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The cytochrome b
&

tail is a 43-residue membrane-embedded

domain that is responsible for anchoring the catalytic domain of

cytochrome b
&
to the endoplasmic reticulum membrane. Different

models for the structure of the membrane domain of cytochrome

b
&

have been proposed, including a helical hairpin and a single

transmembrane helix. In the present study, CD spectroscopy was

used to investigate the conformation of the tail in different

environments, and as a function of temperature, with the goal of

understanding the nature of the membrane-bound conformation.

Whereas residue property profiling indicates that bending of a

helix in the middle of the peptide might be possible, the

experimental results in small unilamellar vesicles and lyso-

INTRODUCTION

Cytochrome b
&
, a component of the microsomal membrane

stearyl-CoA desaturase system, contains two distinct domains

separated by a trypsin-sensitive region [1]. The larger, catalytic

domain, of approx. 90 amino acid residues, transfers electrons to

a variety of donors and acceptors within the endoplasmic

reticulum (ER). The three-dimensional structure of this haem-

binding domain has been characterized by crystallographic and

NMR studies [2,3]. The other domain (the ‘membrane-binding

domain’ or ‘ tail ’) of cytochrome b
&

is a much shorter (43

residues) hydrophobic fragment that anchors the globular do-

main to the ER membrane.

The sequences of cytochromes b
&

[4–13] from a number of

mammalian sources have been determined, together with those

of the yeast, chicken, tobacco and cauliflower proteins (Figure

1). Although the hydrophobic domain is less strongly conserved

than the haem-binding domain, it is clear, especially for the

mammalian proteins, that considerable identity also exists in the

tail region. All of the tails exhibit a hydrophobic stretch of C 23

amino acids, of which the ten C-terminal residues are thought

to be essential to the membrane-binding function [14].

Intact cytochrome b
&
requires detergent in order to remain in

a monomeric state. In aqueous solutions, the hydrophobic

domain promotes association into stable octameric complexes

[15]. The potency of the tail in promoting association has been

demonstrated by the observation that erythrocyte cytochrome

b
&
, with a haem-binding domain identical with that in the

microsomal protein but lacking the hydrophobic domain, is a

water-soluble protein that does not partition into membranes

[16].

Studies of the interactions between cytochrome b
&
and artificial

liposomes have shown that, in �itro, two different modes of

binding can occur, depending upon the experimental conditions.

A ‘ loose ’ form is obtained when cytochrome b
&

is mixed with

Abbreviations used: DPPC, dipalmitoyl phosphatidylcholine, ER, endoplasmic reticulum; lysoPC, lysophosphatidylcholine (palmitoyl); NRMSD,
normalized root-mean-square deviation; SUV, small unilamellar vesicle ; TFE, 2,2,2-trifluoroethanol.
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phosphatidylcholine micelles are more consistent with a single

transmembrane helix. Furthermore, although there is evidence

for some refolding of the polypeptide with temperature, this is

not consistent with a hairpin-to-transmembrane transition.

Rather, it appears to represent an increase in helical content in

fluid lipid environments, perhaps involving residues at the ends

of the transmembrane segment.

Key words: circular dichroism spectroscopy, helix stability,

integral membrane protein, phospholipid vesicles, secondary

structure.

preformed liposomes, and is characterized by the ability of the

protein to exchange with added liposomes [17]. Alternatively, in

the presence of detergent, a ‘ tight ’ form of binding is obtained,

in which protein exchange is effectively prevented [18].

Two different conformations have been proposed for the

membrane-binding domain: (1) a single membrane-spanning

helix (Figure 2A), and (2) a hairpin-type structure [19], with two

helical regions joined by a turn in the middle involving Pro-115;

this structure is proposed to span only half of the bilayer

thickness (Figure 2B). Digestion studies have indicated sensitivity

of the last few residues to proteolysis, and, by implication, a

single transmembrane helical topology in which the tail is

accessible to the cytosol under tight binding conditions [20].

Cross-linking studies with photoactivatable cross-linkers have

indicated that the hairpin conformation that spans only half

the bilayer may be associated with the loose form, whereas the

transmembrane arrangement is more consistent with the tight

form [21]. Further support for the existence of two types of

structure has come from fluorescence studies of the tail domain

[22] : by measuring the changes in the quantum yield of Trp

residues over the temperature range 10–70 °C, it was shown that

the peptide could flip between two distinct conformations in

palmitoyloleoylphosphatidylcholine vesicles. However, other

cross-linking studies using a membrane-impermeant cross-linker

have presented contradictory results to the above models,

suggesting instead that the tight form is a hairpin conformation

rather than a membrane-spanning conformation [18]. Further-

more, fluorescence quenching experiments [23] suggested that

both the tight and loose forms are hairpin structures. Thus the

structural identities of the two forms remain unclear.

CD spectroscopy and Fourier-transform IR spectroscopy have

been used to probe the secondary structures of the membrane-

binding domain [24–27] in various environments. These methods

have produced a range of values, with β-sheet contents of up to

33% and helical contents ranging from 43 to 61%, depending on
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Figure 1 Multiple sequence alignment of cytochromes b5 from a variety of sources

Conserved residues are shown in inverse (white lettering on a black background), and conservative substitutions are shaded. The extents of the tail domains are indicated by the italicized residues.

Figure 2 Proposed alternative topologies for the cytochrome b5 tail

(A) Transmembrane model ; (B) hairpin model ; (C) transmembrane model at elevated

temperatures, showing extension of the helical region. HBD, haem-binding domain.

the conditions and methods used. The helix contents obtained

correspond to between 19 and 26 residues being in a helical

conformation, which would be sufficient to span the membrane

if they are in a single transmembrane helical segment. However,

to date, the authors of the studies of secondary structure have

tended to suggest that the results support a hairpin-type structure.

Studies of the hydrophobic domain using site-directed muta-

genesis have provided additional information on the structure

and topography of the membrane-binding fragment, although

again all of these studies are not in complete agreement. Using a

rabbit reticulocyte system, the translation of an mRNA encoding

rat cytochrome b
&

in the presence of microsomes resulted

in protein insertion into membranes [28]. The sensitivity of the

protein to proteases was most compatible with a transmembrane

conformation. Site-directed mutagenesis of Pro-115 to Ala did

not alter the topology, although the affinity of peptide binding

to membranes was diminished 2–3-fold. Mutagenesis of rat

cytochrome b
&
showed that replacement of residues 104–125 with

leucines yielded a protein that was capable of inserting into the

ER membrane in a yeast expression system. However, this form

of the protein showed impaired activity in reconstituted electron-

transfer systems [29].

Further knowledge of the structure and folding of the

membrane-binding domain of cytochrome b
&

will aid in our

understanding of the role that the tail plays in targeting the

protein to the correct membrane location and in governing its

insertion into lipid bilayers. In the present study we have used

CD spectroscopy to examine the conformation of the tail in

different environments, as well as the effects of thermal changes

on the conformation of the membrane-bound domain.

EXPERIMENTAL

Materials

The bovine cytochrome b
&

tail peptide (residues Ile-91 to Asn-

133) was isolated by tryptic cleavage of a cloned full-length

cytochrome b
&
}thioredoxin fusion protein, as described pre-

viously [30]. On SDS}PAGE, the tail migrated as a single band
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119Conformation of the cytochrome b5 tail

Figure 3 Polyacrylamide (25%)-gel electrophoresis of purified cytochrome
b5 tail stained with silver stain

Left lane, purified cytochrome b5 tail ; right lane, protein Mr standards (from top to bottom :

16900, 14400, 10700, 8100, 6200 and 2500).

with an apparent M
r
of C 5000 (Figure 3). MS produced a peak

at 4964, consistent with the expected value for the peptide.

Sample preparation

The peptide solutions were prepared at concentrations of

0.66 mg}ml in the following solvents : methanol (spectrophoto-

metric grade; Aldrich), 2,2,2-trifluoroethanol (TFE) (99­% ;

Aldrich), and n-propanol (AnalaR grade ; Merck). Samples were

vortexed briefly and then centrifuged at 12800 g for 5 min to

remove any undissolved material.

For the palmitoyl lysophosphatidylcholine (lysoPC) samples,

2 mg of 1-palmitoyl-2-hydroxy-sn-glycero-2-phosphocholine

(Avanti) was dissolved in 3 ml of distilled water. A 2.5 ml volume

of this solution was added to 0.5 ml of the methanolic peptide

solution prepared as described above. The mixture was

sonicated for 2 min and then allowed to equilibrate at room

temperature for 30 min prior to use.

The small unilamellar vesicle (SUV) samples were prepared as

follows. The peptide was dissolved in methanol at a concentration

of 0.66 mg}ml. Then 5 mg of dipalmitoyl phosphatidylcholine

(DPPC) (Calbiochem) was dissolved in 1.0 ml of chloroform

(spectrophotometric grade; Aldrich), to which was added 0.5 ml

of the methanol solution of the peptide, providing a lipid}peptide

molar ratio of 100:1. For baseline readings, the vesicles were

prepared in the same manner but without peptide. The mixtures

were vortexed briefly and dried under vacuum. Then 0.5 ml of

deionized water was added and the jacketed sample was probe-

sonicated at room temperature in 10 s bursts with an MSE

Sonoprep 150 until the solution appeared opalescent, and then

centrifuged at 12800 g. The supernatant was retained for spec-

troscopic studies.

CD spectroscopy

Spectra were recorded using an Aviv 62ds spectropolarimeter

with a detector acceptance angle of & 90°. The instrument had

been calibrated previously for wavelength using benzene vapour,

and for optical rotation using d-10-camphorsulphonic acid.

Spectra obtained in organic solvents and lysoPC were the

result of averaging up to five scans for each preparation, collected

at 10 °C. Dynode voltages for the first and last scans of a set were

checked for consistency to ensure that no significant variation

occurred during data collection. At least two independent

preparations of each type of sample were examined.

Spectra obtained in vesicles were the result of averaging three

scans taken at a given temperature. The temperature was varied

between 10 °C and 60 °C in 10 °C steps, with 10 min equilibration

periods between temperature changes for each set of spectra. The

samples were cooled for 20 min after returning to 10 °C for

the final set of scans.

Table 1 Secondary structural analyses of the cytochrome b5 tail in alcohol
solvents, lysoPC and DPPC

All values were obtained at 10 °C. NRMSD is a parameter indicating goodness-of-fit of the

calculated structure to the experimental data.

Secondary structure (%)

Environment Helix Sheet Turns Other NRMSD

Methanol 59 17 6 18 0.041

TFE 39 33 1 27 0.040

Propanol 60 0 18 22 0.036

LysoPC 68 0 10 22 0.034

DPPC 58 0 12 30 0.039

All spectra were collected over a wavelength range from 190 to

280 nm, using a step size of 0.2 nm in a 0.02 cm pathlength cell.

Equivalent numbers of scans of the baseline samples (containing

only solvent, lysoPC or vesicles) were obtained, averaged and

subtracted from the averaged sample spectra. Spectra were then

smoothed using a Savitsky–Golay filter [31]. Mean residue

ellipticities were calculated using a mean residue weight of 116

for the polypeptide.

Analyses of secondary structure

All spectra were analysed using a least-squares curve-fitting

procedure, with the fractions of secondary structure constrained

to be non-negative and normalized to 100% [32]. The reference

data set used was derived from 15 water-soluble proteins [33].

The helix length was varied in some of the calculations, but in

general a helix length of 20 was used. Additionally, some spectra

were analysed using an alternative reference data set [34] or an

alternative calculation algorithm [35]. The qualities of the fits of

the calculated secondary structures to the experimental data were

determined using the normalized root-mean-square deviation

(NRMSD) parameter [32]. NRMSD values of less than 0.1

usually mean that the calculated secondary structure corresponds

well with the actual structure of the protein [34]. In the present

study, all the NRMSD values were well below 0.1 (see Tables 1

and 2).

Although the NRMSD values for all samples were low,

indicating a good correspondence between the calculated sec-

ondary structures and the actual structures, CD as a technique is

most accurate in estimating helix content. As a result, most

discussions of secondary structures in the present paper will

concentrate on the helix content of the polypeptide. Although

several different methods of analysis were used, only the results

of one method [32] are reported in the Tables, as this method

produced the lowest NRMSD values; all methods showed similar

trends for the helical contents of the various samples.

Helix prediction and residue property profiling

A consensus prediction of the potential membrane helix-forming

regions was obtained from the results of the following methods:

TopPred2 [36], TMPred [37], TMHMM [38], SOSUI [39],

HMMTOP [40] and PhdTM [41]. Residue property profiles were

determined using scales of hydrophobicity [42], flexibility [43]

and bulkiness [44]. Multiple sequence alignments were performed

using ClustalW [45].
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RESULTS

Secondary structure : environment-dependence

Cytochrome b
&

was expressed as a fusion product with thio-

redoxin and then purified after proteolytic cleavage to produce

the isolated tail domain (Figure 3). The CD spectrum of the

cytochrome b
&
tail in methanol (Figure 4A) exhibited a positive

peak at 193 nm and negative peaks at 210 nm and 219 nm, with

the lower-wavelength peak being the larger of the two negative

peaks. In the TFE spectrum (Figure 4A), the peaks at 193 and

209 nm were both depressed in magnitude relative to the 220 nm

peak (although the 220 nm peak was still larger than the

209 nm peak), and all were shifted slightly in position relative to

the peaks in the methanol spectrum. In propanol (Figure 4A), the

peaks were shifted towards higher wavelengths, and the two

negative peaks were of approximately equal magnitude. Despite

these minor differences, all three spectra are characteristic of a

polypeptide with a significant amount of α-helical secondary

structure.

Analyses of secondary structure (Table 1) indicated small but

significant differences in the structures of the tail peptide in the

three solvents, with that in propanol having the highest helix

content (C 60%). Surprisingly, the helix content in TFE, often

considered a helix-inducing solvent, was the lowest (C 40%). In

Figure 4 CD spectra of the cytochrome b5 tail in (A) three different
alcohols, and in (B) DPPC vesicles and lysoPC

(A) The alcohols were methanol (dashed line), TFE (dotted line) and propanol (solid line) ;

spectra were obtained at at 10 °C. (B) Spectra were obtained for the cytochrome b5 tail in DPPC

vesicles at a lipid/protein ratio of 100 :1 at 10 °C (dotted line), and in lysoPC at 10 °C
(solid line).

Figure 5 CD spectra of the cytochrome b5 tail in DPPC vesicles as a
function of temperature

Spectra were obtained at 10 °C (solid line) and at 60 °C (broken line). The error bars indicate

the reproducibility of the data.

propanol, there was no evidence for β-sheet structure, but there

appeared to be a significant turn content (corresponding to up to

eight residues, or one or two turns worth). In this case, the best

fit to the data was obtained using a helix length of between 14

and 18 residues, suggesting (together with the turn content) that

the structure in this solvent could be two short helices connected

by a turn (as in the hairpin conformation). The other two

solvents produced secondary structures with lower turn contents,

but including some β-sheet, suggesting a somewhat different

conformation.

The CD spectrum of the tail peptide in lysoPC exhibited two

negative peaks, at 209 and 223 nm, and a positive peak at 193 nm

(Figure 4B). As we will see below, these positions corresponded

closely to the positions found for the tail peptide in DPPC

vesicles, but the highest-wavelength peak was shifted relative to

any of the peaks in the alcohol solvents. The peak at 223 nm was

slightly larger than that at 209 nm. The calculated secondary

structure (Table 1) contained 68% helix, somewhat higher than

the helical values for any of the solvents.

Secondary structure in phospholipid vesicles

SUVs were used to obtain the spectra of the cytochrome b
&

tail

as found in membranes, since it has been demonstrated that CD

optical artifacts, such as absorption flattening and differential

scattering, are minimal in these types of preparations [46,47]. The

CD spectrum of the tail co-solubilized in DPPC vesicles at 10 °C
displayed a positive peak at 193 nm and negative peaks at

209 nm and 223 nm (Figure 5). The magnitudes of the peaks

at 209 and 223 nm were nearly equal (with the 223 nm peak being

slightly larger than the 209 nm peak), as was the case for the

peptide in propanol. The spectrum in DPPC at 60 °C (Figure 5)

was most like that in lysoPC.

The spectrum of the cytochrome b
&

tail in DPPC is also

characteristic of a polypeptide with a predominantly α-helical

secondary structure. Analyses of secondary structure (Table 2)

indicated a helix composition of C 60% in this environment,

which would correspond to C 25 residues being in an α-helical

type of conformation. Although there was not much variation

with helix lengths greater than ten, the best fit to the data (lowest

NRMSD) was obtained when an average helix length of & 15

was used in the calculations, suggesting that the helix may be
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121Conformation of the cytochrome b5 tail

Table 2 Secondary structural analyses of the cytochrome b5 tail in DPPC
vesicles as a function of temperature

‘! 10 ’ indicates the sample after cooling back to 10 °C.

Secondary structure (%)

Temperature (°C) Helix Sheet Turns Other NRMSD

10 58 0 12 30 0.059

20 58 0 12 30 0.058

30 55 0 13 32 0.057

40 52 0 15 33 0.061

50 62 0 12 26 0.059

60 74 0 8 18 0.059

! 10 56 1 10 33 0.050

Table 3 Predictions of transmembrane helix location

Method

Predicted segment

(residue nos.)

Length

(residues)

TopPred2 108–128 21

TMPred 109–126 18

TMHMM 108–130 23

SOSUI 108–129 22

HMMTOP 106–125 20

PHDTM 110–127 18

present as a single element rather than as two shorter helices. A

single helix of 25 residues would be of a comparable length to

transmembrane helices found in other membrane proteins and

sufficient to span the bilayer. Hence we propose, based on our

CD data, that the cytochrome b
&

tail adopts a single trans-

membrane helical structure, although we cannot completely

exclude other topologies.

The CD results in DPPC in the present study do not support

the assignment of any β-sheet structure to the peptide in

membranes, in contrast with the suggested value of 25% based

on previous CD studies [24]. However, those earlier CD studies

were carried out under conditions where considerable differential

scattering, and perhaps absorption flattening, was present but

not corrected for, distortions which tend to depress the lower-

wavelength peaks and artificially increase the calculated sheet

content. In the present studies, the detector geometry used

minimizes scattering effects [48], and the protein}lipid ratios and

vesicle sizes minimize the absorption flattening effects [46]. The

results show clearly that the preponderance of secondary struc-

ture is helical.

Predictions of the secondary structure of the potential

membrane-spanning helices in the sequence (Table 3) suggest the

presence of a single helix of C 20 residues in length, centred at

around residues 116–117, a result consistent with the hydro-

phobicity plot (Figure 6). Previous attempts at secondary struc-

ture prediction [24] had suggested that only C 11 amino acids,

i.e. the residues between positions 115 and 125, would form a

helical structure, with most of the rest of the polypeptide being

either turn or sheet. Those calculations were probably not very

reliable, because the Chou and Fasman [49] method used

employed parameters that were developed for soluble proteins

and have been shown to be poorly suited for the prediction of

membrane proteins [50]. However, the methods adopted here

employed algorithms specifically intended for the prediction of

membrane-spanning segments, and suggest that the potential

Figure 6 Comparison of predicted residue properties as a function of
sequence

The properties shown are hydrophobicity (solid line), flexibility (dashed line) and bulkiness

(dotted line).

membrane helix may be located between residues 108 and 128, a

result in close agreement with the hydrophilicity analysis by

Pedrazzini et al. [51] of the sequence of the rabbit cytochrome b
&

tail. These calculations of helix length are consistent with the

helical content determined from the CD data in vesicles in

the present study, and again indicate that the most probable

conformation is a single transmembrane helix.

Thermal-induced conformational changes in vesicles

The conformation of the tail in DPPC vesicles was investigated

as a function of temperature. Reversible changes were observed

in all three peaks (Figure 5). These corresponded to a reversible

increase (by about 15%) in the helix content with temperature

(Table 2). Athough not strictly related to the phase-state tran-

sition temperature of the lipids, these observations could suggest

that, as the lipids become more fluid, the protein experiences a

flexible environment in which it can undergo a conformational

change.

Could these temperature-dependence data shed any light on

the two alternative topology models that have been proposed for

this peptide (Figure 2)? In the transmembrane model (Figure

2A), there is a single helix that spans the bilayer. In the hairpin

model (Figure 2B), the polypeptide contains a sharp bend around

Pro-115, effectively resulting in two short helices. A kink of 26°
at Pro-115 has been proposed for the latter model, due to the

tendency of this type of residue to induce bends in helices [52].

However, observations of the proline residues in the trans-

membrane regions of other membrane proteins (e.g. bacterio-

rhodopsin [53]) have demonstrated that such a large kink is not

obligatory around prolines. Site-directed mutagenesis of this

proline in the cytochrome b
&

tail to an alanine appears to have

little effect on the integrity of the peptide in membranes [28].

However, property profiling of the tail sequence (Figure 6) shows

deviations in both the bulkiness and flexibility near the Pro-115

residue, which could be consistent with a bend. A possible

reconciliation of the alternative topologies is a two-state model

of membrane binding [28]. Initial spontaneous insertion of the

hairpin configuration would be followed by translocation

of the membrane-spanning segment in conjunction with a

cis! trans isomerization of the Ile-114–Pro-115 peptide bond to
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form a single transmembrane helix. Thus the ‘ loose ’ binding

mode would permit exchange of the peptide tail between vesicles

[17], while interconversion produces the more energetically

favourable and stable ‘ tight ’ configuration.

Although, superficially, the temperature-dependentCD change

observed might seem to be due to a hairpin-to-transmembrane

transition, such an explanation is unlikely for several reasons. (1)

The data, even at low temperatures, are more consistent with a

transmembrane conformation than a hairpin. (2) The changes

involve an increase in helix and a concomitant decrease in

disordered structure. For the hairpin-to-transmembrane change,

only a very small change (! 7%) in helix content would be

expected (it just involves two short helices becoming one long

one, with at most three residues changing conformation). (3) The

hairpin-to-transmembrane conformational change is unlikely to

be reversible under these conditions. Re-orientation to a hairpin

following a decrease in temperature from the transmembrane

state, where the polypeptide interacts with the bilayer interface

on both ends, would probably be energetically unfavourable. A

more likely explanation for the increase in helix content seen is

that it is due to the ends of the transmembrane helix near the

membrane interface becoming more ordered as the lipid fluidity

becomes less restrictive (Figure 2C), similar to what has been

suggested for bacteriorhodopsin on refolding [54].

The secondary structure in DPPC vesicles at high temperatures

was very similar to that in lysoPC micelles (Table 1). This

suggests that the environment in the detergentmay be comparable

with that in a fluid lipid membrane, due to a similar lack of

constraining factors. Furthermore, it appears that, in this de-

tergent, the structure is also in the tight conformation.

DISCUSSION

The spectra of the cytochrome b
&

tail obtained in the three

alcohol solvents exhibited significant differences. Solvent-induced

changes in the CD spectra of peptides in non-aqueous environ-

ments may be divided into primary and secondary effects [55].

The former appear as alterations in the waveforms (relative peak

magnitudes) and subsequently lead to significant differences

in the secondary structure analyses, whereas the latter result in

shifts in the positions of the peaks, without significant changes

in the waveforms, but can often also be detected as deterio-

rations in the NRMSD fits. Examination of the spectra in Fig-

ure 4 suggests that primary effects predominate in these cases,

as the changes are not only in the positions of peak maxima,

but also in the relative peak intensities, and in the calculated

secondary structures.

Alcohols tend to have two major types of effects on the

conformations of peptides and proteins : (1) the stabilization}
induction of local secondary structure (particularly α-helix), and

(2) the disruption of tertiary structure. Decreasing the polarity of

the solvent tends to weaken the hydrophobic interactions that

help to maintain tertiary structure, while strengthening the

intramolecular hydrogen bonds involved in secondary structural

elements. The relative dielectric constants of the three alcohols

[56] would suggest an effectiveness in inducing structural tran-

sitions that should be (in descending order) : methanol"TFE"
propanol. If we take the CD spectrum in DPPC (Figure 4B) to

be the ‘native ’ structure, then we might order the apparent

disruption of tertiary structure, as displayed by changes in the

α-helical content of the peptide from the CD data, as propanol"
methanol"TFE. This bears no correlation with the order of

effectiveness cited above. However, there is probably more

involved here than just relative polarities in inducing these

primary effects. The group-additive contribution of a wide range

of alcohols has been investigated in this context [57], the

results of which suggest a revised, and, in this case, slightly more

correlated, order of effectiveness, i.e. methanol"propanol"
TFE. It has been suggested that the ability of TFE to provide

hydrophobic surfaces may result in an environment reminiscent

of the hydrophobic cores of membranes [58], but this does not

seem to be the case for the cytochrome b
&

tail. Interestingly,

propanol has the largest accessible surface area of the three

alcohols studied here, and is also the most hydrophobic. This

might offer some explanation for the apparent better maintenance

of structure in this solvent. If so, this finding addresses an

important additional objective of the present study, which was to

identify a possible membrane-mimetic solvent environment for

one form of the cytochrome b
&
tail in which other conformational

studies, such as NMR spectroscopy or crystallization, could be

performed.

The authors of earlier CD studies [25] have stated that results

similar to those in liposomes were obtained in 0.4% sodium

deoxycholate, 25–75% propanol and 50% TFE for the cyto-

chrome b
&
tail, but, upon inspection of the spectra in that study,

it is clear that the structures are quite different in these different

environments. The authors estimated that the vesicle spectrum

was representative of a protein with 45% helix and 25% sheet

content. However, as noted above, the spectra were uncorrected

for scattering effects, which tend to decrease the apparent helix

content and enhance the apparent sheet content. In contrast,

Fourier-transform IR studies [27] suggested a helix content of

52–61% for the tail in different types of vesicles, very similar to

the results reported here. In the present study, the co-

solubilization procedure used for incorporation into vesicles

would appear to be producing the ‘ tight ’ form of the structure

with a high helix content, as is the case in the lysoPC detergent.

The results of the present study are more compatible with the

tight binding configuration being a single transmembrane-

spanning helix. This is consistent with earlier neutron diffraction

studies [59], which indicated that the tail penetrates deep into the

lipid bilayer, but is at odds with low-angle X-ray scattering

studies [60], which suggested that the tail only spans one-half of

the bilayer (as it would in a hairpin). Fluorescence energy

transfer measurements using modified lipids containing 9-

anthroyloxy fatty acid probes showed that most of the fluo-

rescence was associated with one of the three conserved Trp

residues and that this residue was buried approximately 20 A/
from the membrane surface in dimyristoyl phosphatidylcholine

vesicles [61], a result that would be compatible with either a

transmembrane structure or a hairpin. A later fluorescence energy

transfer study [62] using a mutant version of the cytochrome b
&

tail with a single Trp suggested that it did not adopt a hairpin

conformation. In addition, different proteolysis studies [63,17]

have produced contradictory results, each being consistent with

one of the different models.

If we look carefully, however, at the experimental procedures

used in the various studies, it would appear that most of the

discrepancies in results obtained using different techniques in

�itro are due to the use of different methods for incorporation or

binding of the cytochrome b
&

tail to membranes. When the

protein is co-solubilized or sonicated with the lipid, or in-

corporated by a method such as detergent dialysis, it appears to

result in the transmembrane configuration. However, in general,

if the protein has been bound to the surface of the membrane

initially, even after heat treatment, it only seems to span half the

membrane (perhaps as a hairpin). The present study does not

provide any evidence in support of a hairpin-to-transmembrane

transition, but rather suggests that a more fluid membrane

environment does permit some refolding of the protein. It also
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demonstrates that the tight form of the tail has a more helical

overall structure than seen previously for the loose form of the

molecule.

The question still remains : how do these results relate to

the form that is found in �i�o? Insertion of cytochrome b
&
into the

ER membrane occurs without the involvement of the signal

recognition particle complex [64] and in the absence of a cleaved

N-terminal signal sequence [65]. It is clear that the tail contains

membrane-targeting information from the demonstration that,

in chimaeric constructs, this sequence is able to direct ‘ foreign’

proteins specifically to the ER membrane [14]. Various results

from membrane-targeting studies suggest that its membrane

localization is not merely due to a non-specific hydrophobic

interaction, but may involve a receptor-mediated insertion path-

way in the ER [14]. Mutagenesis studies have specifically impli-

cated the final ten residues of the hydrophobic domain as being

the targeting sequence. Furthermore, in a rabbit reticulocyte

system, translation in the presence of microsomes resulted in

protein insertion into membranes in a conformation that was

sensitive to proteases, in a manner that suggested a trans-

membrane conformation. These studies tend to support the

conclusion that the tight conformation is the form that is found

in biological membranes.

No examples of stable integral membrane protein structures

that span only one-half of the bilayer in a hairpin conformation

have been identified in the high-resolution X-ray structures of

membrane proteins determined to date. This may be because the

presence of a turn in the middle of a structure would result in a

lower number of polypeptide backbone hydrogen bonds in the

transmembrane region, a situation which would be energetically

less favourable than if all the residues were in a helical con-

formation. It appears that the cytochrome b
&

tail does not

represent a counter-example to this pattern.

In conclusion, the present CD study of the membrane-inserted

form of the cytochrome b
&

tail favours the conclusion that the

tight form of the protein is a transmembrane helical structure.

Temperature-dependence studies suggest that a conformational

change occurs associated with the tail being in a fluid environment

that allows maximization of the helical nature of the polypeptide

in membranes.
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