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ABSTRACT: Combining structure determinations from nuclear magnetic resonance (NMR) data and molecular
dynamics simulations (MD) under the same environmental conditions revealed a startling asymmetry in
the intrinsic conformational stability of secondary structure in the transmembrane domain of lactose
permease (LacY). Eleven fragments, corresponding to transmembrane segments (TMs) of LacY, were
synthesized, and their secondary structure in solution was determined by NMR. Eight of the TMs contained
significant regions of helical structure. MD simulations, both in DMSO and in a DMPC bilayer, showed
sites of local stability of helical structure in these TMs, punctuated by regions of conformational instability,
in substantial agreement with the NMR data. Mapping the stable regions onto the crystal structure of
LacY reveals a marked asymmetry, contrasting with the pseudosymmetry in the static structure: the
secondary structure in the C-terminal half is more stable than in the N-terminal half. The relative stability
of secondary structure is likely exploited in the transport mechanism of LacY. Residues supporting proton
conduction are in more stable regions of secondary structure, while residues key to substrate binding are
found in considerably unstable regions of secondary structure.

Lactose permease (LacY)1 of Escherichia coliis an integral
membrane protein (for a review, see ref1). This protein is
a symporter, responsible for coupling the transport of
galactosides with hydrogen ion. A stoichiometry of 1:1
(galactoside:H+) is observed. The protein functionally and
structurally acts as a monomer (2). Recently, an X-ray crystal
structure of lacY was reported (3), showing a bundle of 12
transmembrane helices connected by loops that vary in
length. The N-terminal set of six transmembrane segments
is related by pseudosymmetry to the C-terminal set of six
transmembrane segments.

Recent experiments on smaller integral membrane proteins,
also consisting of transmembrane helical bundles, have
revealed that transmembrane helices (4-15) and turns (16-
23) behave as subdomains of the protein. Likewise, peptide
fragments encoding the transmembrane helices of bacterio-
rhodopsin (24) and bovine rhodopsin (25) exhibited a
preference for helical structure independent of the remainder
of the protein as determined by nuclear magnetic resonance
(NMR) in dimethyl sulfoxide (DMSO) and were consistent
with the corresponding region of the crystal structure of the
same protein. This experimentation led to the conclusion that

useful information about secondary structure can be obtained
for membrane proteins from studies of peptide fragments.
Molecular dynamics simulations on transmembrane segments
(TMs) have shown regions of local stability of secondary
structure. For example, studies on TMs from glycophorin
(26), bacteriorhodopsin (27), M2 protein from influenza A
(28), and nicotinic acetylcholine receptor (29) demonstrated
that TMs can exhibit sufficient local stability to fold correctly
as isolated helices.

Here we report data from an integral membrane protein
with a larger and potentially more conformationally flexible
transmembrane helical bundle, LacY, with 12 transmembrane
segments. TM1-TM11 were synthesized, and their second-
ary structure in solution was determined by multidimensional
nuclear magnetic resonance (NMR). Molecular dynamics was
carried out on all 12 TMs of LacY, comparing their confor-
mational dynamics in DMSO to dynamics in dimyris-
toylphosphatidylcholine (DMPC) bilayers. In contrast to the
studies mentioned above, not all the TMs exhibited stability
of helical conformation throughout the segment. The sites
of local instability of helical structure from molecular
dynamics and from NMR studies are correlated. Mapping
these regions of stable secondary structure on the crystal
structure of LacY shows a marked asymmetry within the
transmembrane bundle. The C-terminal group of six TMs,
containing the proton conduction pathway, has intrinsically
stable secondary structure, stabilized by short-range interac-
tions. The N-terminal group of six TMs is formed from
helices that are intrinsically less conformationally stable and
contain residues important to substrate binding (3). This
asymmetry in local intrinsic stability of secondary structure
likely is exploited in the mechanism of transport by LacY.
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MATERIALS AND METHODS

Peptide Synthesis.Peptides with the sequences in Table 1
were utilized in these studies. Sequences in bold were used
for the molecular dynamics studies. Underlined sequences
were synthesized by solid-phase synthesis at Genemed (San
Francisco, CA) and used for the NMR studies.

These peptide sequences were designed on the basis of
previous biochemical experiments which have provided
information regarding the boundaries of the transmembrane
helices (30). The synthesized peptides were analyzed by mass
spectrometry and typically showed the correct mass for the
sequence and a purity of>90%, which is adequate for the
NMR measurements. Synthesis for TM12 was not successful.
The mass spectrum of helix 6 exhibited a very low purity,
and NMR spectra of sufficient quality could not be collected.

Molecular Dynamics.All 12 transmembrane helices were
extracted from the crystal structure of LacY (PDB entry
1PV6), and their secondary structure was checked using
DSSP (31). The resulting helices were capped at their N-
and C-termini with NH2 and CO2H, respectively. For the
simulations in DMSO, each helix was solvated with DMSO
in a box with dimensions of 9 nm× 9 nm × 9 nm. The
system was then energy-minimized for 100 steps using the
steepest descents algorithm. Cl- ions were added where
necessary to ensure overall electroneutrality. Prior to the final
production run, in all cases energy minimization and 2 ns
of peptide restrained molecular dynamics were performed
to remove any close contacts and to relax the system. Each
simulation was run for 10 ns. All the simulations employed
GROMACS version 3.1.4 (www.gromacs.org) (32) with a
time step of 2 fs under NPT conditions for 10 ns using the
GROMOS96 force field (33). Electrostatic interactions were
calculated using particle mesh Ewald (PME) (34) with a 1
nm cutoff for real-space calculation. A cutoff of 1 nm was
used for the van der Waals interactions. The use of a long
distance cutoff has been shown to be suitable for simulations
of R-helix stability (35). Bond lengths were constrained via
the LINCS algorithm (36). Isotropic pressure coupling was
used with a compressibility of 5.2× 10-5 bar-1 and a
coupling time constant (τp) of 1 ps. DMSO and protein were
coupled separately to a temperature bath at 298 K using the
Berendsen thermostat (37) and coordinates saved every 2
ps for analysis. Simulations in DMPC bilayers were per-
formed using the protocol described previously (38) and were
also 10 ns in duration.

NMR Spectroscopy.All NMR spectra were recorded on a
Varian INOVA-600 or 500 MHz spectrometer at 30°C in

DMSO. DMSO was used because none of these peptides
are soluble in water and DMSO solubilized all the peptides.
In addition, DMSO has an intermediate dielectric (ε ) 48)
similar to that of the membrane-aqueous interface where
folding membrane protein secondary structure has been
suggested to occur, and DMSO is not known to preferentially
stabilize any particular secondary structure. Studies in
detergent micelles would mask the local instability that we
describe here due to substantial stabilization of the helical
structure by the hydrophobic effect. Previous work with
analogous peptides from bacteriorhodopsin in DMSO showed
that the structures obtained by NMR analysis were the same
in DMSO as the structure those sequences adopted in the
crystal structure of the intact protein (17). Standard pulse
sequences and phase cycling were employed to record two-
dimensional TOCSY and NOESY spectra. NOESY data were
collected with mixing times of 400 ms (39). Previous work
with other similarly sized peptides with mixing times of 150,
250, and 400 ms showed no evidence of spin diffusion, and
400 ms showed the most interactions in the NOESY spectra.
In the case of helix 1,15N HSQC-NOESY and15N HSQC
spectra were collected on [15N]Phe-labeled peptide. The
assignment table is provided as Supporting Information. All
spectra were accumulated in a phase-sensitive manner using
time-proportional phase incrementation for quadrature detec-
tion in F1. Chemical shifts were referenced to the residual
protons in DMSO-d6. Sequence-specific chemical shift
assignments were obtained by using amino acidâ-proton
chemical shift standards to assign the spin system (amino
acid) type. Inter-residueRH-NH(i+1) interactions from the
NOESY spectrum were used to assign the amino acid
chemical shifts to a sequence position.

Structure Refinement.The sequence-specific assignment
of the 1H NMR spectrum for each peptide was carried out
using standard methods employing FELIX (MSI, Inc.).
Assigned NOE cross-peaks were segmented using a statistical
segmentation function and characterized as strong, medium,
and weak, which correspond to upper bound distance range
constraints of 2.7, 3.5, and 5.0 Å, respectively. Lower bounds
between nonbonded atoms were set to the sum of their van
der Waals radii (approximately 1.8 Å). Pseudoatom correc-
tions were added to interproton distance restraints where
necessary (40). Distance geometry calculations were carried
out using DYANA (41) within the SYBYL 6.6 package
(Tripos Software Inc., St. Louis, MO). First-generation
DYANA structures, 150 in total, were calculated. Energy
refinement calculations (restrained minimizations/dynamics)
were carried out on the best distance geometry structures
using SYBYL implementing the Kollman all-atom force
field. Structures were also obtained using simulated annealing
on the peptides with the distance constraints obtained from
the NOESY data. Simulated annealing was carried out with
the Kollman All Atom force field and Kollman charges,
within Sybyl. The molecule was heated to 1000 K for 1 ps
followed by cooling to 200 K over the course of 1.5 ps. Ten
consecutive cycles were calculated. These calculations were
performed on a Silicon Graphics R10000 computer.

RESULTS

NMR Studies.We examined all 11 peptides by NMR in
DMSO. It was not possible to obtain useful two-dimensional
1H NMR data from these unlabeled peptides in detergent

Table 1a

sequence structure name

KNTNFWMFGLFFFFYFFIMGAYFPFFPIWLHDIN TM1 lph1
ISKSDTGIIFAAISLFSLLFQPLFGLLSDKL TM2 lph2
KRYLLWIITGMLVMFAPFFIFIFGPLLQ TM3 lph3
VGSIVGGIYLGFCFNAGAPAVEAFIEKVSRRS TM4 lph4
FGRARMFGCVGWALCASIVIMFTI NNQ TM5 lph5
NNQFVFWLGSGCALILAVLLF FAKTD TM6 lph6
LELFRQPKLWFLSLYVIGVSCTYDVFDQQFANFF TM7 lph7
GEQGTRVFGYVTTMGELLNASIMFFAPLIINR TM8 lph8
RIGGKNALLLAGTIMSVRIIGSS TM9 lph9
ALEVVILKTLHMFEVPFLLVGCFKYITSQ TM10 lph10
EVRFSATIYLVCFCFFKQLAMIFMSVLAGNMYES TM11 lph11
FQGAYLVLGLVALGFTLISVFT TM12 lph12

a Bold type shows sequence used in the MD simulations. Underlined
type shows sequence used in NMR studies.
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micelles likely because these very hydrophobic peptides are
completely buried in the micelles and experience a long
rotational correlation time due to the aggregate of the
detergent and the peptide. Eight of the peptides showed clear
evidence of helical structure in the solution NMR studies.

Specifically, two-dimensional NMR data were used to
determine the structure of the peptides in solution. An
example of the NMR data from the peptide representing helix
9 is provided as Supporting Information. From the NOESY
data, intraresidue, sequential, and long-range interactions
were assigned to calculate the final structure. In Figure 2,
the number of sequential and long-range interactions identi-
fied is listed for each peptide for which a structure was
obtained. In Figure 5, the connectivity of the long-range
interactions (i-i + 3 and i-i + 4) is displayed for each
peptide. The pattern of long-range constraints is characteristic
of a helical structure throughout much of the sequence of
these peptides. The chemical shift index also suggests helicity
in these peptides. Figure 2 shows the overlay of the family

of best structures from the NMR data, and helical structures
are observed through many of the sequences. The average
pairwise rmsds of the backbone are listed in Figure 2. Almost
all residues lie inside acceptable regions of the Ramachandran
plots.

Helices 1 and 11 in solution retained features present in
the crystal structure of the intact molecule. In the crystal
structure, helix 1 has a bend at the Gly24/Pro28 pair. The
NMR structure of the peptide corresponding to helix 1 retains
this feature. Helix 11 in the crystal structure has a kink
centered at Phe354. In the NMR structure of helix 11, the
helix is disordered over two helical turns beginning at
Phe354, after which the helix re-forms. This suggests that
perhaps hydrophobic or tertiary interactions are required for
the formation of helix in this region.

In contrast, helices 4 and 10 adopted random coil
conformations in solution. This was evident even before
structural calculation in DYANA by examination of the
connectivity plots of these peptides (Figure 5). No long-range

FIGURE 1: Full primary sequence of LacY organized to show the TMs (in boxes) (adapted from ref1).

FIGURE 2: Families of DYANA structures (overlays of the best structures as determined by the target function) obtained as described in
the text, for the TMs of LacY. In the boxes are the average pairwise rmsds for the family of structures and the number of constraints
(intraresidue/interresidue).
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interactions were observed in the NOESY spectra for helix
4. Helical interactions were observed for helix 10, though
too few to develop a well-ordered structure. In the region
where helix 10 exhibited helical interactions in the NOESY
spectra, this helix retained secondary structure in the MD
simulations (see below). Helices 6 and 12 could not be
chemically synthesized to the purity required for NMR study.
An examination of the hydrophobicity of these helices in
relation to the other helices in the molecule does not reveal
any particularly unique hydrophobic character of these two
helices. The hydrophobicity of helices 6 and 12 is not
obviously different from those of the other helices, which
suggests that the difficulty in synthesis may be due to
chemical or structural features of these helices.

Molecular Dynamics Studies.Twelve transmembrane
helices were extracted from the crystal structure of LacY
and were separately simulated in DMSO and in DMPC
bilayers for 10 ns. These helices were divided into two
groups: (i) those helices (TM1, TM4-TM6, and TM12)
which were relatively unstable over the duration of the
DMSO simulation, resulting in substantial unfolding on a
10 ns time scale; and (ii) those helices (TM2 and TM7-
TM11) that retained significant (>20%) secondary structure
for the duration of the simulation. The stability plots, derived
from the DSSP (31) analysis, are shown for both the DMSO
and DMPC bilayer simulations in Figure 4. The analyses of
the DMSO simulations are shown beside the NMR con-
nectivity data in Figure 5. It is notable that four of the five

most unstable helices (in DMSO) are located in the N-
terminal domain of LacY. In the DMPC bilayer, on average
all the helices are more stable. This suggests that the DMSO
environment is needed to distinguish more fully between the
R-helical propensities of the different helices. One reason
may be that the bilayer environment does not permit full
conformational sampling on a 10 ns time scale (42).
However, the bilayer environment stabilizes helices in
general; exposure of the polar N-H and CdO groups of
the peptide bonds to a hydrophobic medium (bilayer interior)
is energetically unfavorable. Hydrogen bonding in anR-helix
reduces the unfavorable free energy, thus stabilizing the helix
in a bilayer compared to DMSO (which has a much higher
dielectric).

TM1 in the crystal has a bend at the Gly24/Pro28 pair.
This produced an unstable region over the course of the
simulation in DMSO, and only Tyr26 managed to retain
R-helical structure. Simulation studies have shown that
simple model transmembrane helices that contain a GXXXP
motif may exhibit substantial flexibility (43). TM7 and TM11
also exhibit pronounced kinks in the crystal structure. Both
TM7 and TM11 are stable over the 10 ns time scale,
displaying 79 and 52%R-helicity, respectively. During the
simulation, helix 7 remains kinked around Ser233 and
Asp237, maintained by a side chain hydrogen bond. How-
ever, TM11 straightens out from 4 ns onward. This might
imply that tertiary factors are important for this helix to kink.

TM6 and TM12 are also examples of helices that may be
influenced by tertiary factors. Both these helices lie at the
apical tips of the molecule, and both are unstable in the
simulation. TM6 in DMSO exhibits 0%R-helicity with
regions of the helix between Val169 and residue 174
becoming π-helix. Helix 12 exhibits just 5%R-helicity
averaged across the 10 ns DMSO simulation. In both cases,
theR-helix was converted to a mixture ofπ-helix and random
coil during the course of the simulations.

The only helix that completely unwound (i.e., completely
converted fromR-helix to random coil) during the simulation
was TM4. The crystal structure shows a highly kinked helix
with the kink located around Pro123. Within the first 4 ns,
the structure adopts a helix-turn-helix conformation, with
the turn located between residues Phe118 and Val125. After
6 ns, the C-terminus unwinds to Val125, and then the helix
completely unwinds in the last nanosecond of the simulation.

DISCUSSION

LacY contains a bundle of 12 transmembrane helices.
Twelve peptides were designed to correspond to each of these
transmembrane segments. The stability of each of these
peptides was studied by NMR and molecular dynamics, and
these results were compared toB factors from the X-ray
crystal structure of the protein.

The secondary structure of 10 of these TM peptides was
studied with NMR in a medium with an intermediate
dielectric. Since most of these TMs are closely packed
against the surfaces of other TMs in the intact protein more
than against lipid hydrocarbon chains, the intermediate
dielectric is more useful in assessing structural stability than
is the extremely hydrophobic interior of a micelle. For TM1-
TM5, TM7-TM9, and TM11, analysis of NMR data
revealed a variable helix content in these fragments of LacY,

FIGURE 3: MD simulation of LacY helices. Snapshots of helices
TM4 and TM8 at the start (0 ns) and end (10 ns) of each simulation
are shown (as CR traces with the C-termini being topmost). TM4
is an example of a helix that is relatively unstable in DMSO, almost
completely unwinding during the simulation. In contrast, TM8
retains significant secondary structure throughout the simulation.
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from fragments containing no helix to fragments exhibiting
nearly 100% helix. These data suggested that while 11 of
these segments formed a helix in the crystal structure, the
intrinsic stability of these fragments as a helix was non-
uniform and likely depended upon the specific sequence.

Molecular dynamics simulations were employed to provide
a comparative analysis. TM2, TM7, TM8, TM10, and TM11
proved to be largely stable asR-helices over the 10 ns
simulation in DMSO. A correlation is observed (Figure 5)
between regions found to be stable asR-helix in the MD
simulations in DMSO and regions ofi-i + 3 andi-i + 4
NOEs from the NMR data (distance constraints that are
characteristic of helical conformation).

Analysis of theB factors from the X-ray crystal structure
of lacY (3) also shows a correlation with the MD analysis
and NMR analysis. The region containing the six N-terminal
transmembrane segments shows a higher averageB factor
than the region containing the six C-terminal transmembrane
segments. TheB factor does not reflect the same properties
that govern the NMR data and the MD results (this analysis
is limited by the resolution of the data, 3.5 Å). Nevertheless,
theB factor (which reflects a combination of thermal motion
and static conformational disorder in the crystal) reveals an
asymmetry in the structure, correlated with the relative
instability noted for the N-terminal region from the NMR
and MD analyses.

Therefore, the most interesting result of this study of
lactose permease is that despite the pseudosymmetry in the
three-dimensional structure between the N-terminal and
C-terminal helical bundles, the conformational dynamics of
the constituent helices of the two halves of the transmem-
brane domain are quite different, whether viewed through
the MD results, the NMR data, or theB factors. In Figure 6,
the regions of secondary structure stability are mapped onto
the X-ray crystal structure from both the NMR and MD
analyses. Much of the helical bundle in the C-terminal half
of the protein exhibits local stability, as demonstrated by
the formation of helical structure that is independent of the
remainder of the protein. In contrast, the N-terminal half of
the transmembrane helical bundle shows relatively little local
structure in the absence of the membrane or the rest of the
protein. These data lead us to conclude that the intrinsic
stability of the secondary structure within the transmembrane
domain is quite different in the two halves of the protein.
We interpret the intrinsic conformational instability of an
isolated TM helix in DMSO as an indicator of its potential
flexibility within the intact protein structure. This flexibility
may be imparted to the TM by proline, which can introduce
bending and/or swiveling motions, and by the sequence -G-
G-, both of which are present in TM4, one of the least stable
TMs in the protein.

FIGURE 4: Comparison of dominant secondary structure from 10 ns MD simulations of LacY TMs in DMSO and in a DMPC bilayer. The
blue bands indicate a residue that isR-helical for >80% of the simulation, as derived from secondary stucture analyses using DSSP (31).
The red boxes denote the locations of proline residues.
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At this point, it is wise to consider some of the technical
limitations of this study. With respect to the time scales of
the simulations, we recognize that only a fraction of real
time is sampled in the MD simulations (tens of nanoseconds),
while the NMR experiments sample conformations on the
millisecond time scale (although the dipolar interactions
leading to the NOEs depend on fluctuations near the
nanosecond time scale). An example may be seen in the data
for TM1 and TM5 in which NMR data showedR-helical
regions that were notR-helical in the MD simulations
(although TM1 contains someπ-helices in that same region).
However, the general trend for the overall domain stability
is evident. Figure 5 illustrates this very well with the regions
of stability observed in the MD simulations and with the
NMR data. A second limitation is that these studies of
isolated helices do not include any role of helix-helix

interactions in the stability of the structure of TM. Currently,
insufficient information is available to include such interac-
tions in the analysis.

The rigidity of the C-terminal bundle and the flexibility
of the N-terminal bundle may support the biological functions
of these domains. The increased stability of the C-terminal
domain reflects its role in proton translocation. A stable, rigid
structural region would sample less conformational space,
increasing the probability of contact between residues critical
to proton transfer [Glu269, Arg302, His322, and Glu325,
all in the C-terminal bundle of six helices (3)], and would
thus be better suited to the role of proton translocation. The
conformational stability of the secondary structure of proteins
involved in proton translocation has been previously observed
in bacteriorhodopsin. The thermostability of bacteriorho-
dopsin is remarkably high, with a thermal transition measured

FIGURE 5: Comparison of NMR data with MD data on the TMs of LacY. The blue bands were derived from secondary structure analysis
using DSSP (31) and designate residues that areR-helical for 80% of the 10 ns simulation. A residue that did not meet this criterion was
defined as being unstructured. The NMR data of long-range constraints characteristic of helices, includingi-i + 3 andi-i + 4 interactions,
are represented by horizontal bars of connectivity between residues at each end of the bar.

FIGURE 6: Regions of stable secondary structure (blue) mapped onto the crystal structure (1PV6). (A) Conformationally stable regions of
R-helix determined from MD studies as described in the text. (B) Conformationally stable regions ofR-helix identified by a density of
NMR constraints as described in the text. The six N-terminal helices are on the left and the six C-terminal residues on the right.
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by differential scanning calorimetry of 100°C (44). Indi-
vidual helices of bacteriorhodopsin are stable in organic
solvent as probed by MD (45). As noted above, six of the
seven transmembrane helices of bacteriorhodopsin are in-
dependently stable as probed by NMR, suggesting that
proton-transporting proteins may benefit from well-ordered
helices. The stability of the C-terminal domain of LacY is
consistent with this paradigm.

In contrast to the detrimental effects of increased confor-
mational space on proton transport, such flexibility could
serve to facilitate the passage of a larger molecule such as
lactose. Residues Glu126 and Arg144 are critical to substrate
binding and are located in the N-terminal half of the protein,
and the region containing these residues was found to be
flexible in biochemical experiments (46). This is the same
region identified in this study from structural analysis to
contain relatively unstable secondary structure. The confor-
mation of LacY shown in Figure 6 is the inward-facing mode
of the protein, where the pore facing the cytoplasm is open
and the periplasmic face of the protein is closed. This
conformation has been termed “inward-open” (3). Lac
permease is proposed to alternate between this conformation
and the “outward-open” state, where the cytoplasmic pore
is closed and the periplasmic pore is open. Lactose enters
from the periplasm during the outward-open phase and binds
near the salt bridge between helices 4 and 5. This binding
induces the conformational change to the inward-facing
conformation, after which lactose passes out of the core of
lac permease and into the cytoplasm. The size of the roughly
rectangular opening of the cytoplasmic pore is approximately
21 Å on its long edge (from S206 Oγ to M276 Cε) by 9 Å
along its short edge (from F140 Cú to F334 Cú) in 1PV7,
while the length of the TDG sugar molecule bound in the
pocket is ∼10.5 Å (from O3 to O3′). The cytoplasmic
opening is not much larger than the sugar molecule itself.
Therefore, conformational flexibility in the N-terminal
domain may facilitate fluctuations in the size of the opening,
which could contribute to sugar transport.

In summary, these studies offer a view beyond the static
three-dimensional structure into the conformational dynamics
of the protein. This combination of MD and NMR studies
provides unique and valuable insight into the intrinsic
conformational stability of subdomains of LacY. These
studies reveal a distinct difference between the N-terminal
half and the C-terminal half of the transmembrane helical
bundle, in contrast to the static structural analysis that reveals
only the pseudosymmetry of these two halves. This asym-
metry in conformational stability likely contributes to the
transport function of LacY.
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