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ABSTRACT Cytochrome b is a microsomal membrane protein which provides reducing potential to AS-, AS- and A®-fatty acid
desaturases through its interaction with cytochrome bs reductase. Low angle x-ray diffraction has been used to determine the
structure of an asymmetrically reconstituted cytochrome bs:DMPC model membrane system. Differential scanning calorimetry and
fluorescence anisotropy studies were performed to examine the bilayer physical dynamics of this reconstituted system. These
latter studies allow us to constrain structural models to those which are consistent with physical dynamics data. Additionally,
because the nonpolar peptide secondary structure remains unclear, we tested the sensitivity of our model to different nonpolar
peptide domain configurations. In this modeling approach, the nonpolar peptide moiety was arranged in the membrane to meet
such chemically determined criteria as protease susceptibility of carboxyl- and amino-termini, tyrosine availability for pH titration
and tryptophan 109 location, et cetera. In these studies, we have obtained a reconstituted cytochrome bs:DMPC bilayer structure
at ~6.3 A resolution and conclude that the nonpolar peptide does not penetrate beyond the bilayer midplane. Structural
correlations with calorimetry, fluorescence anisotropy and acyl chain packing data suggest that asymmetric cytochrome bs
incorporation into the bilayer increases acyl chain order. Additionally, we suggest that the heme peptide:bilayer interaction

facilitates a discreet heme peptide orientation which would be dependent upon phospholipid headgroup composition.

INTRODUCTION

Cytochrome bs, located on the cytoplasmic face of the
endoplasmic reticulum membrane, functions as part of
the fatty acid desaturase complex responsible for the
production of both mono- and polyunsaturated fatty
acids. As such, the desaturase complex is responsible for
modulation of membrane physical dynamics as well as
production of fatty acid pools for second messenger
synthesis (cyclooxygenase pathway). Within the com-
plex, cytochrome bs serves to shuttle, via a diffusion
dependent process, reducing potential from the cy-
tochrome bs reductase to the A3-, A%- and A°-desaturases
(Lee et al.,, 1977, Okayasu et al., 1977). Desaturase
nonheme iron reduction by cytochrome bs electron
transfer initiates the desaturation process by a mecha-
nism which remains to be elucidated (Strittmatter et al.,
1974, Jeffcoat and James, 1984). Cytochrome b; has also
been implicated as a participant in fatty acyl chain
elongation (Keyes et al., 1979), fatty acid retroconver-
sion and cholesterol biosynthesis (Reddy et al., 1977).
The structural organization of the components of the
desaturase complex, as well as the physical dynamics of
the protein-lipid interaction, are therefore essential to
an understanding of the mechanisms involved in lipid
desaturation and subsequent maintenance of bilayer
integrity, fluid dynamics and function.
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Cytochrome bs is a 16,700 D molecular weight protein
containing two functional domains: catalytic heme pep-
tide and nonpolar-membrane binding segment (NPP;
Spatz and Strittmatter, 1971). The (oxidized) heme
peptide crystal structure has been solved to ~2 A
resolution by Mathews et al. (1979, Fig. 5). NMR studies
on the heme peptide in solution demonstrate that the
observed crystal structure is conserved in free solution
and independent of heme iron oxidation state (Veitch et
al., 1988). While no direct NPP structural data have
been obtained, primary sequence (Ozols, 1989), CD
(Dailey and Strittmatter, 1978) and FTIR spectroscopy
(Holloway and Mantsch, 1989) have been used to
suggest structural motifs. CD spectral data (Dailey and
Strittmatter, 1978) obtained from membrane bound
NPP suggest a secondary structure containing ~ 50%
a-helix, 25% B-sheet and 25% random coil (Dailey and
Strittmatter, 1978). In addition, Fleming et al. (1978)
suggested that the B-sheet structure is most likely
organized into a 3,p-helix conformation. Recent FTIR
solution studies on both holo and TPCK-Trypsin cleaved
cytochrome bs peptides suggest a NPP structure consist-
ing of 43% a-helix, 33% B-sheet, 12% B-turns and 12%
random coil (Holloway and Mantsch, 1989). Additional
FTIR studies on membrane bound NPP suggest a
structure containing ~ 56% a-helical content (Holloway
and Bucheit, 1990).
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In evaluating the NPP structural organization within
the bilayer, Dailey and Strittmatter (1981) proposed a
cis model where tightly bound cytochrome bs carboxyl-
and amino-termini reside on the same side of the
membrane. Alternatively, Takagaki et al. (1983a, b)
postulated a trans configuration where amino- and
carboxyl-termini reside on opposing sides of the mem-
brane. The cis orientation is supported by several studies
evaluating carboxyl-terminal residue accessibility (Ozols,
1989, Dailey and Strittmatter, 1981, Arinc et al., 1987).
Brominated-lipid tryptophan fluorescence quenching
experiments of Everett et al. (1986) are also consistent
with a cis orientation. To date, x-ray (Rzepecki et al.,
1986) and neutron (Gogol et al., 1983, Gogol and
Engelman, 1984) diffraction studies on membrane bound
cytochrome bs have been unable to discriminate be-
tween these two NPP structural configurations. Low
resolution (15 A) x-ray studies reveal an asymmetric
bilayer structure which is consistent with NPP penetra-
tion to the bilayer center (Rzepecki et al., 1986). This
model is qualitatively consistent with calorimetry and
resonance energy transfer studies suggesting that only
one monolayer is perturbed by asymmetric cytochrome
bs incorporation (Friere et al., 1983). In contrast, model-
ing of low resolution (~29 A) neutron scattering data
suggest that the NPP penetrates through the bilayer
(Gogol et al., 1983, Gogol and Engelman, 1984).

The present study attempts to examine the DMPC
bilayer/cytochrome bs structure at significantly higher
resolution than previously attained. We have obtained
an phased lamellar x-ray diffraction data to ~6.3 A
resolution to obtain a relative electron density profile
structure of the asymmetrically reconstituted cytochrome
bs:DMPC membrane. Differential scanning calorimetry,
fluorescence anisotropy and fatty acyl chain packing
studies were performed to evaluate the bilayer physical
dynamics of this asymmetric system and constrain our
model interpretations. Our structure data demonstrate
that, in this tightly bound asymmetrically reconstituted
cytochrome bs; system, the NPP does not penetrate
significantly beyond the bilayer midplane. Physical dy-
namics data demonstrate an increase in acyl chain order
both above and below the membrane thermal phase
transition as a consequence of asymmetric cytochrome
bs insertion.

MATERIALS AND METHODS

Membrane preparation

Dimyristoylphosphatidylcholine (DMPC, Avanti Polar Lipids, Birming-
ham, AL) large unilamellar vesicles (LUV) were prepared by either of
the two detergent dilution methods (small unilamellar vesicle fusion or
mixed detergent:lipid micelle formation) described by Enoch and
Strittmatter (1979). We did note substantial LUV size dependence on

cation concentration and, therefore, used a higher initial salt concen-
tration (150 mM) to facilitate larger vesicle formation. The DMPC
lipid suspension (40 pnM/ml) was prepared in 0.5 mM Hepes, 150 mM
NaCl buffer, pH 8.1 and warmed to 41°C before sonication. In both
cases, a 1:6 sodium deoxycholate (DOC, Aldrich Chemical Co., Inc.,
Madison, WI):DMPC mole ratio was used in LUV formation. Deter-
gent was removed by slow passage down a Sephadex G-50 column
(Pharmacia AB Biotechnology, Uppsala, Sweden) with the tempera-
ture set to 42°C to facilitate detergent flip-flop. Vesicle phosphate
concentration was determined as described by Chester et al. (1986).
Vesicles prepared by this method are typically 800-1,000 A in diameter
as demonstrated by negative staining with 1% uranylacetate (see Fig.
1). The vesicle preparation was then desalted to 20 mM NaCl, 0.5 mM
Hepes, pH 8.1 over Sephadex G-25 before reconstitution.

Lipid and cytochrome bs purity were demonstrated by thin layer and
gel filtration chromatography/absorption spectrum, respectively, be-
fore use. Additionally, chromatographic evaluation of DMPC integrity
after diffraction yielded a single spot, demonstrating that lipid break-
down was not occuring during data collection. Similarly, cytochrome bs
redox potential could be recovered from detergent solubilized diffrac-
tion samples.

Cytochrome b; binding to DMPC LUV

Asymmetric reconstitution was accomplished by addition of Black
Angus Steer cytochrome bs (in 20 mM Tris:Acetate, pH 8.1) to
preformed DMPC vesicles at selected mole ratios to obtain the desired
packing density. Vesicle surface saturating cytochrome bs concentra-
tions were used for the bulk of these studies unless otherwise stated.
Reconstitution was carried out for 8-12 h at 32°C to ensure “tight”
cytochrome bs binding (Enoch et al., 1979). Bound and free cy-
tochrome bs were separated by gel filtration chromatography (Sephacryl
S-400 HR, Pharmacia AB Biotechnology) and DMPC:cytochrome bs
ratios determined by phosphate assay and Soret absorption (millimo-
lar extinction of 117 L mM~'cm~! at 413 nm). Reconstitution asymme-
try was verified by assaying cytochrome bs-reductase:NADH mediated
cytochrome bs reduction (typically, 5-10 uM cytochrome bs; 18 pg/ml
NADH, 1 uM cytochrome bs reductase) at 424 nm in the presence and
absence of 3.5 mM deoxycholate. Vesicles were maintained at 4°C
before use and under these conditions, cytochrome bs asymmetry and
vesicle integrity remained stable.

Because the spin dry process (Chester et al., 1986) was used in
diffraction sample preparation, DMPC:cytochrome bs LUVs were
desalted to 5 mM NaCl before sedimentation, thus maintaining
physiological salt concentrations in the final partially hydrated multi-
layer stacks. Reconstituted vesicles used in fluorescence and calorime-
try studies (in solution) were maintained at 150 mM NaCl. We must
note, that for most of the diffraction studies, vesicle formation and
cytochrome bs reconstitution were performed under 20 mM NaCl
conditions which tended to yield slightly smaller diameter vesicles.
Under these reconstitution conditions, however, the lipid:cytochrome
bs ratios, protein asymmetry, et cetera were conserved. Further, we
assumed that formation of extended multilamellar membrane stacks
from these vesicles would reduce acyl chain and protein packing
constraints anticipated in vesicles with a smaller radius of curvature.

Membrane multilayer preparation

Multilayer membranes were prepared by the spin dry method de-
scribed by Chester et al. (1986) as adopted from Clark et al. (1980).
Partially hydrated multilayers for use in lamellar scatter experiments
were mounted on curved glass supports and rehydrated to 90%
relative humidity (ZnSo, - 7 H;0) for a period of 12-15 h at room
temperature in sealed brass specimen canisters. Subsequent changes
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FIGURE 1
(Inset) DMPC vesicles before the reconstitution process.

Negative stained DMPC large unilamellar vesicles reconstituted asymmetrically with cytochrome bs at a protein to lipid ratio of 1:30.

in bilayer hydration were performed for a minimum of 3 h at 25°C to
facilitate complete equilibration and sample stabilization.

Membrane multilayers for equatorial scatter studies were removed
from the substrates and deposited onto Butvar (Polyvinyl-Butyral
Resin, Polysciences, Inc., Warrington, PA) coated (30-60-nm thick-
ness) nickel slotted electron microscopy grids (1.2 x 2.0 mm slot,
Polysciences, Inc., Warrington, PA). Control DMPC multilayer sam-
ples were prepared by depositing a hanging drop of concentrated
vesicles on the Butvar coated grids and, subsequently dehydrating over
saturated LiCl (13% relative humidity) for several hours. These
samples were rehydrated to 90% in the same manner described for
lamellar scatter.

Diffraction

Samples were temperature equilibrated on the beamline for 1 h before
data collection. An Elliott GX-18 Rotating Anode x-ray Generator
(Marconi Avionics, Ltd., United Kingdom) provided Cu K x-rays
which were line focused with a single Franks’ mirror (lamellar scatter)
or point focused with a double Franks’ mirror (equatorial scatter). Kg

radiation was filtered with Ni foil leaving K, x-rays (A = 1.54 A).
Sample temperature was maintained with a Neslab 4B circulating
water bath (Neslab Instruments Inc., Newington, NH) and monitored
with a thermistor probe mounted on the sample housing. Background
scatter was reduced with He filled beam paths. In all cases, samples
were translated into the x-ray beam until the beam intensity was
reduced by 20%.

Either a Braun Position Sensitive Detector (PSD; Innovative Tech-
nologies, Inc., MA) or DEF-5 x-ray film stack (Eastman Kodak, NY)
was used to measure x-ray scatter. High angle lamellar scattering data
were collected by moving the detector arm in 20. Care was taken to
ensure sufficient reflection overlap such that relative intensities could
be properly scaled. Sample mosaic spread and, hence, reflection:
detector face intersection geometry was evaluated from film data.
These considerations were important to obtaining correct intensity
functions for integration and analysis. The film data also allowed us to
confirm the presence and relative amplitudes of the higher angle
reflections (see Fig. 24, and b) and identify camera and beam tunnel
scattering artifacts.

In equatorial scattering experiments, partially hydrated multilayers
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FIGURE2 Lamellar diffraction patterns from the asymmetrically reconstituted cytochrome bs:DMPC bilayers. The film patterns shown in Fig. 2 a
and b are represented as segments of films within the film stack. (a) typical film pattern from a sample equilibrated to 90% relative humidity and
repeat spacing of 176.3 A. Note the presence of the beam profile in this pattern and the 1/e width of each reflection as evidence for the lack of
significant sample lattice disorder. (b) film pattern from a sample equilibrated to 84% relative humidity and repeat spacing of 170.1 A. The highest
angle reflection observed, & = 27 is highlighted. (c) correct lamellar intensity function derived from the geometrically corrected detector pattern

from the sample used to generate the film pattern in Fig. 2 b.

mounted on coated EM grids were oriented perpendicular to a point
focused x-ray beam and equatorial scatter collected on DEF-5 film.
Sample temperature was continuously monitored during the course of
2 h data collection. Scatter controls (Butvar coated grid only) were run
to demonstrate the absence of coherent scatter from the 30-60-nm
thick Butvar resin substrate.

Sample stability was assessed by recording a series of 5 min
diffraction patterns at constant x-ray flux over an 8 h period. No

changes were observed in either reflection amplitudes or positions
during this time.

Data analysis and reduction

A data analysis and reduction package, affectionately referred to as
the PENN Programs (Developed by R. Fischetti and V. Skita,
University of Pennsylvania, 1985, and, subsequently, developed and
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modified by V. Skita, University of Connecticut Health Center), was
used throughout for 1-dimensional detector data analysis. The PSD
was routinely calibrated for linearity and uniformity. The raw intensity
data was converted to units of s (s = 2 sin 8/\), where 20 is the angle
between the incident and scattered beam for a particular reflection.
These experimental intensity data, /p(s), were background corrected
with a sum of exponentials. Substantial agreement was obtained
between the summed exponential used to correct Iop(s) and the
scattering background in the absence of sample. Lorentz corrections
and corrections due to mosaic spread were applied to the background
corrected Ixp(s) as detailed in Results, yielding o (s).

Film data were scanned along the fiducial and peak intensities
integrated with a ~20 x 200 w focused Zeineh 2-DSUV soft laser
densitometer (Biomed Instruments, Inc., Fullerton, CA). Because the
recorded arcs were typically on the order of 15-mm wide, the
background corrected intensities occurring at 2/d (h = Bragg index,
d = unit cell repeat spacing) were corrected by a factor of (2 sin 8/1)2.
As detailed in Results, the corrected film intensity data were com-
pared with integrated I.(s) as a means of validating the appropriate-
ness of geometric corrections to detector data.

Phasing of the intensity data was accomplished by a combination of
several basic approaches and will be discussed in Results.

Differential scanning calorimetry
(dsc)

Differential scanning calorimetry studies were performed on a Perkin-
Elmer DSC-7 (Perkin-Elmer, Newton, CT). Dsc data were collected
on 800-1,000 A DMPC LUVs in the presence and absence of
asymmetrically reconstituted cytochrome bs. LUVs were prepared as
described previously with cytochrome bs:lipid ratios ranging from 1:29
to 1:78 and concentrated to appropriately 40 mg/ml using Centri-
con-30 filters (Amicon, Danvers, MA). Because it was our desire to
correlate thermotropic behavior with our structure determinations,
50-pl aliquots of concentrated vesicles were placed in aluminum dsc
pans and samples maintained either in excess water (buffer) or
dehydrated to 90% relative humidity (equilibration over saturated
ZnSO, - 7 HyO, 24 h). Sealed dsc samples were stored at 4°C before
scanning to maintain constant sample thermal history for each data
set. Heating and cooling scans were performed at a rate of 2.5°C/min
over the temperature range of 10-45°C. While there was the antici-
pated hysteresis in heating/cooling scans, there was no observed
hysteresis upon rescanning in either direction.

Fluorescence anisotropy

DMPC 800-1,000 A LUVs were prepared as described above. Before
cytochrome bs reconstitution, the vesicles were incubated with a 1:1000
mole ratio of either 1,6-diphenyl-hexatriene (DPH) or perylene for 60
min at 35°C. Asymmetric cytochrome bs reconstitution proceeded as
described above and yielded similar cytochrome bs:lipid ratios. Fluores-
cence anisotropy data were collected on an SLM-8000C Fluorescence
Spectrophotometer (SLM Instruments, Urbana, IL) equipped with
polarizers in the excitation and emissions beam ports. Excitation and
emissions wavelengths used for DPH and Perylene were 357/430 nm
and 436/474 nm, respectively. The sample housing was continuously
N, flushed to eliminate both low temperature mediated cuvette
fogging and oxygen mediated fluorescence quenching. In addition, the
excitation shutter was closed between measurements to minimize the
potential for probe photobleaching. Sample temperature (range 12—
40°C) was maintained by an Endocal circulating waterbath (Neslab
Instruments Inc., Newington, NH) and continuously monitored. Each
data set was corrected for vesicle scatter by evaluating the parallel and

perpendicular scattering components of unlabelled vesicles under
identical PMT voltage/gain conditions.

Molecular modeling

The PDB data base (Brookhaven National Laboratories, Upton, NY)
cytochrome bs heme peptide (oxidized) and phospholipid crystal
structures of Mathews et al. (1979) and Pearson and Pascher (1979),
respectively, were used on an Evans and Sutherland PS300 (Evans and
Sutherland Computer Corp., Salt Lake City, Utah) operating with the
CHEMX software package (Chemical Design, Ltd., Oxford, England)
to generate model lipid:protein bilayers. Given the heme peptide
a-helical content organization, relative bilayer affinity for a-helices,
and the cytochrome c orientation determined by Pachence et al.
(1990), the membrane:heme peptide interaction was modeled with the
heme plane parallel to the bilayer surface. In our initial approach, the
bilayer was modeled with 16 lipids and 1 heme peptide (see Fig. 5 a)
and the electron density profile, p(z), generated using an al-
gorithm developed by Blechner et al. (1991) where p(z) =
p(x,y,z) dxdy with the z-axis normal to the bilayer plane. The strip
model in Fig. 5 b was constructed from relative amplitudes of different
bilayer regions which were adjusted to account for the lipid:
cytochrome bs ratio and anticipated bilayer asymmetry. In addition,
the interlamellar spaces were modelled to include water. The average
electron density of the strip model was set to zero and this function
transformed to generate the F(s) shown in Fig. 5 c.

Subsequent model building, described fully in Discussion, was used
to evaluate the sensitivity of our structural model to different NPP
configurations (Fig. 10). In these models, the CHEMX amino acid
data base was used to build several NPP structures from primary
sequence and spectroscopic data presented elsewhere (Ozols, 1989,
Dailey and Strittmatter, 1978, Holloway and Mantsch, 1989). These
NPP moieties were ligated to the heme peptide and bilayers con-
structed considering both lipid:protein ratio and biochemical con-
straints (e.g., tyrosine pH titration, tryptic cleavage, et cetera). This
criterion for model success or failure was based on comparison of the
model p(z) with the experimentally determined p(z).

The cytochrome bs surface electric charge potential was determined
using the default CHEMX amino acid charge parameters.

RESULTS

These studies have, as their focus, the determination of
the asymmetrically reconstituted cytochrome bs:DMPC
bilayer structure. Specifically, we are interested in deter-
mining whether the NPP of holo-cytochrome bs is in the
cis or trans configuration. Strittmatter and Rogers (1975)
have previously demonstrated functional cytochrome bs
reconstitution into DMPC small unilamellar vesicles.
There are several distinct advantages to a DMPC
membrane reconstitution system: increased order inher-
ent to disaturated lipid system, sample stability, and a
well established thermotropic behavior. As such, this
system should yield enhanced structural resolution and
the ability to examine asymmetric protein incorporation
effects on bilayer physical dynamics. In essence, then, we
can constrain structural models derived from diffraction
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studies to be consistent with physical dynamics measure-
ments.

Vesicle characterization is imperative because we
wish to cross correlate structure data obtained from
partially hydrated planar membrane multilayers with
physical dynamics data from vesicles in solution. Essen-
tially two conditions must be met by the reconstituted
DMPC vesicle preparation: stable asymmetric cy-
tochrome bs incorporation and minimum vesicle diame-
ter limit. Vesicle diameter in part determines the vesi-
cle’s radius of curvature which has a measured effect on
calorimetric and fluorescence assessments of bilayer
physical dynamics and thus, on our ability to extrapolate
these data to fully extended bilayers. Stable unidirec-
tional protein reconstitution is also necessary if we are to
determine the peptide mass distribution along the cen-
trosymmetric double membrane normal.

Asymmetric cytochrome bs reconstituted DMPC vesi-
cles are shown in Fig. 1 where the inset represents
DMPC LUV used in the reconstitution process. These
vesicles range in size from 800 to 1,000 A in diameter
and have a cytochrome bs:lipid ratio of 1:30 = 2. A
thorough evaluation of the vesicle preparation by nega-
tive staining failed to detect the presence of significant
multilamellar vesicle contamination which would tend to
cause the appearance of a second lamellar repeat solely
due to DMPC at ~58 A in subsequent x-ray diffraction
experiments. It is clear that neither vesicle size nor
integrity were altered by incorporation of surface saturat-
ing cytochrome b5 concentrations. Cytochrome bs titra-
tion curves (data not shown) demonstrate vesicle surface
saturation to occur at a protein:lipid ratio of 1:29, a
value consistent with measurements made by Rzepecki
et al. (1986) in an eggPC system. Because cytochrome bs
reconstitution is accomplished by protein addition to
preformed LUV, lipid flip-flop is anticipated to accom-
modate cytochrome bs insertion into the vesicles’ outer
leaflet. This is qualitatively consistent with a cytochrome
bs tight binding requirement of several hours and a
DMPC flip-flop rate constant, k, of ~0.07 h-! at 30°C
(de Kruijff and van Zoelen, 1978).

Weiner and White (1991) give an excellent descrip-
tion of the three types of sample disorder: thermal,
lattice and orientational, that will ultimately effect x-ray
diffraction resolution limits. Thermal disorder would
result in a decreased number of observed reflections due
to increased atomic vibrational oscillation. Our cy-
tochrome b5:DMPC diffraction data were collected at
25.3°C which is slightly above the midpoint of the
thermal phase transition (see Fig. 8) and would effect
the relative amount of anticipated thermal disorder. The
extent of thermal disorder in this system can be gauged
by acyl chain packing character as shown in Fig. 7.
Under these diffraction conditions, the average acyl

chain packing vector is 4.45 A with a reasonably sharp
distribution envelope of +0.31 A (data not shown). The
extent of system lattice disorder can be gauged by
deconvoluting the beam width from the reflections to
observe 1/e width changes as a function of reciprocal
space coordinate (Blaurock, 1982). Examination of both
film (see Fig. 2 a) and detector data reveals little change
in the 1/e width as a function of s, consistent with the
lack of significant lattice disorder. We have calculated,
using the formulation of Wiener and White (1991), the
max number of observable reflections, A, from our
highest resolution data set to be 30 which is in reason-
able agreement with the observed maximum of 27
reflections (see Fig. 2 b). The predicted A, for lower
resolution data sets (higher hydration, increased ther-
mal and orientational disorder) are equally consistent
with the numbers of observed reflections. As a result, we
are confident that our thermally disordered structure is
fully resolved (Wiener and White, 1991).

Figure 2 is representative of lamellar scatter obtained
from the reconstituted cytochrome b5:DMPC multilayer
system. The film pattern shown in Fig.2a is I.(s)
obtained at 90% relative humidity and a repeat of 176.3
A. Fig. 2b represents the film data from a sample
equilibrated to 84% relative humidity and 170.1 A
repeat. These two film patterns illustrate the trend in the
intensity function as the structure factor is sampled at
different unit cell repeats (see also Fig. 3). Note, for
instance, the characteristic intensities observed for A =
9/10 and 12/13 in Fig. 2a, where & = 2 d sin 6. As the
repeat spacing decreases, the 4 = 10 and 13 reflections
become much weaker with concomitant increases in the
h = 9 and 12 reflections. This is not unexpected because
reflections (3, 6, 9) arise primarily from the lipid bilayer.
In addition, note that the intensity between the second,
third and fourth order reflections does not return to
baseline. Since, as stated above, there is no significant
lattice disorder, this observation is consistent with a
double membrane unit cell and demands that these
reflections share the same phase (Franks and Levine,
1981). A similar deduction could be made for the A =
9/10 and 12/13.

Typically, mosaic spread observed with these samples
varies significantly as a function of multilayer hydration
and ranges between 30-40° (Fig. 2 a) at high hydration
to <17° (Fig. 2 b) as bilayers are dehydrated to lower
water content. As the mosaic spread increases the
intensity of the higher angle reflections are underesti-
mated since the finite detector window precludes cap-
ture of the entire reflection. Furthermore, this effect is
not constant (although it can be predicted given the
sample mosaic spread, specimen to detector distance,
window height and beam shape).

We arrived at an appropriate correction map by
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FIGURE 3 Structure factor plot generated from the correct lamellar intensity functions obtained from asymmetrically reconstituted cytochrome
bs:DMPC multibilayer samples at different repeat spacings (A). The solid line represents the calculated structure factor from the fully resolved

high resolution structure presented in Fig. 6.

comparing 1-dimensional laser densitometry data cor-
rected for mosaic spread by [2 sin 6/\] with detector
data (from the same sample) s corrected incrementally
between (2 sin 8/\]%10. Both sets of intensity data were
initially Lorentz corrected by s. In addition, these
intensity data were compared with detector data taken
at shorter sample:detector distances where more reflec-
tions would be completely captured by the finite detec-
tor window. In essence, we applied geometric correc-
tions to each reflection as a function of these parameters.
This resultant /(s) (Fig.2c¢ and Table 1) was in
reasonable agreement with the 1-dimensional densitom-
etry data. While higher angle reflections were clearly
present in the film patterns (Fig. 2 b), we have generally
been unable to observe # > 18 on our PSD due to
detector signal to noise limitations. Therefore, structure
factor amplitude values used to determine the fully
resolved high resolution structure involves the combined
use of both detector and film data where peak intensities
common to both media were used for normalization.
Intensity values for # = 18, 21 and 27 were difficult to
evaluate accurately due to the steep background of the
first film in the film stack (Fig. 2 b, film a). As such, these
reflections could be over or under corrected in the final
correct intensity function.

The process of phase determination followed essen-
tially four approaches (Franks and Levine, 1981): swell-
ing analysis (SF, Franks and Lieb, 1979), Patterson
deconvolution (PD, Franks and Levine, 1981, Skita et
al., 19864, b), membrane model predictions (MM, Wor-
thington, 1969) and pattern recognition (Luzzatti et al.,
1972, Worthington and Khare, 1978). The structure
factor amplitudes and phase assignments for some
representative samples are shown in Table 1. Please

note, we use “positive” to denote a phase of zero radians
and “negative” to denote a phase of & radians. This
table also contains phase assignments obtained on
cytochrome bs:eggPC system by Rzepecki and co-
workers (1986).

The Shannon sampling theorem (Moody, 1963) was
used, in the limit of assumptions, to confirm low resolu-
tion phase choices. This procedure (for recent discus-
sion, see Young et al.,, 1991) involves generating a
continuous Fourier transform from the derived pey,(2),
sampling the transform at a different repeat unit and
back transforming to generate a sampled pgn(z). This
Psam(2) is then compared against a pe.,(z) of the second
repeat. Superposition of these two p(z) demonstrates
that the low resolution structure factors being sampled
are the same (implicit assumption in this method) and
confirms the phase choices. We call this method “swell
check.” There are two major limitations with respect to
this approach. First, because we have a double mem-
brane unit cell, swelling in the inner water space will
alter the scattering element in the center of the unit cell
and not just at the edges. This will alter, significantly, the
structure factor as a function of hydration. Second, from
the very assumption that the structure does not change
as a result of hydration state, this method is limited to
low resolution.

Fig. 3 illustrates the structure factor plot generated by
changing multilayer hydration and, thereby sampling the
continuous factor at discrete intervals in reciprocal
space. It is not clear from the structure factor plot alone
whether & = 1 is either positive or negative. Insight into
the phase assignment for this particular reflection (quite
important to the extent of bilayer asymmetry) was
obtained by Patterson deconvolution (Fig. 4; Skita et al.,
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TABLE 1 Background and S corrected intensities for
representative DMPC/bs muitibilayers evaluated at different
repeat spacings

Phase assignments®

dl d2 d3

h 17575 17372 17016 o SF PD MM R*
1 5087 4161 3141 + +  + + +
2 2089 1958 1608 + + o+ + +
3 9406 11380 11714 + 4+ + + +
4 3114 2432 2362 + +  + + +
S 190 268 158 — 0
6 4081 3723 3074 — - + _ =
7 575 420 289 + = + — 0
8 0 0 42 —_ —  + — -
9 479 727 1095 — — 4+ — =
10 437 215 188 T
11 0 1] 70 —_ — 0 0
12 530 815 2046 — — —  =*
13 569 434 772 — +

14 — 0 0 0 0

15 — 375 274 + +

16 — — 0 0

17 — — 0 0

18 — — 291 —

19 — — 0 0

20 — — 0 0

21 — — 323 +

22 — — 0 0

23 — — 0 0

24 — — 0 0

25 — — 0 0

26 — — 0 0

27 — — 289 +

a represents the phase set used in fully resolved high resolution
electron density profile structure determination.

®Phase assignment, a, generated from structure factor plot, SF;
Patterson deconvolution, PD; membrane model, MM (Fig. 5), and
comparison with literature value, R (Rzepecki et al., 1986). *Data
from Rzepecki et al. (1986) was d/2 shifted to obtain structure shown
in manuscript.

1986a, b). Fig. 4a represents approximately two unit
cells of the multilayer Patterson function obtained from
a more highly hydrated and, therefore, more thermally
disordered sample (for representative diffraction pat-
tern, see Fig. 2a). In this approach, which requires an
effective finite sample size, we can calculate an electron
density profile without an a priori knowledge of the
phases (Fig. 4 b). We calculated p(z) by deconvoluting
the multilayer Patterson function, P(z), to obtain the
unit cell Patterson which was further deconvoluted to
obtain pyeon(z). The higher resolution information in
Pacon(2) from this method is clearly in error, however, the
general features and form of py,,(2) (i-e., low resolution
information) is very reasonable. This is evident in
Fig. 4 b where the py..n(z) is superimposed over the fully
resolved low resolution structure (dotted line). There-
fore, we expect that sampling a structure factor obtained
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FIGURE4 (a) Two unit cells of the multilayer Patterson function,
Pri(z), derived from asymmetrically reconstituted cytochrome bs/
DMPC scattering data. Unit cell repeat for this sample is 174.93 A. b)
Deconvolution result (——) obtained by direct deconvolution of
unit cell Patterson, Py(z). The deconvolution was performed from
17493 A < x < 0.0 A and the results mirrored about the origin. The
method assumes a centrosymmetric unit cell. Included in this figure, is
the pep(z) (- °) to illustrate the feature correlations between the
deconvolution product and p(z). The inset illustrates the p(z) result
obtained when the phase of the first order maxima is negative. Note
the arrows which highlight inner and outer phospholipid headgroup
(a)symmetry at |z| = 7.6 and |z| = 48.0 A, respectively.

by Fourier transform of pg..(z) would yield accurate
phase information for the low angle data (s < 0.03) and
would most likely fail for higher angle reflections. In
evaluating py.on(z) for several samples, we found that the
phases of the first four orders were positive and resulted
in an asymmetric distribution of the phospholipid head-
group amplitudes at |z| = 48 and 7.6 ,E for the peyy(z) and
45 and 3.2 A for the Pacon(2). The inset to Fig.4b
illustrates the p(z) obtained with a negative first order
phase and demonstrates a lack of bilayer asymmetry
resulting from this phase change. Thus, we were able to
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unambiguously obtain the phase for the first order
diffraction maxima by this method.

As stated previously, the fact that the intensity func-
tion between the second through fourth reflections
(Fig. 2) does not return to background requires that
these reflections share the same phase. In concert with
the structure factor plot and first order phase predic-
tions, this observation is compelling evidence for the
phases of 4 = 2-4 being positive. The phase construction
of the next two phases (h = 5, 6) is determined because
h = 5 appears to be near a node, suggesting a phase
change. Because 4 = 8 also appears to be at a node, we
would predict an additional phase change for 2 = 8-10.
A positive ninth order results in a structure which lacks a
water space between the inner two headgroups (cen-
tered at |z| =6 A in Fig. 6) in the centrosymmetric
double membrane unit cell. This is a physically unreason-
able phase choice given the nature of our hydrated
multilayers. The model building approach (Fig. 5) pre-
dicts a negative ninth order which is also consistent with
the assignment obtained by Rzepecki et al. (1986). As
stated previously for # = 2-4, the nonzero background
between A = 9/10 and 12/13 requires that # = 10 be
negative.

Application of swell check to these partially resolved
low resolution structures demonstrates that the pg,(z) is
consistent with the p.(z) only for # = 12, 13 having a
negative phase. Because this is true, we can be confident
of the phase assignments up to 4 = 13 for low resolution
structures. Phases for the higher resolution structures
are discussed below. Note in Table 1 that the phase
construction, R, obtained for the eggPC:reconstituted
cytochrome b5 system is essentially the same as that
derived for the DMPC:cytochrome bs system.

The electron density profiles for both the DMPC and
heme peptide crystal structures (Pearson and Pascher,
1979 and Mathews et al., 1979, respectively) as oriented
in Fig. 5 a were determined by summing the total num-
ber of electrons for each atom onto the z-axis (p(z))
where the volume element was defined by a Gaussian
distribution with the full width at half maximum equal to
the atomic van der Waals radii (Blechner et al., 1991).
The resulting profiles (Fig. 5 a) are an atomic resolution
picture of the input symmetric bilayer and oriented
heme peptide structures. The lipid and protein electron
density profiles (Fig. 5 a) were combined with protein:
lipid ratio (1:30), the appropriate bilayer asymmetry as
shown in experimental low resolution p(z), repeat unit,
and autocorrelation vector map to generate the strip
function model shown in Fig. 5 b. The Fourier transform
of this model yielded the structure factor shown in
Fig. 5 ¢ which was used to generate a set of phases for
evaluation. The phase assignments obtained through
this modelling approach are reasonably consistent with
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FIGURES5 Smart model building for the purpose of initial phase
prediction. Model parameters were derived from the combined use of
crystal structure data and physical chemical data. (a) represents the
p(z) obtained by summing electrons from lipid and cytochrome bs
crystal structures onto the z-axis. (b) represents a box model (d = 174.0
A) derived from the p(2), vector map derived from P, (z) and physical
chemical data; and (c) represents the Fourier transform of this model.
Note that the amplitudes forh = 7 (s = .04) and 12 (s = .069) are close
to a node and, therefore, determining the phase of these orders using
this approach is difficult.

the phase set determined by Rzepecki et al. (1986) and
those derived by our evaluation of the structure factor
plot (Fig. 3).

Phasing of the higher angle lamellar reflections was
accomplished essentially by pattern recognition where
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structural features observed in the partially resolved or
fully resolved low resolution structures were main-
tained. Additionally, there is a limited number of poten-
tial phase choices for 4 =18, 21, and 27. One complica-
tion to phasing the higher angle reflections is that, as the
multibilayers are sequentially dehydrated, the protein
structure at the edges of the unit cell begins to show
some change. While McIntosh and Simon (1986) have
found that the bilayer is relatively uneffected by dehydra-
tion induced compression, protein extending from the
bilayer surface would be expected to exhibit some
compressibility. The phase choices, «, shown in Table 1
for the fully resolved high resolution structure yield a
p(z) which directly superimposes upon the fully resolved
low resolution structure. In addition, when the fully
resolved high resolution p(z) was thermally disordered
by convolution with an 8 A (FWHM) Gaussian, the
resultant fully resolved low resolution structure gave
good agreement with the fully resolved experimental low
resolution structure. While global application of a ther-

mal disorder factor would cause a uniform disordering
of the entire bilayer, the result tends to confirm the
phase assignments used to derive the high resolution
structure.

Fig. 6 represents the fully resolved high resolution
profile structure derived for this asymmetrically reconsti-
tuted DMPC:cytochrome bs system. This structure has
several interesting features. First, it is clear that the
membrane is structurally asymmetric. While more highly
resolved, this bilayer asymmetry is similar to that ob-
served by Rzepecki et al. (1986). In addition, the outer
leaflet headgroups centered at |z| = 48 A are broader
than the inner leaflet headgroups (centered at |z| = 6 A)
consistent with protein penetration through this portion
of the membrane. The heme peptide portion of the
membrane structure, located at the edges of the double
membrane unit cell (|z| = 55 — 85 A), contribute sev-
eral peaks of electron density. Based on modeling data
to be presented in the Discussion, there is reason to
believe that the heme peptide has a preferential orienta-

DMPC:Cytochrome b5 Bilayer
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FIGURE6 Final experimental electron density profile structure derived for the asymmetrically reconstituted cytochrome bs:DMPC bilayer at 6.3
A resolution. The phase and intensity data used in calculating p(z) are shown in Table 1. The slight rippling between the inner water space and
inner methyl region of the bilayers is due to scanning densitometry integration error for the high angle reflections due to a steep background
(Fig. 2 b). Decreasing the amplitude of 2 = 27 by ~50% completely abrogates these ripples without changing appreciably the rest of the profile
structure. The inset highlights the bilayer portion of the profile structure such that the structural asymmetry can be appreciated.
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FIGURE 7 (a) Represents x-ray transmission scattering profiles derived from multilayer samples oriented perpendicular to the incident beam. The
upper panel represents film pattern for sample at 16°C and a quasihexagonal acyl chain packing lattice whereas the lower panel represents the
disordered acyl chain packing observed at 35°C. Below is a densitometry scan along the film fiducial. (b) Acyl chain packing repeat spacing as a
function of reciprocal temperature, K. for pure DMPC () and asymmetrically reconstituted cytochrome bs/DMPC bilayers at a lipid/protein

ratio of 1:32 (A).

tion with the heme plane perpendicular to the bilayer
normal. Fig. 5 a and Fig. 10 q, c—e illustrate that the p(z)
of the heme peptide in this orientation would produce
electron density profile features associated with both the
heme/Fe?* porphyrin ring and a-helical peptide constit-
uents. Other pertinent features common to double
membrane systems are the inner water space centered at
x = 0 A, the methyl trough centered at |z| = 28 A, and
the inner and outer acyl chain regions centered at |z] =
19 and 35 A, respectively. Lastly, there is a peak in the
electron density profile located approximately 20 A from
the outer leaflet headgroup (see inset, arrows). This peak
falls at precisely the location determined for tryptophan
109 by Fleming and co-workers (1979). This peak in the
electron density profile could result from the stacked
tryptophan 108/112 rings oriented perpendicular to the
bilayer normal. While there is marked structural pertur-
bation in the membrane outer leaflets (centered around
|z| = 35 A), The inner leaflet acyl chain regions (cen-
tered around |z| = 18 A) appears to be relatively unper-

turbed by the presence of asymmetrically reconstituted
cytochrome bs. We, therefore, have interpreted this
cytochrome bs: DMPC membrane structure to be consis-
tent with a cis NPP configuration in which the NPP does
not penetrate appreciably beyond the bilayer midplane.

Transmission x-ray studies were performed to evalu-
ate thermotropic dependence of acyl chain packing as a
function of asymmetric protein incorporation. In addi-
tion, coherently scattering a-helical protein segments
oriented parallel to the bilayer normal would potentially
be observed as reflections occurring at 1/10 A (Blau-
rock, 1975, Herbette et al., 1977).

These data are shown in Fig. 7. As stated in the
Methods, transmissions studies were carried out by
placing the samples on ‘slotted EM grids’ that had been
coated with a 30-60 nm ‘Butvar’ coat. Fig. 7 a represents
transmission x-ray scattering patterns from DMPC con-
trol multibilayer samples at 16 (fop) and 35°C (bottom).
A densitometry tracing along the fiducial is presented
below and the calculated acyl chain packing repeat
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FIGURES8 Differential scanning calorimetry studies performed on
control DMPC membranes (a, b) and DMPC membranes asymmetri-
cally reconstituted with either 1:78 (c,d) or 1:32 (e, f) cytochrome
bs/lipid ratio. In each condition, fully hydrated (a, c, €) and partially
hydrated (b, d, f) thermograms are presented. Samples were main-
tained at 4°C following encapsulation to maintain a constant initial
thermal history. See text for transition temperatures and enthalpy
data.

spacings as a function of temperature are shown in
Fig. 7b.

Fig. 7 b illustrates that the DMPC:cytochrome bs acyl
chain packing transition from 4.65 A to 4.26 A occurs
over a broad temperature range centered at ~25°C.
This transition temperature is similar to the ¢, observed
in both calorimetric and fluorescence anisotropy studies
shown in Figs. 8 and 9, respectively. The low tempera-
ture 4.26 A acyl chain packing in these reconstituted
membrane multilayers is consistent with a quasihexago-
nal acyl chain packing lattice which, in some way, must
accommodate the presence of surface saturating concen-
trations of cytochrome bs. In the control DMPC multi-
layer experiments shown in Fig. 7 b, the transition is
sharp and exhibits a midpoint at approximately 26°C
consistent with calorimetrically observed t,,,. Thermotro-
pic changes in acyl chain packing for both the reconsti-
tuted cytochrome bs/DMPC and pure DMPC bilayers
can be ascertained from changes in both the width and
radius of the transmission ring. For cytochrome bs/
DMPC and pure DMPC bilayers, changes in these
parameters from 4.57 = 0.44 1{, to 429 + 0.07 A and
4.60 + 0.34 A to 4.24 = 0.04 A, respectively (data not
shown), correlate to smooth thermal transitions from 5
to 40°C. Note that the diffraction studies were per-
formed at a temperature of 25.3°C (midpoint of the
thermal phase transition) such that the membrane acyl
chain packing parameters were 4.45 = 22 A at 90%
relative humidity.

Because these transmission scattering experiments

were performed statically, two important factors, bilayer
stability and transition kinetics, have to be kept in mind.
We have demonstrated stability in both multibilayer
repeat spacing and reconstitution asymmetry. There-
fore, the only thermally inducible transition would
involve lateral segregation of peptide and resultant
changes in acyl chain packing. In these experiments, the
vesicles were reconstituted with surface saturating con-
centrations of cytochrome bs, thereby, limiting the poten-
tial for lateral protein diffusion. We have noted in
lamellar scattering studies, however, that we could
thermotropically induce a reversible transition in the
single domain ~ 168 A repeat membranes to a pure
DMPC (~58 A) domain and a slightly larger DMPC:
cytochrome bs (~186 A) domain. This observation is
consistent with an alteration in heme peptide orienta-
tion and, hence, cytochrome bs packing because the
change in the large unit cell could be accounted for
strictly by the axial ratio of the oblate ellipsoid heme
peptide. The kinetics of this type of a transition appear
to be reasonably rapid. In one experiment, we ‘watched’
the transition occur over approximately 1 min of 2°C
temperature elevation during lamellar data collection.
While qualitative, this observation suggests that the
15-20 min equilibration time at each temperature should
be sufficient for thermal stabilization.

A third consideration involves the temperature depen-
dence of sample relative humidity as modulated by
saturated salt solutions. While we have not directly
measured this lyotropic effect, the temperature coeffi-
cient for the saturated ZnSO, - 7 H,O is such that the
relative humidity increases by ~4.5 percent on moving
from 20 (90%) to 5°C (94.5%). As such, this slight
thermotropic effect on the relative humidity would
actually tend to decrease bilayer compression and limit
acyl chain condensation as a strict function of hydration
force.

Transmission x-ray studies would reveal the presence
of coherently scattering a-helical segments oriented
parallel with the bilayer normal (Blaurock, 1975, Her-
bette et al, 1977). We found no evidence of any
reflection in the 1/10 A region suggesting that there is
no coherently scattering a-helical element of significant
size in these membranes. This observation has particular
significance with respect to a trans NPP configuration
that would be anticipated to have significant a-helical
content. Because each centrosymmetric double mem-
brane unit is saturated with cytochrome bs (consider
effect of flattening a vesicle with its surface saturated
with protein), we would anticipate that a structural
scattering element, such as an «a-helical peptide, would
be a regularly repeating and, therefore, observable with
this type of diffraction geometry. As such, this finding is
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FIGURE9 Temperature dependent fluorescence anisoti'opy data for the probes Diphenylhexatriene (upper two curves) and perylene (lower two
curves) incorporated into DMPC LUV in the presence ((J) and absence (A) of 1:32 cytochrome bs. Plot represents a scatter plot of data from a
number of experimental runs. All data were collected from 100 pM vesicle phosphate.

inconsistent with significant a-helical segments aligned
along the bilayer normal.

DSC and fluorescence anisotropy measurements were
carried out to evaluate the reconstituted bilayer physical
dynamics as a means of constraining our interpretation
of the structural data. Additionally, these studies would
allow us to more fully understand the peptide/lipid
interaction. The dsc results on the asymmetrically recon-
stituted 800-1,000 A cytochrome bs/DMPC vesicles are
shown in Fig 8 in which two sample conditions are
presented: fully hydrated LUV and partially dehydrated
(90% relative humidity) multilayer stacks. Control DMPC
LUVs had ¢, values of 26.3 and 25.8°C for the fully
(Fig. 8 @) and partially (Fig. 8 b) hydrated membranes,
respectively. The transition enthalpies for both samples
were 38.73J/g (6.28 Kcal/mol) and were not significantly
different than the values obtained for the fully hydrated
multilamellar vesicles and partially hydrated multibi-
layer membranes of 34.66 + 7.7 J/g (6.1 Kcal/Mol) and
40.41 + 3.4 J/g (7.09 Kcal/Mol), respectively. Note the

presence of a small enthalpic pretransition of ~0.73.J/g
(0.12 Kcal/Mol) in both the fully and partially hydrated
samples. The Aty),, an estimate of the transition cooper-
ative unit size, is approximately equal in both cases with
avalue of 1.4 + 0.2°C.

The asymmetric reconstitution of cytochrome b5 into
DMPC LUV at 1:78 (Fig. 8 ¢,d) and 1:29 (Fig. 8,¢,f)
mole ratio clearly decreases the transition enthalpy,
broadens the transition, while the ¢, remained essen-
tially unchanged. The transition enthalpies for the 1:78
and 1:29 ratio reconstituted fully hydrated LUV bilayers
(Fig. 8 ¢, e) were 23.43J/g (6.01 Kcal/Mol) and 12.42J /g
(4.26 Kcal/Mol), respectively. A similar range of values
were observed for the partially hydrated multilayer
samples. In both cases the Az, value increased precipi-
tously as a function of increasing protein:lipid ratio. A
plot of AH/AH, vs protein/lipid ratio demonstrated that
~10-16 lipid molecules are removed from the coopera-
tive unit by asymmetric cytochrome bs reconstitution
(data not shown). Both onset (#) and upper limit ()
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temperatures were dramatically effected by asymmetric
protein incorporation. Note, however, that the pretransi-
tion evident in the pure DMPC bilayers was observed in
the reconstituted membrane preparations even at sur-
face saturating cytochrome bs concentrations. This is
particularly obvious in the fully hydrated samples
(Fig. 8,4, ¢, e). In dsc studies focused on the bilayer
interaction of both the bee venom, Melittin (Mollay,
1972), and Ca*?, Mg*2-ATPase (Gomez-Fernandez et
al., 1980), the pretransition was removed at reasonably
low protein/lipid ratios (ranging from 1:153, 250 for the
ATPase and Melittin, respectively). In addition, Mollay
(1972) determined the hydrophobic segment was respon-
sible for the decrease in the pretransition. Our thermo-
grams demonstrate that there is an approximate 32%
decrease in pretransition enthalpy as a result of asymmet-
ric cytochrome bs vesicle reconstitution. Were the NPP
to be transmembrane, Mollays’ (1972) data would pre-
dict complete abrogation of the pretransition. It is
reasonable, then, to suggest that the observed decrease
in DMPC pretransition by less than 50% represents
further corroborative evidence for the fact that the NPP
does not perturb both leaflets of the membrane in this
asymmetrically reconstituted system.

An interesting feature of these transitions is the
observation that the ¢, is moved to higher temperature in
the asymmetrically reconstituted samples. This observa-
tion is similar to that reported for several peptides in a
review by McElhaney (1986). As such, a fraction of the
bilayer lipid is melting at higher temperature. This
fraction may be related to that cooperative unit of lipid
directly adjacent to the protein (George et al., 1990).
Dehlinger and co-workers (1974) have demonstrated
using ESR spin probe analysis that there is a segment of
immobilized lipid in the presence of cytochrome bs.

The temperature dependence of diphenylhexatriene
(DPH) and perylene fluorescence anisotropy in control
and asymmetrically reconstituted cytochrome bs:DMPC
vesicles is shown in Fig. 9. In these experiments, the
probes were preincubated with the DMPC LUV mem-
branes before reconstitution to minimize the potential
that the probe could be interacting with the heme
peptide moiety. Experiments in which the probes were
added directly to the reconstituted membrane yielded
essentially the same results suggesting that the probes
were reporting on their bilayer location rather than any
preferential interaction with the protein. Under the
experimental conditions imposed, probe to lipid ratios
were maintained at or below a 1:1000 ratio with a
constant 1:30 protein:lipid ratio for the reconstituted
bilayers. The data shown in Fig. 9 clearly indicate that
under essentially all conditions, the asymmetrically recon-
stituted cytochrome bs;:DMPC bilayers are more ‘crystal-

line’ than the membranes in the absence of peptide.
Because these probes are traditionally considered to be
reporting from the hydrocarbon core of the membrane,
these data are clearly consistent with the observation of
protein mediated acyl chain immobilization. This obser-
vation is consistent with that of Williams and co-workers
(1972) and Verma et al. (1974) who have observed
increased fatty acyl chain segmental disorder and de-
creased fluidity in reconstituted melittin bilayers, the
disparity being attributed to acyl chain:peptide interac-
tions.

DISCUSSION

These studies were designed to determine the fully
resolved high resolution structure of the asymmetrically
reconstituted cytochrome bs:DMPC bilayer. In addition,
we wished to obtain bilayer physical dynamics data
which would serve the dual purpose of allowing us to
constrain our structural models as well as begin to more
fully appreciate the peptide:lipid interaction. This com-
bined approach should aid our understanding of how
this protein interacts with other membrane associated
proteins. Cytochrome bs interaction with the transmem-
brane desaturase is of particular interest because the
mechanisms involved in the transfer of reducing poten-
tial between the heme peptide and the desaturase
non-heme iron remains unclear. The interaction be-
tween cytochrome bs reductase and cytochrome bs has
been demonstrated by Strittmatter et al. (1990) to
extremely stereospecific with direct association between
the cytochrome bs heme propionyl carboxyl groups and
lysine residues on the reductase flavopeptide. We would
predict, based on the stereochemistry of this peptide
interaction during electron transfer, that the cy-
tochrome bs:desaturase interaction would be equally
stereochemically constrained.

The relative electron density profiles shown in Figs. 6
and 10 f reveal four basic features: (a) asymmetry in the
bilayer headgroup peaks; (b) the apparently unper-
turbed inner leaflet acyl chain region; (c) the increased
electron density in the outer leaflet which we have
interpreted as stacked tryptophan rings; and (d) the
electron density associated with the heme peptide. We
have interpreted this structure not only to be consistent
with a cis cytochrome bs configuration in which the NPP
penetrates to approximately the bilayer midplane, but,
inconsistent with the trans interpretation. Additional
evidence was obtained from the calorimetry studies in
which we observed a pretransition even under the
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conditions of cytochrome bs surface saturation. As
discussed previously, penetration of nonpolar portions
of peptides (e.g., Melittin) into bilayers at very low
protein:lipid ratios abrogates the pretransition com-
pletely. The increased fluorescence anisotropy in asym-
metrically reconstituted cytochrome bs vesicles is also
consistent with this interpretation.

Evaluation of peptide contributions to different re-
gions of a model structure would assist us in establishing
the sensitivity of the model to different NPP configura-
tions. We must state at the outset that we are not
ascribing, a priori, a specific secondary structure to the
NPP but, rather, attempting to constrain models to
currently available physical/chemical data. These data
include: the primary NPP amino acid sequence, NPP
molecular volume, location of Trp 109 determined by
resonance energy transfer experiments (Fleming et al.,
1979), Tyr 129 availability for pH titration (Dailey and
Strittmatter, 1981), apparent stacking of Trp residues
108 and 112 (Strittmatter and Dailey, 1982), protease
accessibility of carboxyl- (Ozols, 1989) and amino- (Stritt-
matter et al., 1972) terminal residues, experimentally
determined lipid/protein ratios, and bilayer dimensions.
In addition, we have attempted to incorporate previ-
ously predicted NPP secondary structural features (Stritt-
matter et al., 1972, Strittmatter and Rogers, 1982,
Holloway and Bucheit, 1990). Using these constraints,
we have built three different structural variations: trans
configuration composed of primarily a-helical segments
with random or extended regions at the carboxyl- and
amino-termini, cis model comprised of a-helical intrabi-
layer sequences and a cis model containing a mixture of
antiparallel B-sheet, 3/10 helix, a-helix, and B-turn as
proposed by Strittmatter and Dailey (1982). Once assem-
bled these NPP molecules were ligated to the heme
peptide which was oriented with the heme plane parallel
to the bilayer as suggested by Mathews (1979) and
illustrated in Fig. 5 a.

The results of the p(z) model calculations are shown in
Fig. 10. Fig. 10 a illustrates the p(z) for holocytochrome
bs (no lipid) assuming an all a-helical NPP secondary
structure. Note the predicted increase in electron den-
sity associated with the aromatic ring containing amino
acids in the primary structure (located at approximately
|z] = 6,15, and 30 A). On average, the electron density
of an a-helical segment is reasonably uniform support-
ing the idea that a trans configuration would simply
elevate the average bilayer electron density. The aro-
matic ring containing residues would tend to introduce
modulations into the bilayer acyl chain and methyl
trough region as illustrated in Fig. 10 ¢. In addition, note
in Fig. 10 a, the heme peptide structural detail, particu-
larly, the peaks associated with the heme group. If, in
the context of a diffraction experiment, there were
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FIGURE 10 Model figures generated for evaluating the structural
sensitivity to different NPP configurations across the DMPC mem-
brane bilayer. In these models, crystal structure coordinates were used
for both the heme peptide and DMPC. The NPP configurations were
derived by generating cis or trans peptide segments from the NPP
primary structure which, upon insertion into the model lipid, attempt
to conform to physical chemical data (a) Cytochrome bs with NPP in
fully trans, all a-helical configuration (no lipid component). (b) Double
membrane of pure DMPC lipid. (c¢) Combined projection of a and b
onto z-axis. (d) Cytochrome bs NPP segment comprised of ~60%
a-helix and arranged in cis configuration. Ends of the NPP segment are
in extended configuration and ascending/descending helical elements
are hooked together by two B-turns. (¢) represents a similar cis NPP
configuration but contains the structural elements predicted by Stritt-
matter and Rogers (1982). ( f) Experimental electron density profile
shown in Fig. 6.

significant structural organization of these various re-
gions of the cytochrome bs; molecule in the membrane,
projection onto the z-axis would allow us to identify,
within resolution limits, the superposition of these
structural elements in the final p(z). Disorder, on the
other hand, would tend to abrogate these structural
details.

In building the reconstituted protein models, lipid
asymmetry as a consequence of asymmetric protein
incorporation had to be considered. The lack of vesicle
structural alterations (see Fig. 1) and the time depen-
dence for stable (tight) cytochrome bs reconstitution
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suggest that phospholipid flip-flop would be required to
facilitate the reconstitution process. This asymmetry in
bilayer lipid content has been observed in other systems
(e.g., Herbette et al., 1985). With a starting protein:lipid
ratio of 1:30, we can arbitrarily generate bilayer lipid
asymmetry (the wonders of the computer age) and
evaluate its impact on p(z). These model profiles are
shown in Fig. 10, c—e. The phospholipid headgroup asym-
metry has been highlighted by lines drawn to the peak
height to aid interpretation. Fig. 10 ¢ represents the
trans NPP model incorporated into the DMPC mem-
brane illustrated in Fig. 10b. In this structure, the
carboxyl- and amino-terminal segments have been given
extended structures to preserve the relative location of
tryptophan 109 along the bilayer normal (in this case, 16
A from the edge of the bilayer) and the carboxyl-
terminal residue accessibility to proteolytic cleavage
demonstrated by Ozols (1989). The phospholipid profile
has been maintained symmetric, in this Figure, because
it is assumed that the o-helical peptide sequence would
occupy similar areas in both leaflets. Beyond the im-
posed symmetry in the headgroup amplitudes, note that
there is significant perturbation to both acyl chain
regions of the bilayer. The slight decrease in the electron
density of the inner leaflet phosphate headgroup density
is due to the fact that, at 42 Ain length, the NPP cannot
completely span through this region. This latter fact
alone seriously limits the possibility of a transmembrane
a-helical NPP configuration. Even at an a-helical con-
tent of approximately 60% (Holloway and Mantsch,
1989), there is not sufficient NPP length to cross the
membrane bilayer and be consistent with the biochemi-
cal data. Additionally, the transmission x-ray studies
failed to detect any coherently scattering «-helical seg-
ments parallel to the bilayer normal. When evaluated in
light of the fully resolved high resolution structure
shown in Fig. 10 f (and Fig. 6), this trans model does not
adequately fit the experimentally derived data.

Fig. 10,d and e represent cis NPP configurations
within the membrane bilayer. The NPP conformation in
these two models differs in that Fig. 10 d is comprised of
ascending and descending a-helical segments separated
by essentially 2 B-turns while that in Fig. 10 e contains
the predicted structural elements suggested by Strittmat-
ter and Dailey (1982). In particular, the structure
depicted in Fig. 10 ¢ has antiparallel B-sheet structure
traversing the headgroup region. This latter structure
allows for increased peptide bulk closer to the center of
the membrane bilayer. In both cases, these two models
conform to the physical chemical data available for
membrane bound cytochrome bs. Because we predict
that asymmetric reconstitution is facilitated by lipid
flip-flop, we made the bilayers successively asymmetric
in headgroup amplitude by flipping lipids into the inner

leaflet. We needed to flip six and four lipids for the
models shown in Fig. 10 d and e, respectively, to compen-
sate for the volume occupied by the protein in the outer
membrane leaflet. Assuming the NPP segment place-
ment along the bilayer normal in these latter two
structures is reasonable, these models would predict
that the outer leaflet headgroup peak would be broad-
ened by the presence of the aromatic rings associated
with the tyrosine residues (126, 129) near the carboxyl
terminus.

How do these models compare with the experimen-
tally observed high resolution structure? Fig. 10 f is the
fully resolved high resolution structure for the asymmet-
rically reconstituted cytochrome bs:DMPC bilayer shown
in Fig. 6. From a purely visual standpoint, there is strong
structural similarity between the experimentally derived
structure and that modelled in Fig. 10,d or e. The
argument for the cis model is further strengthened by
the fact that the Fourier transform of the model p(z)
yields a structure factor quite similar to that obtained
experimentally.

These modeling results rule out an all a-helical NPP
transmembrane segment on purely physical grounds,
because none of the physical chemical parameters could
be met by this type of configuration. These modeling
results suggest that this asymmetrically reconstituted
DMPC:cytochrome bs system should be quite sensitive
to changes in peptide organization along the bilayer
normal. Isomorphous replacement studies (either x-ray
or neutron) would allow us to (a) place our profiles on
an absolute electron density scale, and (b) demonstrate
conclusively the NPP distribution within the bilayer
structure. In addition, the recent report by Ladohkin et
al. (1991) of a cloned rabbit cytochrome bs would
significantly enhance the potential to ascertain the
structural distribution of this peptide along the bilayer
normal since specific isomorphous residues could be
incorporated into the structure.

Fleming and co-workers (1979) have determined that
tryptophan 109 is located at ~20 A from the edge of the
bilayer. Resonance energy transfer studies by Friere et
al. (1983) also yield data consistent with this conclusion.
Markellow et al. (1985) and Tennyson and Holloway
(1986), on the other hand, have suggested from bromine
lipid quenching studies that tryptophan 109 is located
approximately 7 A below the bilayer surface. It is
interesting that a peak of electron density appears in the
profile structure (Figs. 6 and 10f) at ~20 A into the
bilayer, a position consistent with that location deter-
mined by Fleming et al. (1979). At this point, the origin
of the discrepancy in tryptophan 109 location between
Holloway and co-workers and these other reports is
unclear. A plausible explanation may involve the method
of reconstitution and/or mode of cytochrome bs inser-
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tion into the membranes. One principle difference is
that membranes prepared by Fleming et al. (1979) and
in the current structure studies were comprised, princi-
pally, of DMPC in which tight cytochrome b; binding has
been demonstrated to occur readily. It is interesting, as
stated above, that Friere and co-workers (1983) identi-
fied a similar 20~22 A tryptophan 109 location in DMPC
membranes using resonance energy transfer between
pyrenedecanoic acid and tryptophan 109. Markello et al.
(1985) and Tennyson and Holloway (1986, 1991), on the
other hand, used a palmitoyloleoylphosphatidylcholine
(POPC) system. Enoch et al. (1979) have shown that
tight cytochrome bs binding to egg phosphatidylcholine
is rather constrained. In addition, studies designed to
determine the detailed dioleoylphosphatidylcholine
structure by Wiener and White (1991b) reveal that the
bromine distribution in these membranes is quite large
despite their specific labeling at the A9-10 methylene
segments. Thus, a wider than anticipated bromine distri-
bution in the POPC membranes used by Markello et al.
(1985) and Tennyson and Holloway (1986) could cause
additional uncertainty in the location of the bromine
quenched tryptophan 109. The argument here is the
traditional discussion between the point quencher ver-
sus a quencher that has some spatial distribution (Wiener
and White, 1991b). As such, the discrepancy between
our data on tryptophan 109 location and that of Tenny-
son and Holloway (1986) remains unresolved.

One interesting feature of the modeling are the peaks
of electron density associated with the heme peptide.
Mathews et al. (1979) suggested that the heme peptide
may have a preferential orientation, with the heme
plane perpendicular to the bilayer normal on association
with the membrane. In an interesting series of studies,
Pachence and co-workers (1990) have examined the
bilayer surface orientation of cytochrome c using x-ray
resonance at the heme iron absorption edge. In these
studies, it was determined that the porphyrin ring
structure of the cytochrome was oriented perpendicular
to the bilayer normal. In a recent publication, Ozols
(1989) has illustrated a random cytochrome bs; heme
peptide orientation with respect to the bilayer surface.
In the interaction of cytochrome b; with both its reduc-
tase and the fatty acid desaturase, it seems reasonable
that the heme peptide would have a preferential orienta-
tion dictated, to some extent, by the bilayer lipid
composition. To evaluate this possibility, we examined
the electric potential map of the heme peptide crystal
structure (Mathews et al., 1979). Essentially, we exam-
ined the charge character of the ‘underside’ of the
protein. The ‘underside’ is defined as the tertiary struc-
ture formed by the helical segments I, II, III, and VI
illustrated in Mathews et al. (1979) and would be
juxtaposed to the bilayer surface when the heme peptide

is oriented as described above. Based on the charge
characteristics of the amino acid residues, the CHEMX
program calculates a surface electric potential map. The
results indicate that there are two large regions of
positive and negative surface charge potential which
would tend to interact electrostatically with the phospho-
lipid headgroups in the native membrane. Preliminary
data has been obtained in which suberimidate was found
to specifically crosslink lysine 28 (located on the under-
side of the heme peptide) and phosphatidylethanola-
mine added into large unilamellar vesicles (Rzepecki,
unpublished observation). The latter is strong compel-
ling evidence for a preferential orientation of this region
of the peptide on the bilayer surface. Moreover, this
would provide a ‘stable’ porphyrin ring orientation for
efficient electron transfer.

Papahadjoupolos (1975) has postulated that specific
peptide:bilayer interactions would yield specific effects
upon the calorimetrically determined transitions in these
membranes. Essentially, surface bound, electrostatically
interacting peptides decrease the thermal phase transi-
tion and reduce the transition enthalpy. Peptides which
partition into the bilayer, on the other hand, effect
differentially the transition enthalpy and ¢,. In some
cases, the ¢, has been shown to remain constant or even
increased slightly by the insertion of certain peptides
into the membrane bilayer (McElhaney, 1986). Cy-
tochrome bs contains both peptide moieties: a soluble
fragment that interacts electrostatically with the bilayer
surface and the NPP which penetrates into the mem-
brane hydrocarbon core. Initial calorimetry data on
asymmetrically reconstituted cytochrome bs membranes
demonstrate the anticipated decrease in enthalpy with
increasing protein concentration. However, these calo-
rimetry data demonstrate that the ¢, remains essentially
uneffected while the upper and lower limits are modu-
lated by asymmetric peptide reconstitution. As stated in
the Results section, the ¢, in these membranes has been
pushed to higher temperatures as a function of asymmet-
ric incorporation of cytochrome bs into DMPC large
unilamellar vesicles. Friere and co-workers (1986), in
examining the thermotropic behavior of reconstituted
DMPC:cytochrome b; vesicles did observe that the
transition temperatures were relatively uneffected by
the presence of peptide, while on the other hand, they
did not observe a similar effect on #,. In addition, the
broadening of the transition was not nearly as marked as
that observed in these studies. In contrast, our data
clearly demonstrate that asymmetric reconstitution of
cytochrome bs into the DMPC bilayer perturbs the
cooperative behavior of the thermal phase transition.
Friere et al. (1986) and Oldfield et al. (1978) suggest that
the lipid removed from the cooperative thermal phase
transition are conformationally disordered.
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While, as demonstrated in Fig. 7, the average acyl
chain packing is more disordered in the cytochrome bs
reconstituted membranes, fluorescence anisotropy stud-
ies indicated that these same membrane preparations
were substantially less fluid in the presence of surface
saturating protein under all temperature conditions.
The transmission x-ray scatter studies yield information
about the in-plane packing density of acyl chains prima-
rily from the upper chain region of the membrane lipid.
The fluorescence probes, on the other hand, are tradi-
tionally assumed to be ‘reporting’ from the center of the
bilayer. In the fluorescence experiments, two probes
which differ in rotationally averaged structure were used
to assess the bilayer physical dynamics. Taken together,
these data suggest that there is an increased acyl chain
segmental order parameter on approach to the center of
the membrane. If this is correct, evaluation of the
gauche-trans rotomer ratio in the presence and absence
of cytochrome bs should give us some additional insight
into the interaction dynamics between the lipid and
peptide. One consideration for these types of studies,
however, is that different samples (and, hence, poten-
tially different sample conditions) must be used for
separate studies. In a rather elegant set-up, Ungar and
Feijoo (1990) combined calorimetry and x-ray scattering
such that thermal and structural events could be moni-
tored simultaneously and directly correlated. An ap-
proach of this type for lipid and lipid-protein complexes
would substantially enhance our abilities to evaluate the
complex transition behavior that occurs in these liquid
crystalline systems.

In conclusion, we present a structure for the asymmet-
rically reconstituted cytochrome bs:DMPC system at ~ 6
A resolution. This structure demonstrates that the NPP
moiety of cytochrome bs is oriented in a ‘cis’ configura-
tion with the protein penetrating only to the bilayer
midplane. In addition, this interpretation is consistent
with both model predictions and physical dynamics
studies.
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