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Abstract: 3-barrel membrane proteins are key components of
the outer membrane of bacteria, mitochondria and chloro-
plasts. Their three-dimensional structure is defined by a net-
work of backbone hydrogen bonds between adjacent -strands.
Here, we employ hydrogen—deuterium (H/D) exchange in
combination with NMR spectroscopy and mass spectrometry
to monitor backbone hydrogen bond formation during folding
of the outer membrane protein X (OmpX) from E. coli in
detergent micelles. Residue-specific kinetics of interstrand
hydrogen-bond formation were found to be uniform in the
entire -barrel and synchronized to formation of the tertiary
structure. OmpX folding thus propagates via a long-lived
conformational ensemble state in which all backbone amide
protons exchange with the solvent and engage in hydrogen
bonds only transiently. Stable formation of the entire OmpX
hydrogen bond network occurs downhill of the rate-limiting
transition state and thus appears cooperative on the overall
folding time scale.

I ntegral B-barrel membrane proteins are the predominant
structural class in the outer membranes of bacteria, chloro-
plasts and mitochondria.'"*! The three-dimensional structure
of a [-barrel membrane protein is defined by backbone
hydrogen bonds between adjacent strands.”>° The biogene-
sis pathways of -barrel membrane proteins are essential, but
the underlying mechanism is still unclear.”") In vitro, B-barrel
membrane proteins can be functionally refolded from a chao-
trope-denatured state into detergent micelles or lipid bilayers,
ending up in their native structure."*'? Atomic resolution
descriptions of in vitro folding thus provide important bench-
mark data for the folding biophysics and yield insight into
structural determinants. In vitro folding of (-barrel mem-
brane proteins has been characterized using biophysical and
biochemical methods, including fluorescence spectros-
copy,'*1 circular dichroism (CD) spectroscopy,*"! SDS-
PAGE migration shifts,"*!"! and single-molecule force spec-
troscopy.””! However, despite the fundamental role for the
protein structure, the formation of the hydrogen bond
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network during f-barrel membrane protein folding has so
far not been observed at the atomic level.

Here, we monitor the formation of interstrand hydrogen
bonds during the folding process of a (-barrel membrane
protein in detergent micelles by hydrogen—deuterium (H/D)
exchange in combination with NMR spectroscopy and mass
spectrometry.”"??l We use the 8-stranded OmpX from E. coli
as a model system.”*?! At the onset of the experiment,
OmpX (148 aa) is solubilized in chaotropic denaturant
solution, where the polypeptide is fully unfolded and adopts
a random coil conformation without residual structure.?>7
Using a manually operated, custom-built setup (Figure S1 in
the Supporting Information), folding is triggered by rapid
dilution with an aqueous folding buffer that contains the
detergent micelles. This initial rapid dilution step is per-
formed in deuterated solvent, leading to the incorporation of
deuterons at all exchange-accessible backbone amide posi-
tions. The sample is then incubated for a variable folding time
T, after which a second rapid dilution step with hydrogen-
based folding buffer is performed, reducing the deuterium
content in the solvent by about 80 % (Figure S1). Finally, the
sample is incubated until protein folding has progressed to
completion.

Folded OmpX in detergent micelles of dodecylphospho-
choline (DPC) or lauryldimethylamine-N-oxide (LDAO)
features a well-dispersed NMR spectrum, allowing
sequence-specific quantification of deuterium incorporation
levels as a function of the folding time 7 by peak volume
integration (Figure 1 A). Amide protons in the loops and
turns of OmpX rapidly exchange with the solvent, resulting in
their full protonation irrespective of the folding time 7. An
example is given by residue G16 in the first extracellular loop,
which has constant intensity (Figure 1B). On the other hand,
backbone amide protons that are involved in stable hydrogen
bonds at the time 7 and until completion of the folding
process, show a time-dependent intensity decrease towards
the level of residual hydrogen in the folding buffer. Examples
are given by residues V83, G86 or V144 (Figure 1B).

For fB-barrel membrane proteins, the observation of
hydrogen bond formation kinetics by H/D-exchange in our
experiment requires two conditions, namely that 1) protein
folding kinetics are substantially slower than amide proton
exchange kinetics for unprotected amide moieties and 2) that
in the folded protein amide proton exchange is slow relative
to the time required to experimentally quantify the deuterium
incorporation levels. Both these conditions are fulfilled for
OmpX, since 1) unprotected amide protons have an intrinsic
solvent exchange rate k., >20s"" at the experimental pH of
7.9,%% about three orders of magnitude faster than the global
folding kinetics, and since 2) backbone amide protons in the
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Figure 1. Residue-specific hydrogen bond formation kinetics of OmpX as monitored by high-resolution NMR spectroscopy in combination with H/
D-exchange. A) 2D ["°N,'H]-TROSY spectra of OmpX in DPC micelles. Black: Spectrum after folding in H,O-based buffer. Magenta: Spectrum after
folding in D,0O-based buffer with a folding time T=400 s. A black peak is present below each magenta peak. Peak intensities vary due to the
differential incorporation of deuterium at the backbone amide position. B) Enlargement of a spectral section (outlined grey in A), with four
resonances at different folding times T. Black: T=0's, purple: T=100 s, magenta: T=400s. C) Relative NMR signal intensity, /., as a function of
the folding time T for the amino acid residues shown in (B). The experimental data (symbols) have been fitted to single exponentials (red lines).
Black triangles and solid lines: Folding into DPC detergent; White circles and dashed lines: Folding into LDAO detergent. Error bars from spectral
noise are smaller than the symbols. D) NMR solution structure of OmpX in ribbon representation (PDB 1Q9F).”! All backbone amide protons
with half life time constants >100 h are indicated as white spheres. E,F) Residue-specific hydrogen bond formation rate constants k(i) for OmpX

folding into (E) DPC detergent and (F) LDAO detergent. The horizontal lines indicate the average values (k(i)). The secondary structure of

folded OmpX with eight -strands $1-38 is indicated.

strands of the folded OmpX f-barrel are protected by
hydrogen bonds with exchange rate constants consistently
smaller than k. <3x10°s™" (lifetimes larger than 100 h,
Figure S2A). For OmpX, the well-protected residues com-
prise residues 6-11, 24-30, 40-47, 62-67, 70, 71, 73, 77-87,
108-115, 122-126, 128, 129, 137, and 139-148 in the eight p-
strands (Figure 1D). For these residues, hydrogen bond
formation kinetics were reliably obtained.

The deuterium incorporation as a function of the folding
time 7'was found to be well described by single exponentials,
yielding for each residue i the specific hydrogen bond
formation rate constant ky(i) (Figure 1C). For OmpX
refolding into DPC micelles, these constants were found to
be identical within experimental error along the amino acid
sequence with an average value of (ky(i)) =0.0026s"" (Fig-
ure 1E). Equivalent experiments with the alternative deter-
gent LDAO showed also uniform sequence-specific hydrogen
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bond formation kinetics with an average rate constant of
{ky(i)) =0.016 7", that is, about one order of magnitude
faster than in DPC (Figure 1F).

Because the residue-specific hydrogen bond formation
rate constants do not resolve correlations between amide
moieties on individual OmpX molecules, they are compatible
with different scenarios for the folding mechanism, in which
folding may or may not proceed through intermediate states
with stable secondary structure. In the present system, two
fundamentally different types of mechanism can be assumed,
which both would give rise to the observed residue-specific
hydrogen bond formation kinetics (Figure S3). In mechanism
type I, formation of the 8-stranded (-sheet is a slow, rate-
limiting step and subsequent circular closure of the barrel is
a fast reaction. In mechanism type II, multiple conformations
with the (-sheet formed to different extent stand in fast
equilibrium and the final circular closure of the barrel is the
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rate-limiting step. Mass spectrometry provides an experimen-
tal way to distinguish between these scenarios that can not be
resolved by NMR spectroscopy alone, as previously high-
lighted by Miranker et al.””! We thus employed mass spec-
trometric analysis of H/D-exchanged samples to address the
existence of folding intermediates and thus to distinguish
between these scenarios (Figure 2). Fully protonated OmpX
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Figure 2. Hydrogen bond formation kinetics of individual OmpX
molecules as monitored by mass spectrometry (MS) in combination
with H/D-exchange. A) MS spectra of OmpX folding into DPC deter-
gent micelles at different folding times T, as indicated. The arrows
indicate the positions of the protonated and deuterated species of
OmpX (H-OmpX and D-OmpX, respectively). B) Fraction of the
deuterated species, fp.ompx as a function of the refolding time T. The
experimental data (black dots) was fitted with a single exponential (red
-1

line), yielding a folding rate constant of k; =0.0032 s™".

was observed at a molecular mass of 16394 Da, whereas
OmpX with fully deuterated barrel features a mass of
16434 Da. Sampling of the folding time revealed a bimodal
population shift from the protonated to the deuterated
molecule, without significantly populated intermediate spe-
cies, thus identifying type II as the mechanism underlying
OmpX folding. Stable formation of the entire hydrogen bond
network of OmpX thus appears as a cooperative event,
following a single exponential function with a global hydro-
gen bond network formation rate constant of ky = 0.0032 s .
This constant coincides within experimental error with the
average rate constant of residue-specific hydrogen bond
formation (ky (7)) (Table 1).

Finally, to correlate the hydrogen bond formation kinetics
to the overall protein folding process, time-resolved fluores-
cence spectroscopy monitoring tryptophan residues was

Table 1: Rate constants of OmpX folding as a function of folding
conditions.

Detergent  {(ky(i)) [s"]¥ ky [sT™ ke s
DPC 0.0026 £ 0.0002 0.0032 £ 0.0007 0.0027 £0.0001
LDAO 0.016+0.002 0.018 +0.008 0.015+0.001

[a] Average residue-specific hydrogen bond formation rate constant,

determined by NMR spectroscopy. [b] Global hydrogen bond formation
rate constant, determined by mass-spectrometry. [c] Protein folding rate
constant, determined by real-time tryptophan fluorescence spectroscopy.
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employed. OmpX contains two natural tryptophan residues,
W76 and W140, located in a periplasmic turn T2, and in strand
8, respectively (Figure S4). Folded and unfolded OmpX have
different fluorescence emission spectra, and the time-depen-
dent changes at fixed wavelength thus suitably monitor the
unfolding-folding transition.***? We monitored the time-
dependence of the fluorescence emission under equivalent
biochemical conditions as in the H/D-exchange experiments,
that is, triggered by rapid dilution of a chaotrope-denatured
state with aqueous buffer in a ratio of 1:10. The folding
kinetics follow a two-state folding model with a single
exponential rate constant (Figure S5). For OmpX folding
into DPC detergent, the observed protein folding rate
constant of ky =0.0027 s ' corresponds within experimental
error to the average hydrogen-bond formation kinetic rate
constant of (ky(i)) and the global hydrogen bond network
formation constant ky; (Table 1). A set of corresponding rate
constants was also found for OmpX folding in the detergent
LDAGO, in magnitude about one order larger than folding in
DPC (Table 1).

Overall, folding of the 3-barrel protein OmpX in deter-
gent micelles thus follows a 2-state mechanism of type II
(Figure 3). Initially, upon rapid dilution of the denatured
protein, the unfolded polypeptide chain undergoes a hydro-
phobic collapse and associates with detergent molecules
forming a mixed micelle. These initial reaction steps occur on
the order of a few microseconds™ and are not resolved in the
H/D-exchange setup or by real-time fluorescence spectros-
copy. The resulting state is a conformational ensemble in
which the OmpX polypeptide chain interconverts between
different short-lived, partially folded conformations
(Figure 3).

By this permanent structural rearrangement, long-term
stable hydrogen bonds are not formed and all amide moieties

Figure 3. Free energy diagram for OmpX folding into detergent
micelles. Upon rapid dilution from a denatured state, OmpX asso-
ciates with detergent micelles to a dynamic conformational ensemble
state (U). Four arbitrary conformations are shown in cartoon represen-
tation, as representatives for the dynamic ensemble. In this state,
multiple conformations rapidly interconvert with kinetic rate constants
ki. No long-lived hydrogen bonds are formed, so that all backbone
amides are effectively accessible to chemical exchange (k) with the
solvent. The folded state of OmpX (F) is separated from the conforma-
tional ensemble by a rate-limiting folding step with a kinetic rate
constant kg on the minutes time scale (Table 1).
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along the polypeptide chain are accessible to exchange with
the solvent. Any possible intermediates, such as partially or
fully formed p-sheets, are dynamically unstable. Subsequent
formation of the three-dimensional barrel structure is an
irreversible process, driven by the thermodynamic stability of
the folded protein. The rate-limitation of the reaction is likely
imposed by the conformational search of the polypeptide
chain for circular closure, and the statistically low likelihood
of this event compared to other conformational rearrange-
ments.*" Furthermore, whereas the detergent chemistry can
modulate the magnitude of the rates (Table 1), the mecha-
nism of cooperative, global formation of the hydrogen bond
network is preserved in different detergents.

In summary, we have demonstrated the application of
H/D-exchange experiments for the determination of hydro-
gen bond formation kinetics during folding of a f-barrel
membrane protein into detergent micelles. Residue-specific
kinetics of interstrand hydrogen-bond formation were found
to be uniform along the amino acid sequence and synchron-
ized to the formation of the protein tertiary structure. The H/
D-exchange setup is compatible with membrane mimetics
other than detergents, including bicelles, liposomes, and lipid
bilayer nanodiscs, as well as with other (-barrel membrane
proteins, and it is also capable to detect partially folded
intermediates. Its application will thus be of special interest in
situations, where sequence-dependent intermediates may be
expected, such as insertase-assisted folding of outer mem-
brane proteins into lipid bilayers."™!
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