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Dodecyl Maltoside Protects Membrane Proteins In Vacuo
Sarah L. Rouse,† Julien Marcoux,‡ Carol V. Robinson,‡ and Mark S. P. Sansom†*
†Department of Biochemistry and ‡Chemistry Research Laboratory, University of Oxford, Oxford, United Kingdom
ABSTRACT Molecular dynamics simulations have been used to characterize the effects of transfer from aqueous solution to a
vacuum to inform our understanding of mass spectrometry of membrane-protein-detergent complexes. We compared twomem-
brane protein architectures (an a-helical bundle versus a b-barrel) and two different detergent types (phosphocholines versus an
alkyl sugar) with respect to protein stability and detergent packing. The b-barrel membrane protein remained stable as a protein-
detergent complex in vacuum. Zwitterionic detergents formed conformationally destabilizing interactions with an a-helical mem-
brane protein after detergent micelle inversion driven by dehydration in vacuum. In contrast, a nonionic alkyl sugar detergent
resisted micelle inversion, maintaining the solution-phase conformation of the protein. This helps to explain the relative stability
of membrane proteins in the presence of alkyl sugar detergents such as dodecyl maltoside.
INTRODUCTION
Membrane proteins play key roles in cell biology, account-
ing for ~25% of genes. Advances in structural biology are
yielding an increasing number of membrane protein struc-
tures (1), with ~2800 unique structures predicted by 2020
(see, e.g., http://blanco.biomol.uci.edu/mpstruc for a sum-
mary). However, relatively few membrane protein structures
have been determined in the presence of a lipid bilayer envi-
ronment. Rather, the majority of biophysical and structural
studies are of membrane proteins in the presence of deter-
gents. This in turn has resulted in some discussion about
the extent to which the structure of a membrane protein
may be altered by changes in its lipid and/or detergent envi-
ronment (2,3). It is therefore of interest to understand in
more detail how the environment presented by detergents
may influence membrane protein conformation and stabil-
ity. In most structural studies, membrane proteins are
exposed to bulk aqueous solvent, even when embedded in
lipid bilayers or detergent micelles. However, in mass spec-
trometry (MS), protein complexes are in the gas phase (4),
as is also the case for single-particle coherent diffraction im-
aging using x-ray free-electron lasers (5). In particular, the
use of MS is widespread in the characterization of water-
soluble proteins, using electrospray ionization (ESI) to
transport macromolecular protein complexes into the gas
phase (4). It was thought that membrane protein complexes
could not be studied using this technique, as their stability
requires a membranelike environment (6). However, n-do-
decyl-b-D-maltoside (DDM) micelles have been shown to
stabilize intact oligomeric membrane protein complexes
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during the transition to vacuum (7–9). Rapid methodolog-
ical progress has been made in recent years, such that it
is now possible to study not only membrane protein com-
plex composition, but ligand binding and conformational
changes of membrane protein complexes (10). It is therefore
important to understand the role of the detergent in stabiliz-
ing membrane protein complexes in vacuo, given that a vac-
uum presents an effectively hydrophobic environment. In
this context it is important to understand the underlying
principles that determine which detergents are able to pre-
serve solution-phase membrane protein interactions while
in the gas phase.

Molecular dynamics (MD) simulations provide an
in silico approach to explore the interactions of membrane
proteins with lipids in bilayers (11), and with detergents
both in micelles (12) and in crystals (13). MD simulations
have also been employed to explore the behavior of globular
proteins in vacuo, revealing the protective effects of deter-
gents, which form an inverted micelle around the (water-sol-
uble) protein (14). To date, only one simulation study of a
membrane-protein-detergent complex in vacuo has been
published (10). That study was of a monomeric b-barrel
membrane protein (OmpA) in an n-dodecylphosphocholine
(DPC) micelle. However, most membrane proteins are
a-helix bundles rather than b-barrels, and thus are consider-
ably less robust than OmpA to changes in their environment.
Furthermore, many membrane proteins are oligomeric. As
noted by Friemann et al. (15), further studies are required
for a full understanding of the consequences of dehydration
on membrane-protein-detergent complexes. It is therefore
important to understand the behavior of more typical mem-
brane protein architectures (i.e., a-helical and oligomeric) in
an in vacuo environment.

The influenza virus M2 proteins (A/M2 from influenza A
and BM2 from influenza B) are homotetramers of trans-
membrane a-helices that have been studied in some detail
via a range of structural and biophysical approaches
(16–20). They show some structural sensitivity to their
http://dx.doi.org/10.1016/j.bpj.2013.06.025
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environment (bilayer versus micelle versus crystal (2)), thus
providing a test system for membrane protein stability in
vacuo.

We have generated models of protein-detergent com-
plexes (PDCs) in vacuo, followed by extended MD simula-
tions to explore the resultant conformational dynamics of
the BM2 helix bundle. This enables us to compare the stabil-
ity of BM2 in complex with the nonionic detergent DDM to
its stability in complex with dihexanoyl phosphatidylcho-
line (DHPC) and with DPC, both zwitterionic detergents
widely used for NMR studies of membrane proteins (see,
e.g., Wang et al. (18) and Arora et al. (21)). DDM has a
maltoside sugar headgroup, whereas DHPC and DPC have
phosphocholine headgroups. DDM and DPC have the
same length alkyl tail (i.e., 12 carbons) whereas DHPC
has two shorter tails (6 carbons). By comparing all three
detergents we were able to determine whether differences
in stabilization properties are due to differing chain lengths
(i.e., the hydrophobic dimension of the micelle) or rather
result from the nonionic versus zwitterionic nature of the
headgroups. We also used the OmpA-DPC PDC from a pre-
vious simulation study (15) to allow comparison of the two
membrane protein architectures (i.e., a-helix bundle versus
b-barrel). We used a two-stage simulation protocol: 1),
steered molecular dynamics (SMD) to transfer the PDC
from bulk solution to vacuum; followed by 2), extended
simulation in vacuum (i.e., under dehydrating conditions)
of the sparingly solvated PDCs generated by the previous
stage. These simulations suggest that the structure of the
membrane protein is stabilized by DDM, but not by
DHPC or DPC.
METHODS

Initial models of BM2/detergent micelles were generated from the NMR

structure of the BM2 transmembrane domain (18) (PDB ID 2KIX) via pro-

tein/detergent self-assembly simulations (22). In the case of the BM2-

DHPC/DPC complexes, 100 ns atomistic (AT) MD simulations with the

protein positionally restrained starting from 200 detergent molecules in

initial random positions and orientations in the simulation box were

used to generate protein-detergent complexes containing ~70 DHPC and

~130 DPC detergent molecules. The remaining detergent molecules formed

detergent-only clusters, i.e., separate from the main PDC, and thus were

discarded before a 100 ns ATMD simulation with the protein free to

move. An ~200 mM concentration of DHPC was chosen to match the

experimental conditions used in the NMR structure determination. How-

ever, using similar concentrations of DDM and attempting ATMD self-

assembly simulations raised issues of incomplete sampling over similar

timescales, resulting in failure to form a well-defined PDC. Therefore, an

alternative approach was adopted.

The BM2-DDM complex was generated using a two-step process in

which a preformed coarse-grained (CG) DDM micelle was built from

150 DDM molecules using Packmol (23) and allowed to interact with

BM2, forming a BM2-DDM complex within 1 ms of CGMD simulation

time (24,25). CC MD simulations used the MARTINI forcefield (26,27).

This was then converted to AT representation using a fragment-based

approach (28). We note that previous simulation studies have also adopted

a multiscale approach to improve sampling of micelle self-assembly pro-

cesses (e.g., Brocos et al. (29)). The number of DDM detergent molecules
was chosen based on small-angle x-ray scattering data (S.L. Rouse and D.

Durand, unpublished) and literature values (30). The use of a preformed

micelle may be further justified by consideration of the very low critical

micelle concentration (CMC) of DDM (0.15–0.18 mM), which implies

that there is a negligible concentration of monomers in solution above

the CMC, and that almost all of the detergent present is in micellar form.

The resultant PDCs were simulated for 100 ns in aqueous solution before

SMD simulation. The protonation states of residues were based on standard

solution-state charges. The His27 residues were doubly protonated based on

experimental data (7). The OmpA-DPC complex was taken from a previous

study (12,22). ATMD simulations were performed using GROMACS (31)

(www.gromacs.org) and the OPLS-AA force field (32). The topology and

parameters (GAFF) of the detergents DHPC, DDM, and DPC were gener-

ated in AMBER format with ANTECHAMBER (33,34) and converted to

GROMACS format using the amb2gmx.pl script (35). The detergents

were optimized with Gaussian 03 (36) at the high-frequency level with

the 6-31G basis set. Restrained electrostatic potential charges (37) were

assigned as the atomic partial charges for the detergent by optimizing the

charge fitting to quantum-mechanics electrostatic potential maps. A time

step of 2 fs was used, and bond lengths were constrained using the LINCS

algorithm (38). The BM2-DHPC SMD simulations were also performed

using the GROMOS G43A force field, and qualitatively similar behavior

was observed (Fig. S1 in the Supporting Material), which is consistent

with previous studies that showed agreement between these force fields

in vacuo. The SMD and vacuum simulations performed are summarized

in Table S1. The full CG and AT DDM parameters are freely available

for download and have been deposited in LipidBook (http://lipidbook.

bioch.ox.ac.uk) (39).
Transfer of protein-detergent complex from
solution to vacuum using SMD

Briefly, this was achieved by 1), extending the simulation box in the z-direc-

tion from the endpoint of a simulation of the PDC in solution; 2), coupling a

virtual spring to the center of mass of the PDC; and 3), applying a harmonic

potential force to the spring such that the spring is pulled in the z-direction

away from the bulk solvent. The umbrella sampling option was used such

that the force applied to the spring increases with the distance between the

spring and the center of mass of the bulk solvent. The pulling rate used was

1 nm/ns and the force was applied using the pull code implemented in

GROMACS. The simulation was continued until the PDC and any directly

and indirectly interacting water molecules (a molecule is added to the PDC

when the distance of any of its atoms from any other atom in the PDC

is <3.6 Å) were separate from bulk water (typically 15–20 ns). Pressure

coupling was switched off and the integrator chosen was stochastic

dynamics with an inverse friction constant of 2 ps. In ESI-MS, the sprayed

droplets travel through a collision cell, which is typically at pressures of

10�6–10�7 mbar, so collisions and friction due to the presence of gas par-

ticles is expected (40). The use of stochastic dynamics applies a friction

term to each atom, mimicking this effect. It also acts as a thermostat, keep-

ing the overall temperature of the system constant. The force constant, pull

rate, and pull groups chosen for these simulations were calibrated using the

BM2-DHPC system as a test case.
Simulation under dehydrating conditions

After the transfer from bulk solution to vacuum, the main PDC (including

any water molecules directly or indirectly in contact using the 3.6 Å crite-

rion previously defined) is extracted and simulated in a vacuum environ-

ment, in which 1), there are no periodic boundary conditions; 2), there

are no cut offs (interactions between all particles are calculated); and 3),

pressure coupling is switched off. In a true vacuum, the temperature

coupling would also be switched off. However, the removal of temperature

coupling leads to fast evaporation of surface waters, which take a large
Biophysical Journal 105(3) 648–656
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amount of the internal energy with them. The remaining complex is then at

low temperature (in these systems, ~270 K after a few nanoseconds from a

starting temperature of 323 K), and little of the system dynamics or rear-

rangement can be observed. Therefore, temperature coupling was used to

maintain the energy of the system. This allows control of the energy of

the complex similar to the control over collision energy in the correspond-

ing ESI experiments. Each component of the system (protein, detergent,

and water) was temperature-coupled separately. Center-of-mass translation

and rotation was removed every 10 steps. Note that any ions within the

initial sparingly solvated PDC were removed before simulation to ensure

that each simulation began from an equivalent starting point.
RESULTS AND DISCUSSION

Tomimic the initial desolvation stages of ESI, the four PDCs
(Ompa-DPC and BM2-DHPC, BM2-DPC, and BM2-DDM)
were pulled from aqueous solution into a vacuum using SMD
(Fig. 1 A), generating a sparingly solvated PDC (Fig. 1 B).
These simul ations are described in the next section.

OmpA is an exceptionally stable b-barrel membrane pro-
tein that has been the subject of earlier simulations of PDCs
FIGURE 1 Transfer of PDCs from water to vacuum using SMD simula-

tions. (A) Three stages in the process are shown: 1), a PDC in water, with a

water/vacuum interface; 2), application of an external force (red arrow with

spring) to the center of mass of the PDC to pull it through the water/vacuum

interface; leading to 3), the PDC in the vacuum phase with some water

(cyan) remaining bound to the complex and the occasional water molecule

(two small cyan spheres) escaping into the vacuum phase. (B) The arrange-

ment of detergent molecules around BM2 in solution and after transfer to

vacuum. The detergent tails are shown as a gray surface, the detergent head-

groups are red, and the protein is yellow. Water is omitted for clarity.
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in vacuo (15,41). OmpA shows little conformational sensi-
tivity to its environment in simulations of a lipid bilayer, a
detergent micelle, a protein/detergent crystal, or in vacuo
(12,13,15). Thus, SMD simulations of the OmpA-DPC
PDC provide a suitable control with which to compare
BM2. They also allow a direct comparison of our two-stage
protocol, described here, with the protocol in a previous
simulation study (15,41) that employed manual removal of
water molecules.

The PDCs are equilibrated in solution and adopt the
normal micelle geometry, in which the hydrophobic tails
are sequestered within the core, allowing the headgroups
to interact with water. As seen in the previous simulation
study (15), as the complex is transferred from solution to
vacuum, the DPC detergent molecules reorientate such
that headgroup-headgroup interactions are maximized, lead-
ing to a disruption of the normal micelle arrangement. The
alkyl chains align along the surface of OmpA. As antici-
pated, there was little change in protein conformation,
with a Ca root-mean-square deviation (RMSD) of <1.5 Å
for residues in the b-barrel (Fig. S2). Thus, the changes in
the OmpA-DPC PDC were largely limited to the detergent,
again consistent with previous studies (15). The detergent
molecules continued to rearrange during a further >0.3 ms
simulation of the sparingly solvated complex (with periodic
boundary conditions implemented), such that the head-
groups and remaining water molecules localized in the
vicinity of the charged side chains of the OmpA loops
(Fig. S3). The detergent-detergent and detergent-water
interactions dominate, at the expense of protein-detergent
and protein-water interactions.

Having established the expected behavior for the OmpA-
DPC complex, we now use the above protocol to explore the
behavior of the a-helical BM2 protein in each of the three
different detergents. The changes in detergent packing dur-
ing the SMD simulations of the BM2-detergent complexes
allow us to dissect the processes that occur during transfer
from solution to vacuum. Fig. 1 B shows snapshots of
each of the complexes in solution and in vacuum. It is
evident that changes in detergent are most marked for
DHPC, followed by DPC and then DDM (Fig. 1 B). The
driving force behind these changes appears to be maximiza-
tion of electrostatic interactions. Thus, DHPC and DPC
micelles begin to lose their regular orientation, and the
headgroups pack closer into the core of the PDC while the
detergent tails move toward the surface. This correlates
with a change in surface exposure of the protein such that
the hydrophobic, membrane-spanning residues tend to
become more exposed to vacuum, whereas hydrophilic res-
idues located near the termini of BM2 become less exposed
(Figs. S4 and S5). The corresponding trend is observed for
the detergent molecules, where the hydrophilic area is
reduced as hydrophobic tails become more exposed. In the
packing of DDM detergent, these trends were much less
pronounced, with little change in exposure of hydrophobic
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or hydrophilic residues relative to packing trends for the
PDC in water. These changes can be quantified as the degree
of detergent headgroup clustering in each simulation
(Fig. S6). There is a clear decrease in minimum distances
between DHPC and DPC headgroups in vacuum compared
to solution. In contrast, in the BM2-DDM PDC, there was
very little change in detergent headgroup clustering upon
the transition to vacuum.

The resultant arrangements of detergent molecules and
water molecules in the in vacuo BM2-DHPC, BM2-DPC,
and BM2-DDM complexes (Fig. S4) show that the remain-
ing waters are largely located within the headgroup regions,
maximizing the number of detergent-water hydrogen bonds
on the PDC surface. In contrast to the OmpA-DPC complex
in vacuum, the DHPC tails do not appear to align upon the
protein surface but splay outward. This orientation allows
the glycerol oxygen atoms of each chain to form hydrogen
bonds with the remaining water molecules.

There are some small changes to the BM2 protein during
transfer from solution to vacuum (Fig. S2). The overall sec-
ondary-structure content remains unchanged in each simula-
tion, but the RMSD from the initial BM2 transmembrane
helix bundle solution conformation is slightly higher
(~0.5 Å) for DHPC and DPC than for DDM.

The short (15–20 ns) SMD simulations captured the first
changes in detergent reorientation associated with the
removal from aqueous solution, yielding partially solvated
PDCs in vacuo. However, to evaluate more fully the impact
FIGURE 2 Evaporation of water molecules from PDCs during extended simu

frames of each simulation show the protein in yellow cartoon representation and

colored gray. Bound water molecules are shown as cyan spheres. (B) Hydrogen-b

protein (red lines) as functions of time.
of extensive dehydration on the PDCs, longer (>0.5 ms)
simulations in vacuo were performed during which water
molecules were free to evaporate (Fig. 2, A and B). Table
S2 lists the measured structural properties of the PDCs at
the start and end of the dehydration during vacuum simula-
tions. Here, we discuss more fully some of the key results.

A large number of water molecules evaporated from the
PDCs within the first 100 ns. In each case, the dehydration
process had a time constant of ~100 ns. Although the rate
of water loss was similar between the three PDCs, one
intriguing difference was observed, namely, that in the
case of DDM, the water was preferentially lost from the
headgroup region (as opposed to waters interacting with
the protein), whereas in the DPC and DHPC complexes,
the majority of the remaining water molecules are located
in the detergent headgroup region (evident from Fig. 2, A
and B). The final numbers of waters that remained bound
to the PDC were ~130, ~120, and ~35 for BM2-DHPC,
BM2-DPC, and BM2-DDM, respectively (Table S2). The
final number of detergent-water H-bonds was ~75% less
in the BM2-DDM simulation than in the BM2-DHPC simu-
lation, whereas the final number of BM2-water H-bonds was
similar in each case. Of course, further desolvation may
occur during the time course of the MS experiment which
is several orders of magnitude longer than the simulations.

Examination of the spatial distributions of detergent
headgroup and tail atoms close to the protein surface
(Fig. 3) reveals a clear difference between the zwitterionic
lations under dehydrating conditions in vacuo. (A) Snapshots from the final

the detergent molecules as a surface with headgroups colored red and tails

onding interactions of water molecules with detergent (black lines) and with

Biophysical Journal 105(3) 648–656



FIGURE 3 Rearrangement of detergent molecules during simulation

under dehydrating conditions. Radii of gyration for detergent headgroups

(black trace) and tails (red trace) are shown, highlighting the micelle inver-

sion of DHPC (A) and DPC (B), but not DDM (C). For BM2-DDM, radii are

shown for the first (black trace) and second (blue trace) sugar ring of the

DDM molecules. Isosurfaces correspond to the mean distribution (over

the length of the simulation) of detergent headgroup (red) and tail (gray)

atoms within 4 Å of the protein surface for each of the PDCs. In DHPC

and DPC, there is partial exposure of the protein to vacuum, whereas in

DDM the normal solution packing, in which the hydrophobic portion of

the protein is covered by detergent tails, is maintained. The isosurfaces

were generated using the VolMap plugin within VMD (51).

FIGURE 4 Area of BM2 protein unprotected by detergent molecules dur-

ing simulations in vacuo. The traces show the hydrophobic surface area of

BM2 exposed to vacuum (i.e., not in contact with detergent molecules) dur-

ing simulation under dehydrating conditions. This surface area is lowest

initially for DPC (red trace), but it increases rapidly as water is lost. By

the end of the simulations the protein is most exposed in DPC (red trace),

followed by DHPC (blue trace) then DDM (black trace).
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and nonionic detergents. It is evident that arrangement of
DDM molecules adjacent to the protein more closely
matches that of the corresponding solution-phase micelle,
with the hydrophobic region of BM2 surrounded by deter-
gent tails and the headgroups restricted to the more polar
regions at the termini of the transmembrane helices. In
contrast, for the DHPC PDC, detergent packing was rear-
ranged such that DHPC headgroups came into close contact
with the transmembrane region of BM2, resulting in some of
Biophysical Journal 105(3) 648–656
the protein becoming exposed to vacuum (Fig. 4). A similar
pattern is seen for BM2 in DPC. Despite the initial sparingly
solvated BM2-DPC complex having more of the protein hy-
drophobic surface covered by detergent (compared to the
other two detergents), the DPC molecules rapidly rearrange
upon dehydration (Fig. 4). This rearrangement maximizes
the electrostatic interactions between detergent headgroups
at the expense of protein-detergent interactions. As the DPC
micelle tends toward inversion, a large proportion of the
protein becomes exposed to vacuum. Thus, the DDM PDC
more closely preserves a bilayerlike environment in vacuo.

The marked difference in the extent of detergent rear-
rangement between DHPC and DDM may be assessed
from the radii of gyration of the detergent headgroups and
alkyl tails (Fig. 3), demonstrating that the DHPC and DPC
micelles tend toward complete inversion (in response
to the effectively hydrophobic environment presented by
a vacuum), whereas the DDM micelle relaxes initially,
without any substantial rearrangement upon further dehy-
dration. For the BM2-DHPC complex, the inversion process
and the loss of water-detergent H-bonds occur on the same
timescale. For the BM2-DDM PDC, the main consequence
of the dehydration is an increase in the number of DDM-
DDM H-bonds (Fig. S7), correlating with the loss of water
hydrogen-bonding partners. Headgroup-headgroup inter-
actions are maximized for both detergents, but in the case
of DDM this may be fulfilled without micelle inversion.
In solution phase, the DDM headgroups already form an
extended hydrogen-bonding network (42). Upon removal
of water molecules, this hydrogen-bonding network can be
further extended without the need for drastic rearrangement
of the detergent molecules. It is tempting to compare this
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behavior to that of other sugar-based molecules, such as
trehalose, which are known to protect proteins from dena-
turing during dehydration. The exact mechanism of treha-
lose protection is not understood, but several factors have
been proposed (43,44), such as the sugar fulfilling protein-
water hydrogen bonds and/or the DDM-DDM headgroups
creating a relatively rigid scaffold that protects the protein
upon water loss. Further studies might investigate how
trehalose or smaller sugar-based headgroup detergents
such as b-octyl glucoside behave upon transfer to vacuum.

The contrasting effects of dehydration on the detergents
have correspondingly different effects on the structural
integrity of the BM2 helix bundle (Fig. 5). In each simula-
tion the initial rapid water loss results in a slight (~5%)
loss in a-helical content, with a corresponding increase in
Ca RMSD to ~1.5 Å (Fig. 5). However, over the subsequent
0.5 ms, there are major differences between the three sys-
tems. In DDM, there is very little further drift in the BM2
Ca RMSD, such that the helix bundle conformation at the
end of the in vacuo simulation is essentially the same as at
the start (Fig. 4 C). More surprisingly, in the DDM simula-
tion, the protein regains the initially disrupted secondary
structure (Table S2 and Fig. S8) within the first 100 ns,
FIGURE 5 Conformational changes of BM2 protein during simulations

in vacuo. (A) Protein Ca atom RMSD as a function of time in DPC (red

trace), DHPC (blue trace), and DDM (black trace). (B) Structures of the

BM2 helix bundle at the start (cyan) and end (red) of the in vacuo simula-

tions are superimposed. The greatest conformational changes are observed

in the zwitterionic detergents DHPC and DPC, whereas the solution-phase

conformation is largely maintained in DDM.
and this structure is retained for the remainder of the simu-
lation. For DHPC and DPC, the initial loss in a-helicity
marks the beginning of a trend toward gradual reduction
in secondary structure. It appears that DDM is able to
compensate for the lost hydrogen-bond interactions of the
protein with water, again reminiscent of sugar protection
during desiccation. In DHPC and DPC, much more pro-
nounced changes in bundle conformation occur (Fig. 5 B),
revealed by a continuous increase in Ca RMSD (Fig. 5 A)
and associated with loss of secondary structure and a
decrease in the number of protein-protein hydrogen bonds.
A comparable loss in secondary structure upon (almost)
complete dehydration of the PDC was observed in the
OmpA-DPC simulation study (15), where 20% secondary
structure was lost upon complete dehydration while pro-
tein-protein hydrogen bonding increased. Presumably, the
increased intramolecular protein hydrogen bonding was
largely limited to the loop regions of OmpA, as these dis-
played the greatest structural deviation upon dehydration.

Examination of the BM2 structure at the end of the BM2-
DHPC in vacuo simulation (Fig. 5) reveals a conformational
change corresponding to bending of one subunit away from
ideal a-helical geometry. In DPC, the BM2 structure after
dehydration shows an even greater deviation from the
solution-phase structure (Table S2). The trajectories were
inspected in detail to determine the likely mechanism
of the protein conformational changes. In the case of
BM2-DHPC, the decrease in solvation leads to increased
electrostatic interactions between the zwitterionic DHPC
headgroups and protein residues. Thus, the phosphocholine
headgroups may penetrate between helices to interact with
water molecules within the central pore of the BM2 helix
bundle (Fig. 6), leading to extrusion of the water molecule
laterally through the helix bundle. In the BM2-DPC simula-
tion, similar destabilizing interactions between detergent
headgroups and the protein occur, in which a single deter-
gent molecule adopts a nonnative orientation and projects
into the pore of the BM2 channel, leading to loss of the
solution conformation (Fig. 6). Furthermore, as the simula-
tion progresses the protein becomes increasingly expelled
from the detergent, leading to greater distortions of the
solution conformation.

The RMS fluctuations of the protein were calculated at
varying stages of hydration to evaluate the effects of dehy-
dration on protein dynamics. The BM2 protein displays
similar dynamics in the sparingly solvated complex (gener-
ated from SMD simulations) compared to the solution
phase, as shown by comparison of Ca RMS fluctuations at
the start of the dehydration simulation compared to bulk
solution simulations (Fig. 7). In all three detergent com-
plexes, the dynamics of the BM2 protein are gradually
dampened as the water molecules are lost. This effect is
somewhat less pronounced in the case of DDM, where the
solution-phase dynamics are lower than in DHPC and
DPC to begin with. This perhaps reveals another aspect of
Biophysical Journal 105(3) 648–656



FIGURE 6 Destabilizing interactions of zwitterionic detergent molecules with BM2 protein during dehydration. (Upper) The change in conformation of

the BM2-DDM complex at ~0.62 ms (see Fig. 5) correlates with extraction of a water molecule (green and white) from the central pore, mediated by

interactions with the headgroup of a DHPC molecule. The water and DHPC molecule are shown in spacefilling format, and the protein (yellow) in cartoon

format. (Lower) Destabilizing interactions of DPC detergent molecules similar to those depicted above, with the C terminus of BM2 are observed, in which a

single detergent molecule gradually becomes lodged between two of the transmembrane helices, interacting with water molecules and remaining within the

pore for the duration of the simulation. Water molecules within 4 Å of this His27 residue are shown as a green surface.
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the mechanism whereby DDM confers greater stability
compared to the other detergents.

These simulations reveal why detergents may differ in
their ability to protect membrane proteins within an ESI-
MS experiment. They reveal a clear distinction between
zwitterionic (DHPC and DPC) and alkyl sugar detergents
(e.g., DDM). In particular, almost complete dehydration of
the DDM PDC did not result in any substantial change in
conformation of the BM2 helix bundle, unlike the situation
with DHPC and DPC PDCs. This may reflect differences in
the numbers of detergents in the micelles with different
detergent species. However, it strongly suggests that DDM
may be more generally suited to protecting membrane pro-
tein conformation and oligomeric state from environmental
perturbations. This correlates with the use of DDM in the
majority of MS experiments on membrane proteins to date
(45), and also with the widespread use of DDM in mem-
brane protein crystallization (46). It should be noted that
this protective effect of DDM for membrane proteins is
because it retains its micellelike structure, with the hydro-
phobic tails inward, in vacuo, whereas cationic detergents
form inverse micelles (hydrophobic tails outward) in vacuo
(14), affording less protection for soluble proteins.
Biophysical Journal 105(3) 648–656
We note that the BM2 a-helix bundle shows a greater
sensitivity to the in vacuo conditions in a PDC than does
OmpA (15). OmpA is an especially stable b-barrel mem-
brane protein (47), whereas the a-helix bundle of BM2 is
more representative of the majority of membrane proteins.
A recent comparative study (2) has shown that the closely
related A/M2 helix bundle is sensitive to changes in
environment between lipid bilayer, detergent micelle, and
protein/detergent cocrystal. Despite the relatively high
sensitivity of the M2 channel to its environment, the pres-
ence of DDM detergent suffices to stabilize the oligomeric
structure in vacuo.
CONCLUSIONS

Overall, this study reveals the events of dehydration of a
PDC in an MS experiment. To model more completely
the processes during ESI-MS, it will be necessary to include
collisions with neutral gas particles, as well as changes in
protonation states of amino acid side chains during dehy-
dration, and to address much longer timescales. Aspects
of each of these processes have been studied for simpler
systems using MD simulations (see, e.g., (48–50).).



FIGURE 7 The influence of dehydration on

BM2 dynamics. Ca RMS fluctuations are shown

at various stages of dehydration. For each PDC,

Ca RMS fluctuations in the solution phase are

shown in black, those for the first 50 ns in vacuo

are in red, and those for 50–100 ns are blue. The

loss of water correlates with a decrease in protein

dynamics, with some decrease in the first 50 ns,

and the dampening effect most pronounced for

the 50–100 ns period, during which approximately

half of the water molecules in the sparingly sol-

vated complex have evaporated. The dynamics of

the protein in DDM vary the least, with minimal

difference between the solution phase and the

beginning of the simulation under vacuum. The

solution-phase protein dynamics are greater in

the simulations with DHPC and DPC detergents

than in those with DDM.
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However, modeling a combination of these processes will
require a multiscale approach. In summary, the results
presented here provide a first glimpse of a-helical mem-
brane protein conformational fragility/stability in vacuo,
and offer a simulation methodology for predicting the suit-
ability of a given detergent for use in MS and other ex-
periments, including x-ray free-electron laser diffraction
experiments. Encouragingly, the results suggest that deter-
gents such as DDM, used in crystallization of membrane
proteins, may also help to protect against protein destabili-
zation in vacuo.
SUPPORTING MATERIAL

Eight figures and two tables are available at http://www.biophysj.org/
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Figure S1. Arrangement of DHPC and DDM micelles about protein during steered MD

simulation using the GROMOS G43A force field. Isosurfaces correspond to the mean

distribution of detergent headgroup (red) and tail (grey) atoms within 4 Å of the protein

surface. The protein is shown in yellow. The behaviour of protein-DHPC and –DDM

complexes during transition from solution to vacuum is qualitatively similar to that observed

using the OPLS-AA force field (Fig. 3). The loss of regular solution phase detergent

arrangement is observed for DHPC, where headgroups are observed to interact with

hydrophobic regions of the protein, but largely retained in the case of DDM.
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Figure S2. BM2 stability vs. OmpA during steered molecular dynamics simulations. A: Cα

RMSD of BM2 in DPC (red), DHPC (blue trace) and DDM (black trace) protein-detergent

complexes. B: Cα RMSD of the OmpA residues initially in β-sheet conformation (black

trace) and those in loop, turn or unstructured conformations (red trace) for the OmpA-DPC

simulation. In each case the location of the dashed lines indicates the approximate boundaries

at which the protein-detergent complex is first exposed to vacuum and when it is free from

bulk solution. Most of the structural deviation in the OmpA simulation is confined to the loop

regions.
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Figure S3. Structure of the OmpA-DPC complex following transfer to vacuum environment.

Left: The sparingly solvated complex generated from steered MD simulation. DPC

headgroups (red), tails (grey), and those water molecules within 5 Å of the complex (cyan)

are shown as coloured surfaces, and the protein as a yellow cartoon representation. Thewaters

are observed to co-localize with the DPC headgroups. Right: The OmpA-DPC complex

following a 0.3 µs simulation of the sparingly solvated complex in vacuum. Further

rearrangement over the simulation is observed.

0.3 µs

A B
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Figure S4. Changes in packing of detergent molecules upon transfer from solution to

vacuum. The protein-detergent complexes are shown at the beginning (“Solution”) and end

(“Vacuum”) of the steered molecular dynamics (SMD) trajectories, and following extended

simulation under dehydrating conditions (“Dehydrated”). Water is omitted in the top two

panels for clarity. The detergent headgroups are shown in red and detergent tails in grey.

Only one ring of the DDM headgroups are shown for clarity. The protein is shown in yellow

cartoon format. The rearrangement of DHPC detergent molecules during the SMD trajectory

leads to partial exposure of the protein to vacuum. During loss of water further rearrangement

is observed, more pronounced in the case of DHPC and DPC compared to DDM.
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Figure S5. Properties of protein-detergent complexes during transfer from solution to

vacuum. Surface area of the protein not covered by detergent of A: hydrophobic residues and

B: hydrophilic residues. C: Protein-detergent hydrogen bonds. D: Surface area of detergent

exposed to vacuum (ie not in contact with protein). Solid lines correspond to the hydrophilic

surface area and dashed lines hydrophobic surface area. In each case the location of the

dashed lines indicates the approximate boundaries at which the protein-detergent complex is

first exposed to vacuum and when it is free from bulk solution. Black, blue and red traces

correspond to DDM, DHPC and DPC data, respectively. A general trend in which

hydrophilic regions become more buried and hydrophobic area more exposed is observed for

both protein and detergent.
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Figure S6. Changes in clustering of detergent headgroups during SMD simulation. Top: The

maximum detergent headgroup cluster size is shown in green for DHPC and black for DDM.

A detergent headgroup was assigned to a cluster if any atom is within 3.5 Å of any other

atom within the cluster. For DDM only the first ring (distal to the tail) is considered in the

calculations as the extensive hydrogen bonding network between headgroups means all

headgroups belong to a single cluster. The data shown is a mean of the SMD simulations

using the OPLS-AA force field, with the trace a running average over 10 data points (shown

as circles). Lower: Comparison of minimum pair wise headgroup-headgroup distances in

solution and vacuum for DHPC (left) and DDM (right).
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Figure S7. Hydrogen bonds between DDM detergent molecules during extended simulation

under dehydrating conditions. The criteria for presence of a hydrogen bond were an acceptor-

donor distance cut-off of 3.5 Å and a maximum acceptor-donor-hydrogen angle of 30°.

Hydrogen bonds between detergent sugar-based headgroups increase on the same timescale

as the loss of water molecules.
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Figure S8. Evolution of BM2 secondary structure in complex with each detergent under

dehydrating conditions. Minor disruption in α-helicity in all cases is observed within the first 

100 ns. For DHPC this is mainly at the N- and C- termini of chain B, for DPC unfolding

occurs at the N- and C-termini of chain B and the N-termini of chains C and D. These initial

losses in α-helicity are part of a general trend towards loss in secondary structure and these 

regions remain non α-helical at the end of the simulations whilst other regions unfold (eg the 

N-terminus of chain A). In the case of DDM some initial structural loss is observed at the N-

and C-termini of chain C, however this is restored within the first 100 ns and persists for the

remainder of the simulation.
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Protein Detergent
Force
field

Type
Number of
simulations

Temperature
/ K

Duration / ns

BM2 DHPC OPLS-AA SMD 3 323 25

BM2 DHPC OPLS-AA SMD 1 300 25

BM2 DHPC OPLS-UA SMD 1 323 25

BM2 DHPC GROMOS SMD 1 323 25

BM2 DHPC OPLS-AA Vacuum 1 323 600

BM2 DHPC OPLS-AA Vacuum 1 300 250

BM2 DHPC OPLS-AA Vacuum 1 323 250

BM2 DDM OPLS-AA SMD 2 323 25

BM2 DDM GROMOS SMD 1 323 25

BM2 DDM OPLS-AA Vacuum 1 323 500

BM2 DDM OPLS-AA Vacuum 1 323 150

BM2 DPC OPLS-AA SMD 2 323 25

BM2 DPC OPLS-AA Vacuum 1 323 500

OmpA DPC OPLS-AA SMD 2 323 25

OmpA DPC OPLS-AA Vacuum
+PBC

1 323 300

Table S1. Summary of simulations performed.
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Property
BM2-DHPC BM2-DPC BM2-DDM

Start End Start End Start End

# waters 1100 95 1709 119 1504 35

rmsd Cα (Å) − 2.8 − 3.2 − 1.5 

SS count 88 78 104 81 88 89

HBpp 118 115 113 105 119 128

HBpd 23.1 39.5 21.3 45.4 13 35.1

Ap (Å2) 1990 1700 1420 2444 2090 1210

Ad (Å2) 20750 15310 26230 18860 27330 23510

AP, hydrophobic (%) 61.4 77.8 46.8 90.3 45.1 74.8

Ad, hydrophobic (%) 38.1 52.8 45.7 83.4 25.8 34.6

Rg,protein (Å) 16.9 16.6 16.9 16.4 16.8 16.6

Rg,detergent-HG (Å) 23.1 20.4 26.1 22.5 30.4 28.9

Rg,detergent-tail (Å) 22.3 22.2 22.9 23.8 23.3 24.0

Table S2. Structural properties of each BM2-detergent complex in simulations under

dehydrating conditions The properties described are as follows: number of water molecules

present (# waters); the Cα RMSD of the protein (rmsd Cα); protein-protein hydrogen bond 

count (HBpp); hydrogen bonds between protein and detergent (HBpd); surface area of protein

exposed to vacuum (Ap); surface area of detergent exposed to vacuum (Ad); percentage of Ap

that is hydrophobic (Ap, hydrophobic); percentage of Ad that is hydrophobic (Ad, hydrophobic); radius

of gyration of protein (Rg,protein); radius of gyration of detergent headgroups (Rg,detergent-HG);

radius of gyration of detergent tails (Rg,detergent-tails). Values correspond to means over the first

10 ns (“Start”) and final 10 ns (“End”) of simulations, respectively.
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