0.45 μm Millex
syringe filter, aliquoted into 1 mL samples and frozen at −80 °C until
use.

A resuspended OmpW aliquot was thawed and diluted dropwise to
a final concentration of 6 μM in 20 mM Tris pH 8, 6.5 mM SB3-12
(Sigma-Aldrich, D0431). The critical micelle concentration for SB3-
12 is 2−4 mM,30 which indicates the presence of micelles under
folding conditions. Samples were mixed using a magnetic stir plate
and folded for 12 h at 45 °C. After 12 h, the pH of the sample was
quickly dropped by adding pH 4 acetate buffer to a final
concentration of 40 mM. The solution was equilibrated for 1 h and
then filtered using a 0.45 μm Millex syringe filter.

The filtered solution was buffer exchanged by three rounds of
concentration and dilution into the final experimental buffer
conditions using a 30 kDa spin concentrator (Millipore). The final
volume was 500 μL. The final concentrations of SV samples were
created by diluting the OmpW stock to 22.8, 17.6, 11.4, or 5.1 μM in
a background of 40 mM borate pH 8.0 and 6.5 mM SB3-12.

We used a Beckman XL-I analytical ultracentrifuge to conduct all
SV experiments. Samples were loaded into two sector cells and
centrifuged at 50000 rpm for 18 h at 20 °C. SV data were collected
with an interscan delay of 5 min at 20 °C. Experiments to determine
the hydrodynamic properties of the protein micelle complex were
conducted in H2O and were monitored using absorbance at 280 nm
using an extinction coefficient of 39420 M−1 cm−1. The experiment
was repeated a total of 5 times using two independently folded
technical replicates (Table S1). Analysis of these SV data was
conducted using DCDT+ version 2.4.3.31,32

We determined the number of detergent molecules in the protein-
micelle complex by collecting SV data using both absorbance and
interference optics followed by analysis using Sedfit33 as previously
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described.34 Only the protein contributes to the absorbance signal at
280 nm, while both detergent and protein contribute to the
interference signal. The number of detergents bound was calculated
by subtracting the protein contribution to the interference peak from
the experimentally observed interference peak for the protein-micelle
complex. The refractive increments used to determine weight
concentrations were 0.187 and 0.1297 mL g−1 for OmpW and SB3-
12, respectively. This analysis was repeated 3 times. Table S2 contains
additional constants for OmpW and SB3-12; Table S3 shows the
results from independent replicas. This number of detergents was
used as a guide to construct the MD systems.
MD Simulations. Protein-micelle systems used in MD simulations

were built using CHARMM-GUI.35−38 The starting structure for
OmpW was 2MHL.25 Three separate systems were built with either
55, 60, or 65 SB3-12 detergent molecules. The starting size of the
simulation box for each replica was 92 Å x 92 Å x 92 Å, and the
systems were neutralized with 150 mM NaCl. Simulations were
carried out using NAMD39 and the CHARMM36 force field.40 The
system was relaxed using the standard CHARMM-GUI micelle
relaxation protocol.36 The system was simulated under isothermal and
isobaric conditions (NPT ensemble). The temperature was set to
313.15 K, and pressure was maintained at 1 atm. Temperature was
controlled using Nose-Hover thermostat with a 1.0 ps−1 damping
coefficient, and the bath was not coupled to hydrogen atoms.
Constant pressure was maintained using the Langevin piston with a
period of 50 fs and decay time of 25 fs. Newton’s equations of motion
were integrated using 2 fs timesteps, and simulations were run for 300
ns. Hydrogens were constrained using the SHAKE restraint.41 Root-
mean-square deviation of the TM domain was used to monitor
convergence of the simulation (Figure S1). Figure S2 shows
representative structures of the protein-micelle complex from all
three simulations before and after equilibration. Long range
electrostatics were evaluated at every integration step using Particle
Mesh Ewald method.42 Short range, nonbonded interactions were
determined through a distance cutoff of 12 Å with a smooth switching
function applied starting at 10 Å. Nonbonded interactions were
evaluated every step and updated every 10 steps.
Hydration and Shape Analysis. HullRad was modified to

include SB3-12 detergent atoms in the determination of the convex
hull boundaries with the partial specific volume as reported.43,44 This
modified version of HullRad was used to analyze the equilibrated MD
trajectory of the protein-micelle complex to determine the
sedimentation coefficient from simulation. Figure S3 shows an
example of the convex hull computed by HullRad shown on the
protein-micelle structure.
The MD trajectories were used to calculate the hydration

environment of the protein-micelle complex. The center of mass
was set to be a reference for the system and was determined using the
TM protein backbone residues and detergent molecules within the
micelle. The selection criteria can be found in the SI (Def inition of
center of mass selection criteria). Water was counted within specified
distances from the complex center of mass. The number of waters at
each radial distance was normalized by the shell volume to obtain the
water concentration as a function of radius. This procedure was
applied in time steps of 0.2 ns for the final 250 ns of the simulations.
Bilayer and micelle hydration levels were compared using the

respective polar atom plane as the reference position (Figure S4).
Bilayer hydration data were calculated from previously published
simulations of 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC).10

We define the polar atom plane in SB3-12 as the average radial
position of the quaternary amine nitrogen in the detergent headgroup
from the protein-micelle center of mass. The average phosphate
position along the bilayer normal for the DLPC membrane. Figure S4
shows a cartoon schematic of the polar atom plane for both the
micelle and protein system. Using this reference state, negative
distances indicate atoms closer to the center of the TM regions and
positive values indicate more soluble regions.
NMR Sample Prep. NMR samples were folded and concentrated

using the same procedure described above for the AUC samples. Final
sample conditions after buffer exchange were 40 mM borate pH 8.0,

180 mM SB3-12. Samples used for backbone assignments contained
670 μM OmpW and 10% D2O in a volume of 400 μL. φ factor
samples all contained 250 μMOmpW and varying amounts of D2O. A
total of 8 samples were prepared with the following D2O volume
fractions: 0.25, 0.3, 0.35, 0.4, 0.45, 0.5, 0.55, 0.65, 0.70, and 0.75.
Three separate samples containing equal amounts of H2O and D2O
were prepared to assess the total error of the samples.

NMR Assignments. Initial backbone assignments were obtained
by mapping over assignments previously published (BMRB Entry:
19637).25 The mapped assignments were confirmed by collecting
transverse-relaxation optimized spectroscopy (TROSY) versions of
3D HNCα, HNCαCβ, and HN(C′)Cα experiments collected on a
Bruker Avance III 800 MHz spectrometer equipped with a CPQCI
cryoprobe. Data were acquired using nonuniform sampling (NUS) in
both indirect dimensions. NUS-TROSY pulse sequences employing
coherence selection via pulse field gradients were coded in-house
using Topspin 2.1. Sampling schedules were generated using the
Poisson Gap schedule generator45 and were sampled at 15%. The SI
contains additional details regarding the specific parameters and pulse
sequences of the experiments. Reconstruction of NUS data was
carried out using NESTA and NMRPipe.46,47 NMRPipe was used to
process reconstructed data. Cara was used to assign and visualize
spectra.48 Table S4 lists final assignments.

NMR φ Factor Equilibration. We ensured sample equilibration
for φ factor determinations using both kinetic and end point analysis.
We determined approximate equilibration times by measuring
hydrogen to deuterium exchange kinetic rates of OmpW as described
in detail in the SI and as shown in Figures S5, S6, and Table S5. We
calculated the sample equilibration time to equal 5 times the inverse
of the slowest measurable exchange rate.

To ensure that the experimental system reached complete
equilibrium, we additionally performed end point analysis by
comparing the peak heights from two independent samples in
which one was folded and prepared in D2O and the other was folded
and prepared in H2O, and both were diluted to a final H2O/D2O
(v:v) ratio equal to 1.0. Samples used in this experiment were 15N
labeled and contained 200 μM OmpW in 40 mM borate at pH 8.0
with 180 mM SB3-12 detergent. Samples were equilibrated at 40 °C
using a benchtop incubator for 5 weeks. The 1H−15N 2D TROSY
experiments were collected on a 600 MHz Bruker AVANCE II
spectrometer equipped with a TCI cryoprobe. Parameters for
individual acquisitions were 64 scans per FID, interscan delay of 2.5
s, direct acquisition time of 60 ms, and 50 ms in the indirect
dimension. We normalized absolute signal differences between the
samples using a long-range 1H−15N HSQC for histidine rings that
correlates nonexchangeable aromatic H−C protons with histidine ring
15N nuclei via two bond (2JNH) couplings.49 Parameters for each
experiment were as follows: 256 scans per FID, acquisition time of 60
ms in the direct dimension, interscan delay of 1.5 s, and 10 ms in the
indirect dimension. Spectra were collected at 40 °C, and the positions
of the reference peaks were 6.50 1H δ (ppm) and 164.5 15N δ (PPM).

Amide exchange kinetics are not directly related to bbHB strength
in φ factor experiments. The φ factor is an equilibrium effect, and,
therefore, the system must establish complete equilibration to enable
accurate analysis. The TM residues most centrally located in the
protein-micelle complex did not exchange (even after 5 months). It is
tempting to interpret these data as being reflective of excessive bbHB
strength, but in reality, it shows only the inability of the solvent
environment to catalyze HDX in the accessible time frame.
Traditional HDX experiments usually highlight residues that are
coupled to the global unfolding of the protein and are slow
exchanging.50 These very slow exchanging residues are most likely
reflecting the global unfolding of OmpW and not the dynamics of
individual or local bbHB formation. bbHB strength has been shown
to relate to isotopic preference of the amide with respect to solvent
composition,51 which can only be interpreted at sites that equilibrate
with respect to the solvent. Sites that do not fully equilibrate do not
reflect this isotopic preference and, therefore, provide no insight into
bbHB strength using the method described in this study.
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Data Collection and Analysis for φ Factor Determination.
NMR experiments were conducted at 40 °C. Outside of the
spectrometer, samples were equilibrated at 40 °C using a benchtop
incubator. TROSY experiments used to determine φ factors were
collected on an Agilent Inova 800 MHz spectrometer with room
temperature triple resonance probe optimized for 1H detection. Table
S6 lists data acquisition parameters employed.
Spectra were processed using NMRPipe and further analyzed using

Sparky.52 Peak volumes were fit using a 3D Gaussian function, and the
baseline noise level was assessed using a random sampling of 10000
points from the spectrum. To ensure that the peak volumes accurately
reflect the protonated population, only fits resulting in RMSD values
less than 25% were used to determine φ factors.
We determined values for φ factors using eq 222 implemented in R

Studio
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where y is the peak volume, x is the volume fraction of H2O, C is a
normalization constant, and φ is the φ factor as defined earlier. The
data were fit using weighted least-squares linear regression where the
weights for individual points equaled the squared inverse of the peak
volume fit RMSD as reported by Sparky. The φ factors were
determined by dividing the slope of the fitted relationship by the
intercept. The error of the fit was used as the φ factor error. φ factor
values were not reported for with R2 values less than 0.7. Table S7
shows fit results.
Because the empirical scale was developed at 25 °C, φ factors were

temperature corrected using the scaling described24 and are reported
in Table S7. The adjusted φ factor values were converted into bbHB
energies using the empirically derived relationship24

φΔ = *G RT7.0 lnHB (3)

where R is the ideal gas constant, T is the temperature, ΔGHB is the
bbHB free energy change, and φ is the φ factor.
We define all bbHB energies in folded proteins to use the random

coil amide as a reference state. The φ factor of a random coil peptide
is 1.1,21 which corresponds to a reference energy of +0.4 kcal mol−1

when evaluated using eq 3. The bbHb energy for a random coil is
subtracted from all bbHB energies determined using the Cao and
Bowie scale.
Estimation of Kinetic Isotope Effects in APP φ Factors. The

φ factors reported for APP were determined indirectly by measuring
kinetic rates for hydrogen-to-deuterium exchange (kex, H→D) and
conversely deuterium-to-hydrogen exchange (kex, D→H).

18 Mathemati-
cally, the φ factor is defined as

φ = →

→

k

kAPP
ex H D

ex D H

,

, (4)

so that φAPP is the φ factor reported by Bowie and colleagues in
APP.18 This differs from the method employed in this work, which
directly observes the protonated amide species through 3D peak
volumes collected in the 1H−15N 2D TROSY experiment. Although
the indirect approach can in principle be used, a known confounding
factor is that kinetic exchange rates are influenced by experimental
pH50 and kinetic isotope effects53 in addition to bbHB strength.
Kinetic isotope effects should be observable in exchange rates

measured in EX2 conditions, which were reported in the APP
experiments.18 Under EX2 conditions, the amide exchange rates are
defined as follows

≈k P F k( . . )ex int (5)

where P.F. is the protection factor and kint is the intrinsic amide
exchange rate constant. It is well-known that strong kinetic isotope
effects alter the magnitude of kint depending on the isotopic
composition of the exchange buffer.53 Using the SPHERE server,54

we calculated the kint values for the H → D and D → H reactions for
APP backbones under the experimental conditions reported in Cao et

al.18 Taking the ratio of these intrinsic rate constants (similar to eq 4),
a position dependent term is obtained (Table S8). This term reflects
differences in the exchange kinetics of a non-hydrogen bonded amide
due to solvent isotope content and does not inform on equilibrium
bbHB strength. Therefore, the previously reported φ factors and
bbHB strengths were adjusted accordingly. APP bbHB energies
reported in Table S9 also include the adjustment made for the
random coil amide reference state mentioned previously in this work.

■ RESULTS

Steep Water Gradient Across a Bilayer Interface Is
Approximated by the OmpW-Micelle System. A hallmark
chemical property of the biological lipid bilayer is the steep
polarity gradient found in the interface between bulk water and
the hydrophobic center. This changing solvent environment is
expected to influence energetic interactions important for
stabilizing MP structures. In this investigation of OmpW
bbHBs energies, we first validate that our micellar system
mimics this characteristic interfacial property.
We used a combination of SV, MD simulations, and

hydrodynamic modeling to build experimentally derived
atomic models of the OmpW-micelle particle representative
of the sample used for bbHB energy determination. Figure 1A
shows a snapshot of the equilibrated OmpW-micelle structure.
Figure 1B shows the sedimentation coefficient distribution
revealing a weight-average sedimentation coefficient of the
complex equal to 1.93 ± 0.088 S. This distribution informs on
the size, shape, and number of detergents bound. Figure S7
shows a c(s) distribution of a sample in which both absorbance
and interference optics were used simultaneously to measure
the sedimentation profile from which the value of 59 ± 2
bound detergent molecules was determined. HullRad hydro-
dynamic prediction across all equilibrated trajectories reports
an average value of 1.94 ± 0.02 S. The excellent agreement
between experimental and predicted hydrodynamic parameters
validates the usage of the OmpW-micelle MD models for
hydration gradient analysis.
Figure 1C shows the average water gradient from the

combined 750 ns over the three independent MD trajectories.
This gradient shows a steeply declining water concentration
across the depth of the micelle from bulk solvent to the surface
of OmpW. Figure 1C further shows that the water decline is
similar to that found in lipid bilayers.10 The sites of measured
φ factors are shown overlaid on the OmpW-micelle water
gradient, where it can be observed that we were able to
measure bbHB strengths over a wide range of water
concentrations.

bbHB Energies Stabilize Folded OmpW. Our measure-
ments of bbHB free energies in OmpW indicate an overall
preference for the folded state. Figure 2 shows that our H/D
exchange has reached equilibration as early as the five-week
time point and is independent of starting conditions. Figure 3A
shows that the majority of measured φ factors are less than
one, indicating a preference of protium relative to deuterium in
OmpW. Figure S11 shows representative spectra demonstrat-
ing no significant changes were observed in the 1H−15N
TROSY-HSQC spectra during equilibration, indicating that
the protein remained fully folded during the duration of the
experiment.
Figure 3B presents the corresponding Gibbs free energy

change for bbHB formation upon folding calculated from the φ
factors using the Cao and Bowie scaling factor.24 The average
bbHB strength measured in OmpW was −1.4 ± 1.2 kcal
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mol−1. The reference state for these free energy changes is the
random coil, aqueous state, and, therefore, the majority of
amides investigated indicate a preference for the folded state.

bbHBs Energies Do Not Vary Across the Polarity
Gradient. As shown in Figure 1C, the reported residues
sample a multitude of local solvation environments. Figure 4
shows that bbHB stabilities measured in OmpW do not
correlate with local water content. We also observe no
dependence of bbHB energies on local water orientation
(Figure S13).55 To further test for differences in bbHB
energies in different regions of the protein, we subdivided the
OmpW sites into Interfacial and Soluble bbHBs. Interfacial
bbHBs were located below the polar atom plane (closer to
protein-micelle center), and soluble bbHBs were located above
that plane. Table S12 shows that these two groups show no
significant differences.
We compared the Soluble and Interfacial groups on OmpW

to distributions for other bbHB free energies determined using
φ factors. Figure 5 shows that average bbHB strength in
OmpW is similar to values observed in water-soluble proteins.
The similarities in these distributions agree with our finding
that bbHB strength is independent of local water concen-

Figure 1. Simulations recapitulate experimental hydrodynamic
properties of the protein-micelle complex. (A) Snapshot of OmpW-
micelle complex with 59 bound detergent molecules. This snapshot
was from the build with 60 detergents. HullRad predicts a

Figure 1. continued

sedimentation coefficient of 1.95 for this snapshot. (B) Overlay of
normalized g(S) distributions from five independent experiments is
shown in different shades of blue. These yield an average
sedimentation coefficient of 1.93 ± 0.088 S. The sedimentation
coefficient calculated from all MD trajectories is overlaid as a red line
(1.94 ± 0.02 S). Error bars on points of individual normalized g(S)
curves correspond to standard deviations for those points. Table S1
shows values obtained for each SV experiment. Figure S8 shows the
distributions summarizing the results of the HullRad analysis for all
simulations. (C) Water gradients calculated from OmpW-micelle
(blue line) and DLPC (red dashed line). Overlaid points are
calculated water concentrations for OmpW amides whose φ factors
were measured. Figure S9 and Tables S10 and S11 report the fit
parameters for these gradients. Figure S10 shows the radial
distributions of the other polar atom groups and acyl chain carbons
in the protein-micelle complex for reference.

Figure 2. Measured φ factors are at equilibrium. Samples prepared in
H2O or D2O show the same normalized peak height when diluted to
1:1 H2O/D2O and equilibrated for 5 weeks at 40 °C. Fit line (red)
shows a slope of 1.05 ± 0.02 with an R2 of 0.99 and indicates that two
samples have reached pathway-independent equilibrium.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://dx.doi.org/10.1021/jacs.0c00290
J. Am. Chem. Soc. 2020, 142, 6227−6235

6231

http://pubs.acs.org/doi/suppl/10.1021/jacs.0c00290/suppl_file/ja0c00290_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c00290/suppl_file/ja0c00290_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.0c00290?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c00290?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c00290?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c00290?fig=fig1&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c00290/suppl_file/ja0c00290_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c00290/suppl_file/ja0c00290_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c00290/suppl_file/ja0c00290_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c00290/suppl_file/ja0c00290_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.0c00290?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c00290?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c00290?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c00290?fig=fig2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c00290?ref=pdf


tration. Further, our direct measurements of bbHB free
energies are comparable with previous estimates of the
contribution of interfacial bbHBs to folding of peptides at
the interfacial surfaces of phospholipid bilayers (−0.5 to −0.6
kcal mol−1 for both α-helices and β-sheets)27,56 and with
estimates of bbHB strengths of the α-helical H-segment in vivo
(an apparent free energy of −0.7 kcal mol−1).13 The agreement
between HB strength in water-soluble proteins, interfacial
peptide folding, in vivo estimates from von Heijne biological
measurements, and OmpW implies the general conclusion that
bbHB energetics do not vary substantially between interfacial
and aqueous folding environments, which supports the finding

that bbHBs are generally insensitive to local solvent environ-
ment over a wide range of water concentrations.
The bbHB strengths previously reported for the APP α-helix

represent a potential exception to the generality of our
findings, because the bbHB energies appear to be much more
favorable in this protein. Given the environmental invariance
we observe across bilayers, micelles, and bulk water, we do not
expect the solvation in the 1-myristoyl-2-hydroxy-sn-glycero-3-
phospho-(1′-rac-glycerol) (LMPG) micelles employed in that
study to be significantly different. Still, the average bbHB
energy in APP18 were reported to be 3.4 kcal mol−1 more
favorable as compared to OmpW. We postulated that this
discrepancy may reflect methodological differences. Using the
ratio of the kint rates of the H → D and D → H reactions
(Table S8), the reported bbHB stabilities for APP were
adjusted to account for kinetic isotope effects. Our analysis
reveals that the initial measurements of APP bbHB stabilities
become on average 3.61 kcal mol−1 less favorable (APP* in
Figure 5, Table S9) and are thus directly comparable to all
other known values.

■ DISCUSSION
The insensitivity of bbHB strengths to local water concen-
trations has important implications for understanding both
interfacial and TM protein structures and functions. At
interfacial regions of the membrane, bbHB formation as a
basis of secondary structure stabilization is still favorable
because of the higher energy observed for the non-hydrogen
bonded peptide bond.15 Yet, it would appear to be not
signif icantly more stable than it would otherwise be in water. A

Figure 3. Backbone hydrogen bond energies in OmpW favor the
folded state. (A) Values for φ factors from 33 backbone amide sites
on OmpW. The majority of backbone amides investigated prefer
protium relative to deuterium (φ < 1). (B) Negative bbHB energies
for backbone amides indicate a preference for the folded state (see
Figure S12 for a fitting example).

Figure 4. bbHB energy does not correlate with water concentration.
Water concentration for individual amide sites was calculated using
the relationship determined from MD simulations. Energies are
uniformly distributed across the concentration range investigated and
show no significant correlation.

Figure 5. Interfacial and soluble bbHB energies in OmpW are similar
to bbHB energies in water-soluble proteins. Distributions of bbHB
energies are shown as points with a box plot of the distribution
overlaid (black showing interfacial measurements and blue showing
water-soluble proteins and OmpW loops). Water-soluble protein
bbHB averages were obtained from previous φ factor studies of two
different histidine containing proteins (HCP1 and HCP2),17

ubiquitin,21 and Protein G20 staphylococcal nuclease,22 soluble
regions of OmpW, interfacial regions of OmpW, measurements
from interfacial peptides, APP as originally reported,18 and APP values
adjusted for kinetic isotope effects (APP*). APP is a single pass α-
helical MP solubilized in a LMPG detergent micelle. Interfacial
peptide energy symbols are as follows: β-strand forming peptide on 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (◇) and 1-oleoyl-2-
(9,10-dibromostearoyl)-sn-glycero-3-phosphocholine (*),56 two pep-
tides that have an α-helical structure within the interface (AQL △,
TP10 ●),27 the interfacial α-helix melittin (□).26 The bbHB strength
inferred from the biological scale is also plotted in this group (×).13

All φ factors were temperature corrected to 298.15 K before being
converted into free energies using the Cao and Bowie method.24
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caveat to a more general conclusion concerns the most
dehydrated regions of the bilayer. The minimum water
concentration in our OmpW-micellar system is 2 M, and our
study cannot draw conclusions about bbHB energies in lower
water concentrations. Even so, we are able to access bbHB
energies over a steep water gradient that is characteristic of the
bilayer interface. This means that secondary structures in
regions of large MPs, such as transporters that undergo
changes in hydration as part of their functional cycles, will have
their conformations and dynamics modulated more by changes
in side chain solvation as compared to differences in hydrogen
bond strengths.
Similarly, our results imply that secondary structure regions

of MPs lining aqueous vestibules of ion channels are unlikely
to be less stable than similar α-helical segments that are
membrane-embedded. Our data also show that bbHBs exposed
to interfacial concentrations of water are less costly to break
than previously assumed. The implications of this finding are
particularly important for several essential TM β-barrels,
including BamA and LptD, which are proposed to function
using a “lateral gate mechanism” in which bbHBs break
between the first and last β-strands.57 The solvated barrel
lumen and small number of bbHBs observed at these β-strand
interfaces in crystal structures of these proteins58−60 suggest
that the energetic penalty of lateral gate opening is not as
costly as was previously speculated.61

■ CONCLUSION

In summary, our work clarifies the role of local water
concentration on bbHB strength. Our results demonstrate
that bbHBs located in regions that approximate the bilayer
interface contribute a modest −1.4 kcal mol−1 per peptide
backbone to MP stability. Remarkably, the stabilities of these
bonds are insensitive to a large range of water concentrations.
Our findings agree with previous measurements of bbHBs
from a multitude of systems including interfacial peptides with
both α-helical and β-sheet structures, estimates from the
biological scale, corrected values for the transmembrane α-
helix APP, and with soluble proteins. The agreement between
such a vast number of systems suggests that our measurements
reflect a general trend in bbHB energetics over the many levels
of hydration. Overall, our study unifies the role of bbHBs in
protein stability across multiple environments, allowing for a
more complete understanding of the protein folding problem.
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