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crystal structure
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Abstract

Bacteriorhodopsin is one of very few transmembrane proteins for which high resolution structures have been solved. The
structure shows a bundle of seven helices connected by six turns. Some turns in proteins are stabilized by short range
interactions and can behave as small domains. These observations suggest that peptides containing the sequence of the turns
in a membrane protein such as bacteriorhodopsin may form stable turn structures in solution. To test this hypothesis, we
determined the solution structure of three peptides each containing the sequence of one of the turns in bacteriorhodopsin.
The solution structures of the peptides closely resemble the structures of the corresponding turns in the high resolution
structures of the intact protein. ß 2000 Elsevier Science B.V. All rights reserved.
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The paucity of high resolution structures for inte-
gral membrane proteins is a measure of the di¤culty
in obtaining structural information. In contrast to
the family of soluble proteins, the structures of
only a few transmembrane proteins have been solved
by X-ray crystallography and nuclear magnetic reso-
nance (NMR). This has inspired a search for alter-
nate approaches by which some structural informa-
tion can be obtained for integral membrane proteins.

One such approach is to determine the structures
of discrete subdomains of the membrane protein
rather than attempt the structure determination of
the entire intact protein. Some classes of integral
membrane proteins can be thought of as bundles of

helices connected by turns. Turns and helices are
normally stabilized by relatively short range interac-
tions. The turns and the helices of some membrane
proteins might therefore constitute such discrete sub-
domains.

Bacteriorhodopsin from Halobacterium halobium
o¡ers an opportunity to examine this hypothesis.
Several crystal structures are available for this mem-
brane protein. The structure of bacteriorhodopsin
consists of seven transmembrane helices connected
by turns. It has already been shown that most of
the helices of bacteriorhodopsin show helical struc-
tures as individual peptides [1]. The turns of bacter-
iorhodopsin have not been examined. Of the six
turns, three (CD, DE and FG) are de¢ned in the
crystal structures (the other three turns are poorly
de¢ned in the available data). We synthesized three
peptides containing the amino acid sequences of each
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of these turns. The structures of these peptides in
solution were determined by two dimensional homo-
nuclear NMR.

The turns in the bacteriorhodopsin structure can
be considered to be part of a helix-turn-helix motif.
The sequences in this work were selected to corre-
spond to the turns observed in the crystal structure,
with some additional sequence on each side of
the turn that in the crystal structures formed part
of the helices that connect to each turn. A 23mer
with the sequence LLDLALLVDADQGTILALV-
GADG (bacteriorhodopsin residues 90^112 (number-
ing from crystal structure [4])) was synthesized cor-
responding to the CD loop of bacteriorhodopsin. A
15mer with the sequence LVGALTKVYSYQFVW
(bacteriorhodopsin residues 119^133) was synthe-
sized corresponding to the DE loop of bacteriorho-
dopsin. A 24mer with the sequence PVVWLIGSE-
GAGIVPLNIETLLFM (bacteriorhodopsin residues
177^200) was synthesized corresponding to the FG
loop of bacteriorhodopsin. These peptides were syn-
thesized by solid phase synthesis in the Biotechnol-
ogy Center at the University of Connecticut. These
peptides are relatively hydrophobic and are not solu-
ble in aqueous media for the length of the NMR
experiments. DMSO e¡ectively dissolved the peptides
and these solutions were stable for the entire period
of data collection.

All NMR spectra were recorded on a Bruker
AMX-600 spectrometer at 30³C. Solutions were 2^3
mM in peptide. Standard pulse sequences and phase
cycling were employed to record homonuclear 1H
NMR double quantum ¢ltered COSY and NOESY
(400 ms mixing time) spectra [2]. All spectra were
accumulated in a phase sensitive manner using
time-proportional phase incrementation for quadra-
ture detection in F1. Chemical shifts were referenced
to internal water in the DMSO.

The sequence-speci¢c assignment of the 1H NMR
spectrum for the peptide was carried out using stand-
ard methods employing FELIX (MSI). Assigned
NOE cross peaks were segmented using a statistical
segmentation function and characterized as strong
medium and weak corresponding to upper bounds
distance range constraints of 2.7, 3.5 and 5.0 Aî , re-
spectively. Lower bounds between non-bonded
atoms were set to the sum of their van der Waals
radii (approximately 1.8 Aî ). Pseudoatom corrections

Fig. 1. Connectivity observed in the NOESY maps for each of
the loop peptides. The sequences written are numbered inter-
nally within the peptide. The corresponding bacteriorhodopsin
sequences are noted in the text. At the top of each panel, inter-
actions other than KH^NH, LH^NH or NH^NH are also indi-
cated (`do'). Clusters of i to i+3 and i to i+4 interactions are
observed at the ¢rst third and last third of each peptide, consis-
tent with the K-helix observed in the structures.
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were added to inter-proton distance restraints where
necessary [3]. Structures were obtained using simulat-
ed annealing on the peptides with the distance con-
straints obtained from the NOESY data. Simulated
annealing was done with the Kollman All Atom
force ¢eld and Kollman charges, within SYBYL (Tri-
pos). The molecule was heated to 1000 K for 1000 fs
followed by cooling to 200 K during 1500 fs. Ten
cycles were calculated. Statistics on structures were
obtained from X-plor. These calculations were per-
formed on a Silicon Graphics O2 workstation. Imag-
ing and superposition of the resulting structures were
performed on a Power Mac with MacImdad (Molec-
ular Applications Group, Palo Alto, CA, USA) and
on SYBYL using Fit Monomers. Energy minimiza-
tion was performed in SYBYL with the Kollman All
Atom force ¢eld and Kollman charges. SYBYL
ProTable and ProCheck were used to analyze the
structures.

The solution structures of these peptides were
solved. For the CD loop, a total of 224 constraints
were obtained: 72 intraresidue, 128 sequential and 44
long range. For the DE loop, a total of 172 con-
straints were obtained: 97 intraresidue, 54 sequential
and 21 long range. For the FG loop, a total of 236
constraints were obtained: 103 intraresidue, 81 se-
quential and 52 long range. Fig. 1 shows the connec-
tivity among these constraints for each peptide. Fig.

2 shows the superposition of a family of 10 structures
obtained from simulated annealing for each peptide.
The average structure was calculated and the average
rmsd for the families from the average structure for
each peptide was: CD 1.2; DE 0.80; FG 0.92. Table

Table 1
Energy minimization details (kcal/mol)

Energy CD loop DE loop FG loop

Bond stretching 22.327 18.485 13.326
Angle bending 135.880 233.599 138.662
Torsional 31.477 32.808 47.780
Improper torsional 3.264 4.701 5.580
1^4 van der Waals 79.575 80.901 63.423
van der Waals 325.159 31.437 372.435
1^4 Electrostatic 338.077 191.937 338.995
Electrostatic 3610.193 3326.821 3580.496
H-Bond 33.574 30.507 36.608
Fixed torsion angle 0.086 0.108 0.146
Fixed distance range 226.543 221.903 108.618
Total 198.303 455.677 56.992

C

Fig. 2. Families of 10 structures obtained for each of the pep-
tides using simulated annealing as described in the text. Only
the backbone atoms are shown.
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1 shows the energy analyses for these structures. Pro-
Check and ProTable were used to examine each pep-
tide. Stereochemistry and con¢guration for each re-
side of each of the structures were normal, and out
of all the P^M angles in all the peptide structures,
only two were in an unacceptable region of the Ram-
achandran plot.

For each of the peptides representing the turns of
bacteriorhodopsin, CD, DE and FG, a turn structure
is observed in solution, re£ecting the parent protein
structure. The turn appears to be part of a helix-
turn-helix motif. These turn structures are largely

determined by short range distance constraints
(iCi+1, iCi+2, iCi+3 and iCi+4), but there are
a few long range constraints between the two sides of
the turn as well. These latter constraints were helix^
helix interactions. When structures were calculated in
the absence of these latter constraints, the turn was
still observed in the structure. Thus the inter-helical
constraints did not arti¢cially induce a turn in the
structure calculations. However, the e¡ect of includ-
ing these constraints was to stabilize the relationship
between the two helices during the calculations.
These constraints were used in the structures re-
ported here.

The loop structures from the peptides were super-
imposed on the corresponding amino acid sequence
in a recent crystal structure of bacteriorhodopsin
(1c3w) [4]. Residues 8^14 (126^132 of bR) of loop
DE were superimposed on the crystal structure with
an rmsd of two. The loop in this crystal structure is
centered on residues 125^128. Thus the region super-
imposed includes almost the entire loop and much of
the carboxyl-terminal helix of this structure. The re-
gion 120^126 was also superimposed with an rmsd of
2.5, corresponding to the helix on the amino-terminal
side of this peptide. Residues at the very termini of
the peptide were not used as those residues are dis-
ordered in the NMR structures of all the peptides. A
previous analysis showed that an rmsd of 2.5 or less
is observed when comparing peptides of di¡ering
length but encompassing a substantial structural
component in common [5]. These data indicate
good agreement between the crystal structure of bac-
teriorhodopsin and the DE loop peptide when com-
pared segmentally. The rmsd goes up to about three
if both helices and the loop are superimposed simul-
taneously. The relationship between the helices on
both sides of the loop is possibly underdetermined
by the available data, leading to a reduction in the
quality of the ¢t. However, Fig. 3 shows that such a
simultaneous superposition actually gives relatively
good agreement with the crystal structure in that
the size of the turn and general direction of the chain
is the same in the peptide as in the crystal structure.
Furthermore, the solution structure of the peptide is
within the envelope of conformations represented in
the available crystal structures, as shown in Fig. 4.

Residues 10^22 (186^198 of bR), or 13 residues, of
the FG loop were superimposed on lc3w, with an

Fig. 3. Superposition of the structure for each loop peptide,
CD, DE and FG, on the corresponding amino acid sequence in
a recent crystal structure of bacteriorhodopsin (1c3w) [4]. Only
the relevant loop region of the bacteriorhodopsin structure is
represented for clarity. The arrow indicates the peptide whose
structure is reported here. In each case, the peptide structure
mimics the crystal structure except at the last two or three resi-
dues which are disordered in the solution structures as can be
seen in Fig. 2. The amino-terminal is at the left and the carbox-
yl-terminal is at the right.

BBAMEM 70875 17-5-00 Cyaan Magenta Geel Zwart

M. Katragadda et al. / Biochimica et Biophysica Acta 1466 (2000) 1^64



rmsd of 2.5. This includes the turn and the carboxyl-
terminal helix of the peptide, which agree relatively
well with the crystal structure according to the cri-
teria described above. Superposition of the peptide
on the crystal structure using residues 178^185 (bR)
gave an rmsd of 2.0. Therefore, the amino-terminal
helix of the peptide agrees well with the crystal struc-
ture. The ¢t is not as good if the whole range of
ordered residues in the peptide structure are super-
imposed on the crystal structure. As in the case of
DE, that is likely due to the paucity of available
constraints between the helices. However, Fig. 3
shows that such a superposition actually gives rela-
tively good agreement with the crystal structure and
the solution structure of this peptide is also within

the envelope of conformations represented in the
available crystal structures, as shown in Fig. 4.

Residues 10^21 (99^110 of bR) of the CD loop
peptide were superimposed on the crystal structure
with an rmsd of two. The loop is centered on resi-
dues 96^102, so this superposition includes part of
the loop and the carboxyl-terminal helix of the pep-
tide. The amino-terminal helix also superimposes
well : residues 91^96 superimpose with an rmsd of
2.1. As with the other loops, the ¢t is not as good
if the whole range of ordered residues in the peptide
structure are superimposed on the crystal structure,
and as in the case of DE and FG, that is likely due to
the paucity of available constraints between the heli-
ces. Fig. 4 shows that this structure of the CD loop is

Fig. 4. Four crystal structures of bacteriorhodopsin were superimposed and represented in cyan and green [9^12]. The structures of
the individual loops solved in this work are presented in red. Superposition of the loop structures on the crystal structures shows that
the NMR structures fall within the envelope of the conformations from crystal structures of bacteriorhodopsin.
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within the envelope of conformations represented in
the available crystal structures.

A remarkable similarity in structure is observed
between the individual peptides and the region of
the parent protein with the same amino acid se-
quence. For each peptide, not only is a turn ob-
served, but also the turn is of similar size to that
observed in the crystal structure of the whole protein.
Furthermore, in agreement with the structure of the
whole protein, these subdomains appear to be helix-
turn-helix motifs.

These results suggest that the loop regions con-
necting transmembrane helices in a protein like bac-
teriorhodopsin are stabilized largely by relatively
short range interactions that can be found in a rela-
tively small peptide as well as in the protein. Several
recent studies on turns in G-protein-coupled recep-
tors have shown that peptides containing sequences
hypothesized to form turns connecting transmem-
brane helices show solution structures with a turn
[6,7]. The results here for bacteriorhodopsin suggest
that those turns from the G-protein-coupled recep-
tors may be reporting accurately the secondary struc-
ture found in the intact receptor.

These observations raise some interesting issues on
the factors leading to the stability of the bacteriorho-
dopsin structure. Helix^helix interactions have been
shown to be very important to the stability of bac-
teriorhodopsin [8]. The results here suggest that at
least some of the loop regions may also contribute
to structural stability of the protein and/or play a
role in the folding of the protein during/after syn-
thesis. Since the peptides containing the sequences
of these three loops of bacteriorhodopsin form turns
independently of the remainder of the protein, the
amino acid sequences for each of these regions
must encode a loop structure. The short range inter-
actions con¢ned within these peptides are su¤cient
to stabilize the loop structure and thus may contrib-
ute to overall protein stability. The three loop re-

gions studied here are well-de¢ned in the crystal
structures of bacteriorhodopsin. The conclusions
for these three loops may not apply to the other
loops of bacteriorhodopsin that are not well-de¢ned
in the crystal structures.
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