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ABSTRACT: Structural analysis of peptide fragments has provided useful information on the secondary
structure of integral membrane proteins built from a helical bundle (up to seven transmembrane segments).
Comparison of those results to recent X-ray crystallographic results showed agreement between the
structures of the fragments and the structures of the intact proteins. Lactose permease ofEscherichia coli
(lac Y) offers an opportunity to test that hypothesis on a substantially larger integral membrane protein.
Lac Y contains a bundle of 12 transmembrane segments connected by 11 loops. Eleven segments, each
corresponding to one of the loops in this protein, were studied. Five of these segments form defined
structures in solution as determined by multidimensional nuclear magnetic resonance. Four peptides form
turns, and one peptide reveals the end of one of the transmembrane helices. These results suggest that
some loops in helical bundles are stabilized by short-range interactions, particularly in smaller bundles,
and such intrinsically stable loops may contribute to protein stability and influence the pathway of folding.
Greater conformational flexibility may be found in large integral membrane proteins.

Lactose permease (lac Y) ofEscherichia coli is an
integral membrane protein (for a review, see ref1). This
protein is a symport, 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).

Lac Y was predicted from hydrophobicity plots to consist
of a bundle of 12 transmembrane helices (TM) connected
by loops of varying length. This hypothesis has been tested
by a variety of biochemical experiments, and the results have
supported the model (3). Furthermore, these investigations
have proposed important details on the boundaries between
the transmembrane helices and the connecting loops, provid-
ing further insight into the overall structure of this protein
(4). Recently, an X-ray crystal structure was reported for a
mutant lac Y (5). The crystal structure shows a bundle of
12 transmembrane helices, with which the previous studies
on structure are largely consistent.

Recent experiments on smaller integral membrane proteins,
also consisting of helical bundles, have revealed that the
transmembrane helices (6-17) and the turns (18-25) behave
as subdomains of the overall protein. For example, peptide
fragments corresponding to the individual helices of bacte-
riorhodopsin (26) and bovine rhodopsin (27) are helical in
solution, as determined by multidimensional nuclear mag-
netic resonance (NMR),1 and are consistent with the corre-
sponding region of the crystal structure. Likewise, peptides

corresponding to putative turns in these proteins form turns
in solution independent of the remainder of the protein.

These results led to the hypothesis that useful information
about secondary structure (helices and turns) can be obtained
for membrane proteins from structural studies on fragments.
In this report, we test this hypothesis on the large helical
bundle of lac Y. We find that peptide fragments from five
of the turns of this 12 TM membrane protein behave similarly
to peptide fragments from smaller 7 TM membrane proteins
and report on the secondary structure of the protein. Since
X-ray crystal structures of membrane proteins are still
relatively rare and turns are often disordered in the structures,
and since turns are difficult to predict with computer
modeling, it is important to have alternative means to obtain
this structural information. The stability of many loops from
membrane proteins suggests that loops could help to guide
protein folding. The majority of the turns in lac Y, however,
do not form stable structures as separate fragments, a result
that differs significantly from previous studies on smaller
helical bundles. These latter observations suggest that greater
conformational flexibility may be found in large integral
membrane proteins, or at least those involved in active
transport.

MATERIALS AND METHODS

Peptide Synthesis.The following peptides were synthe-
sized by solid-phase synthesis at Genemed (San Francisco,
CA): MGAYFPFFPIWLHDINHISKSDTGIIFAAISL, loop
1-2, 32mer, lpt1-2; QPLFGLLSDKLGLRKYLLWIITG,
loop 2-3, 23mer, lpt2-3; FIFIFGPLLQYNILVGSIVG-
GIYLGF, loop 3-4, 26mer, lpt3-4; VEAFIEKVSRRS-
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NFEFGRARMFGCVG, loop 4-5, 26mer, lpt4-5; IVIM-
FTINNQFVFWLGSG, loop 5-6, 18mer, lpt5-6; LAVLLFF-
AKTDAPSSATVANAVGANHSAFSLKLALELFRQPKL,
loop 6-7, 43mer, lpt6-7; SCTYDVFDQQFANFFTSFFAT-
GEQGTRVFGY, loop 7-8, 31mer, lpt7-8; SIMFFAPLI-
INRIGGKNALLLAGTI, loop 8-9, 25mer, lpt8-9; AGTIMS-
VRIIGSSFATSALEVVILKTLHM, loop 9-10, 29mer, lpt9-
10; VGCFKYITSQFEVRFSATIYLV, loop 10-11, 22mer,
lpt10-11; SVLAGNMYESIGFQGAYLVLGL, loop 11-12,
22mer, lpt11-12. The peptides were designed prior to the
publication of the X-ray crystal structure on the basis of the
previous biochemical experiments. The sequences were
selected to be roughly centered on the turns. The underlined
residues are those actually found in the turns from the crystal
structure. The original design therefore succeeded in locating
the turn roughly in the middle of the peptide. Other design
considerations included overall length; previous experiments
revealed that if the peptide was too short, it might be
unstructured. Stable turns have been seen in peptides as short
as 16 residues, but since longer peptides usually produced
better results, all but one of these lac Y peptides was designed
with 22 or more residues. Another factor is that too many
hydrophobic residues cause problems in synthesis and
solubility, which limited the total length of the peptides that
could be used. Finally, for these loop peptides, it has been
found to be helpful to include enough residues on either side
of the actual turns to potentially form one or two turns of
the attached helices. Where successful, this can lead to a
helix-turn-helix motif in the experimental structure, which
provides considerable information on not only residues in a
turn but also the ends of the transmembrane helices.

These peptides were analyzed by mass spectrometry and
showed the correct mass for the sequence and a purity greater
than 90%, which is adequate for the NMR measurements.
Figure 1 shows the primary structure of lac Y in which these
sequences can be located. These peptides correspond to the
sequences for all of the loops of lac Y.

NMR Spectroscopy.All NMR spectra were recorded on a
Varian INOVA-600 spectrometer at 30°C in neat DMSO.
DMSO was used because these peptides are poorly soluble,

or insoluble, in water, DMSO does not preferentially stabilize
any particular secondary structure, and structures of frag-
ments in DMSO from other integral membrane proteins
agreed well with corresponding regions of the X-ray crystal
structure (26, 28). Standard pulse sequences and phase
cycling were employed to record double quantum filtered
(DQF) COSY and NOESY [data were collected with 400
ms mixing times (29)]. Previous work with other similarly
sized peptides at mixing times of 150, 250, and 400 ms
showed no evidence of spin diffusion, and 400 ms showed
the most useful interactions in the NOESY. All spectra were
accumulated in a phase-sensitive manner using time-
proportional phase incrementation for quadrature detection
in F1. Chemical shifts were referenced to the residual protons
in the DMSO-d6. Sequence-specific assignments were ob-
tained using standard approaches, and the results are listed
in Tables 1-5.

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, corresponding 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 (30). Distance geometry calculations were carried
out using the program DIANA (31) within the SYBYL 6.6
package (Tripos Software Inc., St. Louis, MO). First-
generation DIANA structures, 150 in total, were calculated.
Energy refinement calculations (restrained minimizations/
dynamics) were carried out on the best distance geometry
structures using the SYBYL program 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 done with the Kollman all-atom force field
and Kollman charges within Sybyl. The molecule was heated
to 1000 K for 1000 fs followed by cooling to 200 K during

FIGURE 1: Schematic representation of the primary structure of lac Y. The peptide sequences examined in this paper can be identified in
this schematic as encompassing each of the loop regions. Figure adapted from ref1. The residues indicated as located in the loops have
been so identified by direct analysis of the X-ray crystal structure of the protein, and this figure differs in this manner from the original
figure.

12830 Biochemistry, Vol. 43, No. 40, 2004 Bennett et al.



1500 fs. Ten consecutive cycles were calculated. These
calculations were performed on a Silicon Graphics R10000
computer.

Structural Analysis.The structures of the loop peptides
were compared with the native protein structure, since after
this project was largely complete the crystal structure of
one form of lac permease was reported (5). VMD (32) was
used to overlay the structures of the loops on the crystal
structure and to calculate the rmsd of the fit using the
backbone atoms.

Circular Dichroism (CD).CD spectra were obtained on a
Jasco J715 spectropolarimeter at 45°C (to enhance the
optical clarity of the samples) in 2 mm path length cuvettes
and corrected by subtracting a detergent blank. Attempts to
deconvolute the spectra were not successful because the basis
set for the deconvolution programs is from proteins, not from
peptides. Each CD sample was prepared using 1.0 mg of
the peptide in 700µL of a mixed detergent solution

containing 136 mM lauryl sulfate/45 mM octyl glucoside in
10 mM potassium phosphate buffer, pH 7.0.

RESULTS

Five of the peptides corresponding to loops of lac Y form
stable structures in solution. Structures were determined for
each of these peptides from NMR as described in Materials
and Methods. The details for each of these five peptides are
described in the following.

Lpt3-4 corresponds to residues 91-116 of lac Y. A total
of 105 intraresidue, 41 sequential, and 18 long-range
constraints were observed in the spectrum. The density of
constraints is presented in Figure 2. The pattern of constraints
(Figure 3A) shows long-range constraints in the middle and
few in the extremes of the sequence. The overlay of the five

Table 1: Chemical Shift Table for lpt45

residue RH NH âH other

Val1 3.58 2 2.21, 2.25
Glu2 4.32 8.46 1.7, 1.83
Ala3 4.25 8.03 1.12
Phe4 4.56 8.07 2.76, 2.96
Ile5 4.16 7.91 1.66 0.78, 1.04
Glu6 4.22 8.04 1.81, 1.91 2.14
Lys7 4.288 8.02 1.59, 1.63 1.24, 1.29, 1.46, 2.7
Val8 4.21 7.74 1.91 0.78, 0.8
Ser9 4.3 8.06 3.53 5
Arg10 4.18 8.02 1.43, 1.61 3.04, 7.43
Arg11 4.29 7.97 1.45, 1.64 3.06, 7.38
Ser12 4.28 7.95 3.47, 3.53 5.07
Asn13 4.51 8.16 2.32, 2.49
Phe14 4.42 7.97 2.69, 2.91
Glu15 4.19 8.06 1.66, 1.81 2.13
Phe16 4.48 7.93 2.78, 3.01
Gly17 3.71, 3.75 8.25
Arg18 4.3 7.96 1.46, 1.65 3.05
Ala19 4.22 8.08 1.18
Arg20 4.17 8.029 1.45, 1.6 3.05
Met21 4.28 7.8 1.69, 1.83 2.32
Phe22 4.5 8.04 2.76, 3.01
Gly23 3.66, 3.81 8.27
Cys24 4.3 8 2.7, 3.05
Val25 4.177 7.9 1.96 0.83
Gly26 3.69 8.31

Table 2: Chemical Shift Table for lpt56

residue RH NH âH other

Ile1 1.75
Val2 4.24 8.29 1.87
Ile3 4.13 8.09 1.69 1.05, 1.36
Met4 4.32 7.93 1.67, 1.80 2.33
Phe5 4.67 7.93 2.79, 3.03
Thr6 4.30 8.02 1.01, 4.00
Ile7 4.22 7.67 1.72 1.08, 1.41
Asn8 4.53 8.13 2.40, 2.58 7.37
Asn9 4.48 7.99 2.42
Gln10 4.09 7.98 1.67, 1.83 2.02
Phe11 4.46 7.95 2.81, 2.95
Val12 4.07 7.58 1.89 0.71
Phe13 4.52 7.92 2.77, 2.95
Trp14 4.55 8.03 2.96, 3.12 7.12, 7.55
Leu15 4.30 7.99 1.44 0.81
Gly16 3.74 7.90
Ser17 4.34 7.87 3.59
Gly18 3.74 8.14

Table 3: Chemical Shift Table for lpt89

residue RH NH âH other

Ser1 4.21 8.18
Ile2 4.32 8.73 1.76 0.83
Met3 4.4 8.2 1.8, 1.9 2.44
Phe4 4.62 8.02 2.85, 3.07 7.3
Phe5 4.67 8.28 2.87, 3.09 7.23, 7.34
Ala6 4.63 8.39 1.31
Pro7 4.45 1.91, 1.97 2.1, 3.6
Leu8 4.36 8.09 1.55, 1.62 1.7
Ile9 4.29 7.83 1.82 0.45, 0.89, 1.17
Ile10 4.26 7.93 1.8 0.53, 0.9, 1.18
Asn11 4.66 8.24 2.53, 2.64 7.08, 7.56
Arg12 4.36 8.12 1.59, 1.67 1.57, 1.82, 3.18, 7.57
Ile13 4.26 7.92 1.87 0.54, 0.95, 1.17
Gly14 3.85 8.24
Gly15 3.9 8.18
Lys16 4.39 8.2 1.61, 1.75 1.4, 2.86
Asn17 4.615 8.34 2.54, 2.68 2.54, 2.68
Ala18 4.26 8.16 1.31
Leu19 4.32 8.09 1.55, 1.62 0.93, 0.99
Leu20 4.37 7.82 1.58, 1.67 0.93, 0.99
Leu21 4.38 7.86 1.56, 1.7 0.93, 0.99
Ala22 4.34 8.01 1.33
Gly23 3.82, 3.94 8.23
Thr24 4.41 7.78 4.04 1.15
Ile25 4.3 7.99 1.89 0.51, 0.97, 1.28

Table 4: Chemical Shift Table for lpt10-11

residue RH NH âH other

Val1 3.73 8.17 2.16
Gly2 3.84 8.71 4.04
Cys3 4.52 8.21 2.73, 2.81 2.38
Phe4 4.61 8.29 2.85, 3.07 7.32
Lys5 4.34 8.22 1.61, 1.71 1.35, 1.57, 2.83, 7.78
Tyr6 4.63 8.01 2.78, 3.01 7.10
Ile7 4.39 8.15 1.86 0.93, 1.18
Thr8 4.42 7.93 4.12 1.14, 5.10
Ser9 4.43 7.88 3.64, 3.70 5.14
Gln10 4.26 8.17 1.75, 1.93 2.14
Phe11 4.59 8.08 2.86, 3.10 7.32
Glu12 4.42 8.23 1.85, 2.00 2.35
Val13 4.28 7.80 2.01 0.89
Arg14 4.38 8.12 1.53, 1.70 1.11, 3.15, 7.50
Phe15 4.72 8.03 2.88, 3.14 7.30
Ser16 4.42 8.28 3.68
Ala17 4.50 8.17 1.34
Thr18 4.35 7.97 4.04 1.09, 5.04
Ile19 4.28 7.69 1.79 0.82, 1.35
Tyr20 4.56 8.00 2.76, 2.96 7.09
Leu21 4.50 8.07 1.54, 1.70 0.93
Val22 4.22 7.93 2.15 0.99
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lowest energy DIANA structures is shown in Figure 4. The
middle of the peptide is structured. The average pairwise
backbone rmsd of these structures for residues 6-16 was
0.44. The total energy after minimization was 283 kcal/mol.
All residues in the structured region lie within the acceptable
regions of the Ramachandran plot. The sequence forms a
turn between residues 99-106 of lac permease, while most
residues outside this turn are disordered due to the lack of
NOE constraints.

Lpt4-5 corresponds to residues 125-150, putatively a
loop connecting helices 4 and 5 of lac permease. A total of
136 intraresidue, 30 sequential, and 14 long-range interac-
tions were assigned to produce the final structure. The density
of constraints is reduced in the middle where residues R10
and R11 could not be unambiguously assigned, and few long-
range constraints could be found in the N-terminal half
(Figure 2). The pattern of constraints (Figure 3B) suggests
helicity at the C-terminal end of the peptide. The chemical
shift index (33) also suggests helical tendency at the
C-terminal end of the peptide (data not shown). The overlay
of the five lowest energy DIANA structures is shown in
Figure 4. The structure was minimized using the Powell
method in Sybyl6.6. The rmsd for the backbone from the
overlay of residues 16-26 is 0.45. The total energy after
minimization was 295 kcal/mol. All residues except Phe14
of the peptide lie within the acceptable regions of the
Ramachandran plot. The final structure for lpt4-5 is
disordered from the N-terminal end until residue 136 of lac
Y (residue 12 of the peptide) and then helical from F140
through the end of the peptide (G150).

Lpt5-6 corresponds to residues 157-175 of the extra-
membraneous segment 5 of lac permease. A total of 93
intraresidue, 49 sequential, and 31 long-range interactions
were assigned to produce the final structure. The density of
constraints (Figure 2) is fairly uniform over the whole
peptide. The pattern of constraints shows some helical
tendency outside the turn region (Figure 3C). The overlay

of the last five simulated annealing cycles is shown in Figure
4. The average pairwise rmsd of the backbone for the entire
molecule is 0.86. The total energy after minimization was
224 kcal/mol. All residues except Ile7 and Phe11 of the
peptide lie inside acceptable regions of the Ramachandran
plot. The structure forms a turn between residues T163 and
F168 of lac permease, leaving N164, N165, and Q166
(residues 8-10 of the peptide) at the apex of the turn.

Lpt8-9 corresponds to residues 274-298 of lac permease,
a putative extramembraneous loop. A total of 198 intraresi-
due, 79 sequential, and 17 long-range interactions were
assigned to produce the final structure. Long-range con-
straints are primarily located in the region of the turn with
a low density of constraints in the amino terminus and
carboxyl terminus (Figures 2 and 3D). The overlay of the
five lowest energy DIANA structures is shown in Figure 4.
The average pairwise rmsd of the backbone for residues
7-12 is 0.07. The total energy after minimization was 295
kcal/mol. All residues except Leu8 and Met9 in the structured
region lie within acceptable regions of the Ramachandran
plot. The sequence forms a turn between residues 280 and
286 of lac permease, with most residues outside this turn
being disordered due to the lack of NOE constraints.

Lpt10-11 corresponds to residues 331-352 of lac Y. A
total of 117 intraresidue, 49 sequential, and 15 long-range
interactions were observed in the spectrum. The distribution
of long-range constraints is shown in Figure 2. The con-
nectivity plot of the constraints shows that the peptide is
structured only between residues 6-13 (Figure 3E). The
overlay of the five lowest energy DIANA structures is shown
in Figure 4. The average pairwise backbone rmsd of these
structures for residues 6-13 was 1.87. The total energy after
minimization was 64 kcal/mol. All residues in the structured
region are within the acceptable regions of the Ramachandran
plot. The sequence forms a turn between residues 336-343
of lac permease. Most residues outside this turn are disor-
dered due to the lack of NOE constraints. Superposition of
this peptide structure on the X-ray crystal structure produces
an rmsd of 2.9. This is substantially higher than the other
peptides, as is the rmsd among the family of structures for
this sequence, and may be the result of too few distance
constraints from the NOESY data for this peptide.

Of the remaining peptides, none showed enough long-
range NOE contacts to define structure in any region of the
peptide. Therefore, these loop peptides have been designated
as disordered.

After most of this structural work was complete, the X-ray
crystal structure of the protein was reported. This enables a
comparison of the loop structures from the fragments with
the structures in the native protein by a superposition of the
ordered regions of the five loop fragments, lpt3-4, lpt4-5,
lpt5-6, lpt8-9, and lpt10-11, on the crystal structure of
lac permease. Table 6 lists the rmsd of these overlays as
well as those of other loops from smaller helical bundles.

CD spectra were obtained of each of the peptides in a
mixed detergent micelle system to further explore structural
features of these loop peptides. The results are shown in
Figure 5. The turns which yielded stable structures in the
NMR measurements in DMSO, lpt5-6, lpt8-9, and lpt10-
11, showed class B CD spectra characteristic of type IIâ-turn
structures, with minima at 218-220 nm and maxima at 200
nm, and the CD spectrum of lpt3-4 showed contributions

Table 5: Chemical Shift Table for lpt34

residue RH NH âH other

Phe1 4.17 2.91, 3.01 7.21
Ile2 4.36 8.53 1.52, 1.78 0.89, 1.11
Phe3 4.72 8.35 2.85, 2.99
Ile4 4.70 7.97 1.76 0.82, 1.12, 1.44
Phe5 4.74 8.16 2.90, 3.14
Gly6 3.84, 3.94 8.24
Pro7 4.44 1.90, 1.96 2.11, 3.54, 3.58
Leu8 4.33 8.12 1.56, 1.72
Leu9 4.38 7.81 1.53, 1.65
Gln10 4.28 7.95 1.92, 2.13
Tyr11 4.54 7.93 2.75, 2.96
Asn12 4.71 8.40 2.50, 2.64
Ile13 4.29 7.88 1.87 0.91, 1.19, 1.51
Leu14 4.44 8.16 1.54
Val15 4.21 7.73 2.06 0.92
Gly16 3.82, 3.89 8.21
Ser17 4.52 7.96 3.64
Ile18 4.32 8.04 1.87 0.91
Val19 4.24 7.84 2.07 0.94
Gly20 3.67, 3.78 7.97
Gly21 3.79, 3.88 8.09
Ile22 7.91 1.75 0.83, 1.08, 1.40
Tyr23 4.54 8.17 2.75, 2.96
Leu24 4.33 7.81 1.54
Gly25 3.67, 3.88 7.93 3.68
Phe26 8.03 2.89, 3.12
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from bothâ-turns andR-helix. The turns that were unstruc-
tured in DMSO in the NMR measurements, with the
exception of lpt11-12, exhibited CD spectra characteristic
of R-helix with minima at 208 and 222 nm. CD spectra
cannot be obtained in DMSO because of interference from
absorbance of the solvent. We were unable to obtain usable
NMR data from the samples containing detergent. Samples
made with just octylâ-glucoside scattered too much light
for CD measurements.

DISCUSSION
Lac Y is a bundle of 12 transmembrane helices. We have

examined the hypothesis in the introduction by determining
the structures in solution of fragments of the protein that
correspond to turns of lac Y. Peptides corresponding to all
11 of the potential helix-turn-helix motifs in lac Y were
examined. Some stable structure was found in five of these
loop peptides: four peptides formed a turn in solution, and
the fifth formed a helix on one end while the remainder was
disordered.

Values of 1.4-2.1 (with one exception) are obtained for
the rmsd of the superposition of these peptide structures on
the X-ray crystal structure of lac Y. These values compare
favorably with previous comparisons of superpositions of
fragment structures on native crystal structures for rhodopsin,
as can be seen in the two entries for rhodopsin in the table.
The rhodopsin fragments correspond to the first and second
cytoplasmic loops; part of the third cytoplasmic loop is
disordered in the crystal structure of rhodopsin so that this
comparison cannot be made for that loop. Previous studies
on bacteriorhodopsin fromHalobacterium salinariumshowed

FIGURE 2: Constraint plots showing the number of intraresidue, sequential, and long-range interactions obtained from the NOESY experiments
for each residue in each peptide. Shown in hatched boxes are the intraresidue interactions, above which are the sequential interactions in
black and the long-range interactions in clear.

Table 6: rmsd Values for the Overlay of the Loop NMR Structures
with the Crystal Structure

loop residues rmsd

rhodopsin first cytoplasmic loopa 60-70 1.0
rhodopsin second cytoplasmic loop 138-150a 2.4
lac Y loop 3-4 100-105 1.9
lac Y loop 4-5 140-150 1.4
lac Y loop 5-6 163-168 1.4
lac Y loop 8-9 280-286 2.1
lac Y loop 10-11 337-343 2.9
a Reference21.
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rmsd’s for superposition of the loops onto the crystal
structure of 2.0-2.5 (26), consistent with the results for lac
Y and rhodopsin.

Studies on loops from other membrane proteins have also
shown stable structures for peptides encompassing the
sequences of the turns. These include the second cytoplasmic

FIGURE 3: Connectivity plots showing the interactions observed in the NOE constraints obtained for each peptide: (A) lpt34 connectivities;
(B) lpt45 connectivities; (C) lpt56 connectivities; (D) lpt89 connectivities; (E) lpt10-11 connectivities.

FIGURE 4: Overlay of the family of solution structures. (A) Overlay of residues 6-13 of the five lowest energy lpt10-11 DIANA structures.
(B) Overlay of the last 5 of 20 cycles of simulated annealing of lpt56. (C) Overlay of residues 6-16 of the five lowest energy lpt34 DIANA
structures. (D) Overlay of residues 16-26 of the five lowest energy lpt45 DIANA structures. (E) Overlay of residues 7-12 of the five
lowest energy lpt89 DIANA structures.
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loop of theR2A adrenergic receptor (34), the third intra-
cellular loop of the human cannabinoid 1 receptor (35), a
loop from the anion transporter of erythrocytes (36), the first
extracellular loop (37) and the third cytoplasmic loop of the
rat angiotensin II AT1A receptor (18), a loop from the turkey
erythrocyte adrenoreceptor (23), the third cytoplasmic loop
(20) and the first extracellular loop of the PTH receptor (17),
loops of EmrE (38), and the third extracellular loop of the
neurokinin 1 receptor (39).

These results collectively from studies on 34 loops of
integral membrane proteins (consisting of helical bundles)
provide considerable information on the residues that form
the turn and, in favorable cases, the end points of trans-
membrane helices. While predictions have proven quite
successful in locating the transmembrane helices within the
primary sequence of a membrane protein (for example, ref
40), predictions have been less successful in predicting the
above kinds of information about turns. Therefore, structural
studies on peptides spanning the turn regions of membrane
proteins provide useful structural information on the mem-
brane proteins from which the peptide fragments were
derived when no high-resolution structures are available.

Several factors have been examined in an attempt to
understand what stabilizes turns from membrane proteins.
Jones et al. suggested from an analysis of sequences of
membrane proteins that there is a higher incidence of a

particular subset of amino acids in turns (41). Thus amino
acids such as R, K, H, Q, and E occurred more frequently
in turns on the portion of the protein facing the cell cytoplasm
than in transmembrane helices where they were quite rare.
Likewise, for turns on the opposite face of the protein, E,
D, Q, H, N, and P were particularly prevalent. The turns of
lac Y do not adhere to this pattern uniformly. One might
then hypothesize that the presence of residues that are rarely
found in turns might destabilize the structure of the turn.
However, examination of the turns in lac Y revealed no
support for this hypothesis. We do not find that overall
hydrophobicity or net charge correlates with stability/
instability of the turns, either. We find no evidence of motifs
in the sequence that would fully explain the relative stability
of the loops, even though the stability is expected to be
sequence-specific. For example, while two of the loops that
form stable structures in DMSO contain the hydrophobic
stable sequence described previously, the other two loops
that form stable structures do not (42).

It is interesting, however, to note that, of the 23 membrane
protein loops from helical bundles that we have examined,
the vast majority are not soluble in water and are therefore
surprisingly hydrophobic. This observation suggests that the
surfaces of lac Y (and bacteriorhodopsin and rhodopsin) are
relatively hydrophobic.

The length of the peptide used to encompass the residues
in a turn can influence the stability of the structure obtained.
For example, the original work on the third cytoplasmic loop
of rhodopsin used a 22mer, which formed only a short
structured region. Upon lengthening this peptide to a 26mer,
a full helix-turn-helix structure was observed. However,
the issue of length is not simple. Thus peptides as short as
16 and 17 residues form stable structures of turns in solution.
However, more generally it has been found that longer
peptides are superior for studying localized secondary
structure.

To better understand the issue of stability/instability of
the turns, CD spectra were obtained of the peptides corre-
sponding to turns of lac Y in the presence of negatively
charged detergent micelles. CD allowed the investigation of
secondary structure in the presence of this membrane mimetic
where the quality of the NMR data that could be obtained
was too poor to permit structure determination. Two classes
of CD spectra were obtained: one consistent with turn
structures and the other dominated byR-helix. Interestingly
a strong correlation was observed between the class of CD
spectra from the peptides in the presence of detergent
micelles and stability/instability of the turn structure in
DMSO as determined by NMR. Peptides corresponding to
loops lpt3-4, lpt5-6, lpt8-9, and lpt10-11 produced CD
spectra consistent withâ-turns or a combination ofâ-turn
andR-helix. These were the same peptides that formed stable
turns in DMSO as determined by the NMR analysis. Six of
the remaining seven peptides that were unstable in DMSO
gave rise to CD spectra dominated byR-helix in the presence
of negatively charged micelles. These data show a self-
consistent pattern, in that the turns identified as relatively
stable by NMR are stable as turns in micellar suspensions
as well, and those found to be disordered in DMSO by
NMR do not show evidence of turns in micellar suspen-
sions. However, these data also collectively reveal that
while many turn peptides in DMSO form structures consis-

FIGURE 5: CD spectra of the loop peptides in SDS/OG micelles.
(A) The CD from turns stable in DMSO, including lpt 3-4, lpt5-
6, lpt8-9, and lpt10-11. (B) The CD of the remaining turn peptides
which did not form stable structures in DMSO. The voltage on the
photomultiplier is shown at the bottom of each panel.
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tent with the X-ray crystal structure of the protein, detergent
micelles introduce other factors, such as a negatively charged
interface, that may lead to formation of non-native structures.

Not all loop peptides and transmembrane helix peptides
form stable structures. However, we have not observed stable
structures of peptide fragments of helices or loops that
disagreed with the known secondary structure of the protein
when examined in DMSO. Therefore, to date, the observation
of a stable structure from a fragment, whether loop or helix,
has reflected the secondary structure of the native protein.

These results suggest broader implications for membrane
protein structure. One is that useful information about loop
structure in helical bundles can be obtained from solution
structural studies of fragments encompassing the loop
regions. Since loops are difficult to predict in computer
modeling, and since X-ray crystal structures of helical
bundles often have highB factors for loop regions, the
availability of other sources of information about loop
structures is important.

Another implication is that some loops may contribute,
albeit modestly, to the overall stability of the protein
structure. The relative stability of loops may influence the
overall stability of membrane proteins built around helical
bundles (43, 44). In both bacteriorhodopsin and rhodopsin,
the loops have been implicated in the thermal stability of
the protein, and all of the loops of these two proteins show
stable structures in DMSO. These data collectively support
the hypothesis that loop sequences that form stable loops
independent of the rest of the protein likely contribute to
the overall stability of the protein because of the propensity
of the loop sequences to form loops.

Loops may contribute to the folding of membrane proteins
as well (45). In the cases that the amino acid sequence drives
loop formation, initial folding of the loop may help to direct
the folding pathway of the protein, limiting sampling of
folding pathways to those that correctly form the loop. In
those cases where sequence does not drive loop formation,
helix-helix interactions likely dominate the structural or-
ganization of the helical bundle during the folding process.

In contrast to previous work on bacteriorhodopsin and
rhodopsin that showed stable structures from all loop
fragments (26, 46), the data on the loops from lac Y portray
a more complicated picture. One important difference is
that both bacteriorhodopsin and rhodopsin are smaller
proteins than lac Y, with 7 transmembrane helices rather than
the 12 transmembrane helices present in lac Y. It is possible
that larger proteins are more conformationally flexible or
that larger proteins involved in active transport are more
conformationally flexible.

The stability or instability of the loops of a membrane
protein may also play a role in function. Rigid-body
movements of helices have been implicated in function of
some membrane proteins. When helices are connected by
short stable loops, the movement of one helix is directly
communicated to the adjacent helix, forcing helices to move
as partners. Such coordinated helix movements have been
hypothesized for lac Y (5). In contrast, isolated rigid-body
helix movements may be facilitated by flexible helix-
connecting loops. Flexible loops can provide the conforma-
tional motility necessary to allow the tilting or deformation
of one helix somewhat independently from the adjacent helix.
Lac Y must enfold a sugar molecule in its protein core and

release it to the opposite side of the membrane. This could
be facilitated by flexible helix movements, which are
facilitated by flexible loops. Therefore, the stability or
instability of loops connecting transmembrane helices may
be important to the molecular mechanism of transport.

In summary, this work suggests that studies of peptide
fragments of helical bundles may be able to provide useful
information on membrane proteins for which no X-ray crystal
structure is available. While not a substitute for X-ray
crystallography, nevertheless in cases where secondary
structure is observed in the fragment, it is possible to identify
which residues form the turn. The factors stabilizing loops
are likely sequence-specific, but clear motifs are currently
lacking. Longer peptides tend to favor stable loops, but
specific lengths that favor stability cannot yet be identified.
The loops of integral membrane proteins that have been
examined to date are surprisingly hydrophobic. Since the
majority of such loops that have been examined to date are
stabilized by short-range interactions, loops may play a role
in membrane protein folding. The instability of some loops
might play a role in membrane protein function.
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