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Spin-Label Studies of Lipid Immobilization
Dimyristoylphosphatidylcholine-Substituted

Peter F. Knowles, Anthony Watts, and Derek Marsh*

ABSTRACT: Yeast cytochrome oxidase complexes have been
prepared in which 299% of the endogenous lipid has been
substituted by dimyristoylphosphatidylcholine and the lipid
chain immobilization has been studied by spin-label spec-
troscopy. The ESR spectra of a C(14) phosphatidylcholine
spin-label consist of both an immobilized and a fluid lipid
bilayer component for all complexes, the proportion of the
former increasing with increasing protein/lipid ratio.
Computer difference spectroscopy has been used to obtain the
two different spectral components and to determine their
relative proportions. Lipid/protein titration of the complexes,
in the region where the proportion of fluid lipid exceeds that
of the immobilized, reveals that a constant number of lipid
molecules (55 £ S5) per protein are immobilized. This is
attributed to a first or boundary shell of lipids associated with
the protein, which is then surrounded by fluid bilayer. Es-
timates of motional correlation times from the immobilized

Lipid—protein interactions are potentially important de-
terminants of membrane structure and function, not only from
the point of view of regulation of membrane-bound enzymes
and transport proteins but also with regard to the incorporation
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Cytochrome Oxidase’

lipid difference spectrum give values of 250 ns, suggesting that
the rate of exchange between bilayer and boundary lipids is
probably at least 1 order of magnitude slower than the rate
of lateral diffusion of unperturbed bilayer lipids. The variation
of the spectral splittings and line widths of the fluid-component
difference spectra with lipid/protein ratio shows that a second
shell of lipids is perturbed by the protein, a third shell is less
strongly perturbed, and a further two to three shells may be
still weakly perturbed. Thus, the immobilization of the lipid
may extend out to approximately six shells from the protein.
These structural properties correlate with measurements of
the enzyme activity which show a rapid decrease in activity
with decreasing lipid/protein ratio for complexes containing
less than the minimum immobilized “boundary” layer of lipid
and a smaller but steady increase in activity with increasing
lipid/protein ratio for complexes with from one to six shells
of lipid.

of proteins into the lipid matrix, hence maintaining the
structural integrity of the membrane envelope. Thus, it is of
considerable interest to investigate the interaction between
integral membrane proteins and the shells of lipid immediately
surrounding the protein. It is these lipid molecules which are
most likely to affect the protein conformation, to be responsible
for sealing the protein into the bilayer, and to form the means
of communication with the bulk bilayer phase.

Specific immobilization of a boundary layer of lipid sur-
rounding the integral membrane protein cytochrome oxidase

© 1979 American Chemical Society
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was first demonstrated by Jost et al. (1973a) using ESR!
spin-label techniques. Warren et al. (1974a) have proposed
the requirement of a first lipid shell or annulus to support
enzymic activity of the Ca?*~Mg?* ATPase from sarcoplasmic
reticulum. Curatolo et al. (1977) have deduced that three to
four lipid shells around the protein exhibit perturbed
phase-transition characteristics in myelin proteolipid apo-
protein-DMPC recombinants. Vaz et al. (1978) have in-
terpreted the kinetics of incorporation of cytochrome bs into
lipid vesicles as indicating that approximately five shells of
lipids are perturbed by the protein. Theoretical treatments
also suggest that several lipid shells are perturbed by the
protein (Marcelja, 1976; Owicki et al., 1978). On the other
hand, NMR experiments with rhodopsin-containing rod outer
segment disk membranes (Brown et al., 1977) and with re-
constituted Ca?*ATPase (Stoffel et al., 1977) and cytochrome
oxidase (Seelig & Seelig, 1978) lipid complexes have led to
the suggestion that the lipid shells in immediate contact with
the protein exchange with the bilayer lipids at a rate which
is rapid on the NMR time scale.

We have investigated certain aspects of the cytochrome
oxidase system in more detail using a reconstitution in which
the whole of the endogenous lipid has been substituted by a
single phospholipid type, dimyristoylphosphatidylcholine
(DMPC). Enzyme complexes were prepared at various
lipid/protein ratios, and the interaction with the lipid chains
was studied by means of the ESR spectra of a phosphati-
dylcholine spin-label introduced into the complexes together
with the substituting lipid. ESR spin-label methods offer a
time window which is sufficiently fast that, even if the ex-
change rate between the various lipid shells is as rapid as in
unperturbed lipid bilayers (Scandella et al., 1972; Trauble &
Sackmann, 1972), spectra from the individual shells might be
resolved, provided that the mobility differences between them
are large enough. Thus, spin-label studies can provide one way
of looking directly at the properties of the lipid shells im-
mediately adjacent to the protein. In particular, we have
studied the stoichiometry of the immobilized boundary lipid
component at the higher lipid/protein ratios for which the fluid
lipid population is greater than the immobilized one and have
examined the perturbation of the lipid shells beyond the first
boundary layer. Additionally, we have attempted to assess
the degree of immobilization of the boundary layer component
as a function of lipid/protein ratio and, hence, to give estimates
of the rate of exchange between the boundary layer and
subsequent shells.

Experimental Section

Materials. 1-a-Dimyristoylphosphatidylcholine (DMPC)
was obtained from Fluka (Buchs, Switzerland) and ran as a
single spot in thin-layer chromatograms. Gas-liquid chro-
matography revealed that the lipid was composed of 97.5%
C14:0 chains (Watts et al., 1978). Cholic acid, obtained from
Sigma Chemical Co. (St. Louis, MO), was recrystallized twice
from ethanol-water (2:1 v/v) before conversion to the sodium
salt. The phosphatidylcholine spin-label 14-PCSL was pre-
pared according to the methods of Hubbell & McConnell
(1971) and Boss et al. (1975). Cytochrome oxidase was
isolated from baker’s yeast as described by Virji & Knowles
(1978) and had comparable homogeneity and enzymic activity

! Abbreviations used: DMPC, L-a-dimyristoylphosphatidylcholine;
14-PCSL, $-14-(4,4'-dimethyloxazolidine- N-oxyl)stearoyl-v-palmito-
yl-a-phosphatidylcholine; Tris, 2-amino-2-(hydroxymethyl)-1,3-propanediol;
ESR, electron spin resonance; TKS buffer, 10 mM Tris, 1.0 M KCl, and
1% (w/v) sucrose, pH 7.0, buffer.
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to that described by Eytan & Schatz (1975). The molecular
weight of cytochrome oxidase was taken to be 200000. The
buffer used throughout was Tris (10 mM), KCI (1.0 M), and
sucrose (1% w/v) adjusted to pH 7.0 at 20 °C (TKS buffer).
Cytochrome ¢ (Sigma; Grade VI) was reduced with dithionite
according to the method of Yonetani & Ray (1965). [car-
boxyl-'*C]Cholic acid sodium salt, 59.5 mCi/mol, was ob-
tained from the Radiochemical Centre, Amersham, U.K.

(I) Lipid Exchange and Preparation of Lipid/Protein
Complexes. The endogenous lipid and detergent present in
the native cytochrome oxidase was replaced by DMPC by
using cholate-mediated exchange (Warren et al., 1974b). The
enzyme was incubated at 25 °C for 30 min with a 1000-fold
molar excess of DMPC in 0.2% cholate .and then precipitated
at 0 °C by dropwise addition of saturated ammonium sulfate
(pH 7.0) to 35% saturation. Following centrifugation (80000g
for 10 min), the pellet was resuspended in a second exchange
medium, identical with the first, and the whole exchange
procedure was repeated for a total of 3 times. Samples with
different lipid/protein ratios were prepared by one of two
methods. For complexes with lipid/protein ratios less than
100:1, the 3-times-exchanged enzyme was incubated with a
1000-fold molar excess of DMPC (including 2 mol % spin-
labeled phospholipid) in the presence of different cholate
concentrations (0.2-0.5%) for 30 min at 25 °C and then
precipitated by ammonium sulfate addition and centrifuged.
The pellets were then resuspended in the stock TKS buffer
containing 0.2% sodium cholate to give a final sample volume
of 0.5 mL. Complexes extensively depleted of lipid were
prepared from samples precipitated from the DMPC medium
containing 0.5% cholate as described above by resuspending
in TKS buffer containing 0.5% cholate and reprecipitating with
ammonium sulfate. After centrifugation the depleted sample
was finally resuspended in TKS buffer containing 0.2% sodium
cholate. For complexes with lipid/protein ratios greater than
100:1, the 3-times-exchanged enzyme was incubated with
appropriate amounts of DMPC (containing 2 mol % added
phospholipid spin-label) in the presence of 1.25% cholate for
30 min at 25 °C. The sample was then diluted 10-fold with
Tris (10 mM) and KCI (1.0 M), pH 7.0, buffer and centri-
fuged at 35000 rpm for 30 min (Spinco 40 rotor), and the
clear, yellow-green supernatant was concentrated to a volume
of 0.5 mL by vacuum dialysis at 0 °C (Sartorius ultrafilter).
Cholate was removed from all samples by dialysis, against a
2000-fold volume excess of TKS buffer containing Amberlite
XAD-2 (B.D.H., Poole, England), at 15 °C for 15 h.
['“C]Cholate assays indicated that under these conditions the
residual cholate is reduced to approximately 5 mol/mol of
protein. Samples of dialyzed enzyme complexes subjected to
sucrose density gradient centrifugation (4-6% sucrose in Tris
(10 mM) and KClI (0.1 M) buffer, pH 7.0) for 2 h at 25000
rpm (Spinco SW27 rotor) exhibited a single band whose
position in the gradient was dependent on the lipid/protein
ratio of the complex.

(2) Analytical Methods. Enzyme activity was measured
spectrophotometrically at 550 nm on a Cary 14 spectro-
photometer at room temperature by following the oxidation
of ferrocytochrome ¢ as described by Smith (1955). The assay
mixture consisted of potassium phosphate (40 mM; pH 6.7)
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FIGURE 1: (a) Specific activity of cytochrome oxidase-DMPC
complexes as a function of lipid/protein ratio, without (—~O—) and with
(--O--) preincubation with excess DMPC. (b) Fraction of lipid in
the complex which is present as the fluid bilayer, as deduced from
spin-label spectra.

and ferrocytochrome ¢ (30 uM) in a final volume of 1.8 mL.
Enzyme samples were incubated in TKS buffer containing
0.5% cholate for 60 min at 0 °C before dilution into the assay
mixture. The final cholate concentration in this “dilution
assay” system was 3.1 X 107%. In some cases DMPC (1000
times molar excess) was added back to the enzyme in the
cholate incubation step. Activities are quoted as the specific
first-order rate constant [minute™! (milligram of protein)™']
under the specified assay conditions and are normalized to a
1.8-mL assay volume. Protein concentration was determined
by the method of Dulley & Grieve (1975), and lipid phosphate
concentration was determined according to Eibl & Lands
(1969).

(3) ESR Spectroscopy. Samples containing typicaily 0.5-1
mg of protein were contained in 1-mm (i.d.) capillaries ac-
commodated within standard 4-mm quartz ESR tubes con-
taining silicon oil for thermal stability. ESR spectra were
recorded on a Varian E-12 9-GHz spectrometer equipped with
a nitrogen gas flow temperature regulation system. Spectra
were digitized on paper tape (1000 points/100 G) by using
a Hewlett-Packard 3450B/2547A/2753A data collection
system and processed on a PDP 11/34 computer with a
Tektronix 4006 display. Spectra were scaled to a constant
second integral prior to subtraction, and difference spectra were
examined at up to 10-fold vertical expansion in order to obtain
good end points in the subtractions.

Results

The specific activity of the various DMPC-substituted
complexes is given in Figure 1a as a function of the lipid/
protein mole ratio. All activities were measured by the dilution
assay method since this ensures direct accessibility of the
substrate to the enzyme and also allows adding back of lipid
to assess the degree of regenerability of the activity. When
assayed directly, without these measures to ensure substrate
accessibility, the activity was very low for complexes of all
lipid /protein ratios. Figure la shows that there is an abrupt
decrease in enzymatic activity of the complexes at a level of
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FIGURE 2: ESR spectra of 14-PCSL spin-label in cytochrome oxi-
dase-DMPC complexes of various lipid/protein ratios at 32 °C.

around 50 lipid molecules/protein. For complexes assayed
without lipid addition, there is a gradual increase in activity
with the lipid/protein ratio at above the critical 50:1 ratio,
whereas for the samples preincubated with DMPC the activity
remains approximately constant at ~ 1400 min~! mg™' which
is comparable with the activity of the enzyme as isolated
(typically 1500 min™' mg™).

The ESR spectra of the 14-PCSL spin-label in DMPC-
substituted complexes of various lipid /protein ratios are given
in Figure 2. The sample temperature was 32 °C which is
above the ordered-fluid bilayer phase transition of all the
different complexes. All of the spectra consist of two easily
differentiated components: a component which is strongly
immobilized on the spin-label ESR time scale in addition to
the component which corresponds more closely to the fluid lipid
bilayer. The proportion of the immobilized component in-
creases systematically with increasing protein content of the
complexes and arises from a specific immobilization of the lipid
by the protein, since it is not present in bilayers of the pure
lipid (bottom spectrum of Figure 2). Figure 3 gives the
fluid-component difference spectra obtained by subtracting
the same immobilized component from the spectra of each of
the different lipid/protein ratio complexes in Figure 2. The
immobilized spectrum was obtained from an extensively
delipidated sample of cytochrome oxidase, at a somewhat
higher temperature (36 °C) and with a slight correction made
in the splitting for the different polarity of the environment
(Smith et al., 1976; Griffith et al., 1974). The difference
spectra of Figure 3 are all characteristic of the 14-PCSL label
in a relatively fluid bilayer environment, although with some
systematic change in the degree of mobility with lipid/protein
ratio.

The relative proportions of the immobilized and fluid
components were obtained by double integration of the
component spectra and are given in Figure 4. Since the total
lipid/protein ratio, n,, is simply the sum of the immobilized
and fluid components, »#, = n; + ny,, where ny, (n) is the number
of immobilized (fluid) lipids per protein, the lipid/protein
titration can be expressed as

ne/ g = n/ny = 1 (1
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FIGURE 3: ESR difference spectra of the fluid lipid bilayer component
obtained by subtracting the immobilized component from the spectra
of the complexes in Figure 2.
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FIGURE 4: Lipid-protein titration of cytochrome oxidase-DMPC
complexes from the spin-label difference spectra of Figure 3. n, is
the immobilized part of the total lipid/protein ratio, #,, which must
be subtracted from the spectra of the complexes to yield the fluid
component, ;.

Thus, the linear region of Figure 4, with the intercept of ~1
on the n¢/ny axis, indicates that at the higher lipid/protein
ratios a constant number, n, = 55 = 5, of immobilized lipid
molecules is associated with each protein, independent of the
total amount of lipid in the complex. In this sense the im-
mobilized component can be defined as the first shell of lipid
associated with the protein. Departures from linearity are
observed in Figure 4 at low lipid/protein ratios (<100:1) at
which the quantity of immobilized lipid exceeds that of the
fluid lipid. This can possibly be interpreted in terms of the
competitive binding of lipid to lipid vs. lipid to protein, which
gives rise to a heterogenous sample with some lipid-rich regions
and some partially aggregated protein.

The agreement of Figure 4 with the functional form of eq
1 also justifies the implicit assumption that the 14-PCSL label
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FIGURE 5: Variation of the empirical line width and splitting parameter
2(Aj — AL )esr of the fluid lipid bilayer component spectra of Figure
3 as a function of the lipid/protein ratio. (a) Variation with n; both
without (--0--) and with (—O—) correction for the underlying shells
by subtraction, assuming slow exchange. (b) Variation with 1/n,
assuming fast exchange between the extra-boundary shells.

reflects the distribution of the unlabeled PC in an exact 1:1
fashion. Alternatively, Griffith & Jost (1978) have modeled
this system as an exchange equilibrium between labeled and
unlabeled lipids occupying r, independent sites on the protein.
Then

nf/nb = nt/(anr) - 1/Kr (2)

where K, is the relative binding constant of labeled lipid
compared with unlabeled lipid. Clearly, from Figure 4, K, =
1, again implying no selectivity between labeled and unlabeled
lipid.

The progressive changes in the fluid-component difference
spectra of Figure 3 as a function of lipid/protein ratio have
been characterized by the empirical parameter (A4 — A et
defined in Figure 3. This parameter is determined by both
line splittings and line widths and thus is dependent on both
the amplitude and rate of molecular motion, although in this
spectral range it is difficult to distinguish between the two
(Schreier et al., 1978). The changes in (4 = 4, ) with
lipid/protein ratio are given in Figure Sa (broken line) and
represent the perturbation by the protein of the lipids beyond
the first immobilized shell. Since it is not known whether the
exchange of lipid molecules between these more distant shells
is fast or slow on the spin-label time scale, the data have been
analyzed under both conditions.

For slow exchange the spectra must be corrected for the
contributions of the underlying shells by subtraction of these
components. The total ESR signal is given by Sig ~ (1/
n)2_n;s;, where s; is the contribution from the ith shell which
contains n; molecules. Since only the first (immobilized) shell
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is resolved, it is assumed on geometric grounds that the
numbers of molecules in the higher shells are given by n, =
55 4 8(i — 1). For two complexes with lipid/protein ratios
n! and n!! which extend to the Nth and (N + 1)th shells,
respectively, Sig! can be approximately corrected by sub-
traction of Sig! to yield the spectrum of the (N + 1)th shell:

N
SN+l & Sig“ - (Eni/n,”)Sigl (3)

where the sum extends to a filled Nth shell. The results of
such subtractions yield reasonable spectral shapes for the
single-shell components and thus are not inconsistent with slow
exchange. The variation of the single-shell values of (4, -
A ) with lipid/protein ratio is given in Figure 5a (solid line).
From this it can be seen that the perturbations beyond the first
(immobilized) shell fall into roughly three regions: a second
shell of n, ~ 50 molecules which is markedly perturbed, a
third shell of n; ~ 60 molecules which is less strongly per-
turbed, and the region n; ~ 110 to #; ~ 300 which accounts
for ca. two to three further shells which are only weakly
perturbed, if at all. Within the », shell, complexes in which
only the first half is filled (n; < 25) are very strongly perturbed
relative to those in which the second half of the shell is also
filled. This strongly perturbed region probably corresponds
to a single shared shell between two proteins (complete with
their boundary layer) and thus is the combined effect of the
overlap of the perturbation from both proteins. Such
shared-shell effects are probably quite general and would lead
to an apparently continuous rather than stepwise change
between shells (cf. Figure Sa).

If the shells beyond the boundary layer are in fast exchange,
the observed value of A = (4 — 4, ) Will be given by the
weighted mean of the values, A,, appropriate to the individual
occupied shells, i.e., A ~ (1/n;)> m4,;. For a complex for
which #; lies within the (V + 1)th shell

N N
A~ (_ZzniAi - AN+1ZZ’1;')(1/”f) + Ane 4
i= i=

Thus, in the case of the fast exchange, a plot of A = (4, -
A | ) against 1/n; should be linear within a given shell, with
a change in gradient at the shell boundary only if the next
higher shell has a different value of A,. The primary data of
Figure 5a (broken line) are plotted in this way in Figure 5b.
The dependence on 1/n; is consistent with fast exchange
between a perturbed second shell of n, ~ 50 molecules, two
further less strongly perturbed shells of n; + n, ~ 10§
molecules, and the remainder of the lipid which is essentially
unperturbed relative to protein-free bilayers. (Strong per-
turbations, corresponding to shared-shell effects as noted above,
are observed for complexes lying within the #, shell. These
have no further shells with which to exchange.) From Figure
5b, it is found that A, ~ 5.2 G for a filled second shell,
compared with A, ~ 3.8 G for pure lipid bilayers. Complete
averaging by fast exchange, as indicated in Figure 5b, would
therefore require an exchange rate of >(A, — A.)gB, ie.,
>4.10% 57!, which is of the same order of magnitude as for

2 A more exact correction is given by the recurrence relation for the
single-shell components:

N
sy (n11Sigh - nSigh) - ("t"/"tl)(Z:lni - sy
i=

By choosing the complex I to have n,! lying closest to the filled Nth shell
value, 3"['n;, the correction term involving s will be small and sy may
be approximated by the difference spectra obtained by previous application
of this relation to Sig!. The results obtained by this procedure are found
to be not very different from those obtained from the more approximate
relation (eq 3).
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FIGURE 6: ESR difference spectra of the immobilized lipid component
in cytochrome oxidase-DMPC complexes, obtained by subtracting
the fluid lipid bilayer component from the spectra of Figure 2.

Table I: Variation of the Effective Rotational Correlation Times
of the 14-PCSL Spin-Label in the Immobilized Regions of
Cytochrome Oxidase~-DMPC Complexes, as a Function of the
Lipid/Protein Ratio, at 32 °C%

lipid/protein 7R (ns)? TR (ns)¢ R (ns)@
353:1 25 75 32
212:1 21 79 34
162:1 30 83 47
104:1 29 83 51
69:1 22 65 39
61:1 38 493 32
50:1 29 144 49
32:1 31 >1000 46

a4,,® aHR, and AHhR were obtained from an extensively
delipidated sample at 1 °C. b Deduced from the outer splitting,
Az € Deduced from the low-field line width, AH]. d Deduced
from the high-field line width, AH),.

lipid-lipid exchange in unperturbed bilayers. Thus, the data
are consistent with either fast or slow exchange but cannot
distinguish between them.

Difference spectra corresponding to the immobilized lipid
component in the various complexes are given in Figure 6.
The fluid component for these subtractions was obtained from
sonicated DMPC vesicles at temperatures close to the
phase-transition temperature. It was not possible to obtain
an exact match in the center part of the spectrum because of
the varying line shapes of the fluid component with the lip-
id/protein ratio (cf. Figures 3 and 5). However, sufficiently
good resolution was obtained in the outer wings of the
spectrum, which is the region most useful for analyzing slow
motions of the spin-label (Freed, 1976). An estimate of the
motional correlation time of the immobilized labels can be
obtained from the line width of the high (low) field outermost
peak, AHyy, or from the peak separation, 2A4,,, if the cor-
responding values, AHy )R and A4,,%, for completely, rigidly
immobilized spin-labels are known. The empirical equations
rr = a(l - A,/ AR and 7 = a,/(AH,/AH R — 1)t are
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used, where the calibration constants are obtained by simu-
lation: ay’ = 2.12 X 10?%s, by’ = —0.778, ¢, = 1.15 X 10°%
s, b/ =-0.943,a = 5.4 X 10705, b = —1.36 (Freed, 1976).
For anisotropic motion this gives the correlation time for the
motion of the nitroxide z axis. The absolute values of the
correlation times are critically dependent on the choice of the
appropriate rigidly immobilized spectrum, but changes in
correlation time should be less so. Table I gives the variation
in effective correlation time with lipid/protein ratio, taking
the spectrum of an extensively lipid-depleted sample of cy-
tochrome oxidase at 1 °C for the rigid limit parameters. The
effective correlation times measured by a given parameter all
give approximately the same value independent of lipid/protein
ratio, implying that the motion of the immobilized component
is dominated by the protein rather than by the lipid. The g
values obtained from A4,, are consistently lower because of the
higher polarity of the depleted samples, which increases 4,,
for nonmotional reasons. Since the immobilized component
is reasonably approximated by the spectrum of an extensively
lipid-depleted sample at 36 °C, it is possible that the values
in Table I are a lower limit. This would imply that g 2 50
ns for the first shell immobilized lipid, i.e., motion at least 50
times slower than in the fluid state.

Discussion

The spin-label results indicate the coexistence of a popu-
lation of immobilized lipid and a population of fluid lipid at
all lipid /protein ratios studied. It is unlikely that these two
populations correspond to physically different lipid—protein
complexes, since the preparation method gives essentially
homogeneous samples on density gradient analysis and the
fluid components themselves show systematic spectral changes
with lipid/protein ratio (Figure 3). At lipid/protein ratios for
which the fluid population is of the same size or greater than
the immobilized population, a constant number of lipids per
protein are immobilized, irrespective of the total amount of
lipid present. This suggests that the lipid is immobilized by
direct interaction with the hydrophobic surface of isolated
protein monomer or oligomer units rather than by being
trapped between the protein units as a result of high packing
density [cf. Marsh et al. (1978)]. Jost et al. (1973a) attributed
a similar immobilized lipid population in beef heart cytochrome
oxidase to a first shell or boundary layer around the protein,
since it was calculated from electron microscopy that ap-
proximately 50 lipids could be accommodated around the
protein. Frey et al. (1978) have recently performed nega-
tive-stain electron microscopy on lattice preparations of the
yeast enzyme and found lattice dimensions similar to those
for the beef heart enzyme. Thus, the present value of n, =
55 = 5 would also be consistent with a single boundary layer
of immobilized lipid for the yeast enzyme. However, the value
of 50 molecules/protein surface may be an underestimate since
electron microscopy studies at higher resolution (Henderson
et al,, 1977) suggest that the perimeter of the protein may be
extensively invaginated. If this is the case, the immobilized
component might be solely the lipid which is accommodated
within the surface invaginations of the protein.

The ESR results on the fluid component indicate that the
influence of the protein on the lipid fluidity extends beyond
the first boundary layer shell. At least two further shells are
perturbed and possibly up to three further shells are weakly
perturbed, depending on whether the shells are in fast ex-
change. At low lipid/protein ratios (n; < 25) the lipid outside
the boundary layer is strongly perturbed as a result of being
shared or “trapped” (Marsh et al., 1978) between adjacent
proteins. Since this extra restriction of motion, which is quite
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different from the strong immobilization of the boundary layer,
arises from overlapping lipid shells, it could provide a means
of communication between neighboring proteins.

The dependence of the specific activity of the enzyme on
the lipid/protein ratio (Figure 1a) parallels the classification
of the lipid shells deduced from the spin-label immobilization
data (cf. Figure 1b). As the lipid content is reduced below
the boundary ratio (n, < 50), the activity decreases sharply.
It thus appears that the first boundary shell of lipid is required
to keep the enzyme in potentially active form. At lipid/protein
ratios greater than the first-shell value, the activity is still less
than that maximally regenerable but increases steadily to this
value with increasing lipid content. This may be due to the
effect of the subsequent shells of lipid (cf. Figure 1b). Al-
ternatively, it is possible that DMPC alone does not as readily
support full activity as does asolectin, for example, or de-
tergents such as Tween 80 (Yu et al., 1975; Robinson &
Capaldi, 1977, Vik & Capaldi, 1977). High activity was only
obtained after preincubation of the complexes with cholate.
However, this cholate should be almost completely diluted
away in the assay mixture (Warren et al., 1974a), and cholate
itself does not support high activity (Yu et al., 1975; Robinson
& Capaldi, 1977; Virji & Knowles, 1978). The cholate may
therefore simply ensure access of substrate to the enzyme as
explained previously, but a synergistic action with the lipid
cannot be excluded.

The spin-label characterization of the immobilization of the
various lipid shells requires further clarification. It is not
possible to determine from the spectra of Figure 6 (or of Figure
3) whether the observed immobilization is accompanied by a
change in degree of order (or angular amplitude of motion)
of the lipid chains. Since the immobilized component (Figure
6) corresponds to motion which is slow on the conventional
ESR time scale, it occupies the full spectral anisotropy of the
nitroxide group independent of the amplitude of motion.
However, ESR experiments with oriented cytochrome oxidase
preparations (Jost et al., 1973b) suggest that the immobilized
lipid might be completely disordered, and deuterium NMR
experiments (Seelig & Seelig, 1978) also have been interpreted
in terms of a lipid population around the protein which has
lower order but is in fast exchange with the lipid of the bilayer.
The fluid components (Figure 3) are in a spectral regime in
which it is very difficult to distinguish between changes in rate
of motion and changes in order (Schreier et al,, 1978). A
previous quantitation of the restriction of motion was made
in terms of an order parameter (Marsh et al., 1978), which
for these spectra does not distinguish between different rates
and amplitudes of motion. Thus, the net mobility decrease
in Figure 4 represents the combined result of these two effects.

Regarding the rate of exchange between the various lipid
shells, the boundary layer, or first shell, is in slow exchange
with the other shells since separate spectra are resolved. The
data for the subsequent shells cannot distinguish between fast
and slow exchange, but an intershell exchange rate of >8 X
10 5! would be required for fast exchange. An upper limit
for the exchange rate of the first-shell lipid is given by the
correlation times of Table I, i.e., 7., >50 ns. However, it is
more likely that Table I refers to 7,, the rotational correlation
time for segmental motion of the lipid chains. The molecular
model proposed by Galla & Sackmann (1974) for lipid lateral
diffusion can then be used to estimate the exchange rate in
terms of 7. In the model, the rate of lateral displacement,
v, is determined by the concentration of rotational isomers,
¢y, and the time taken to migrate along the length (/) of the
chain: » ~ (¢ &2/7) /P, where A, = 1.26 A is the projected
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FIGURE 7: Schematic indication of the degree of chain immobilization
in the various shells of lipid surrounding cytochrome oxidase in DMPC
complexes. The vertical scale corresponds to values of (4 - A4 )
normalized with respect to the maximum hyperfine anisotropy of 25
G. Details beyond the second shell depend on whether the lipids are
in fast or slow exchange. T is a shared second shell which exists only
in regions of high protein packing density (low lipid/protein ratios)
where the perturbations from two adjacent protein molecules overlap.

length of a C~C bond. Lipid chains next to the protein may
be more disordered than in the bilayer; hence, ¢, could be up
to a factor of 4 greater for the first-shell lipids® than for the
bilayer lipids whereas their immobilization increases 7, by ~ 50
times relative to the bilayer lipids (Table I). Thus, the ex-
change between the immobilized and fluid lipid can be at least
10 times slower than the lipid-lipid exchange in unperturbed
bilayers,* i.e., v, < 10°-10°s7!. This estimate is consistent
with the finding that in a beef heart cytochrome oxidase-lipid
system the boundary layer exchanges fast on the ZH NMR
time scale: v, >10*s7! (Seelig & Seelig, 1978). Since the
turnover number for yeast cytochrome oxidase is ~300 s
(Mason et al., 1973), it is probable that the boundary layer
is at equilibrium during the catalytic cycle. Thus, it is the
conformation and mobility of the boundary lipid, as seen for
instance by ESR, and not its exchange rate which are likely
to affect the enzyme activity.

In summary (see Figure 7), the present studies have revealed
at least three classes of lipid shells, other than unperturbed
bilayer, which may arise in membranes as a result of lipid—
protein interactions. The first is the boundary layer whose
properties are largely dominated by the hydrophobic surface
of the protein; the second is the trapped lipid or shared lipid
shell whose existence is determined by the protein packing
density and is only present in complexes with insufficient lipid
to form a complete second shell around every protein; the third
environment consists of the shells outside the boundary layer
which form a continuous contact with the bilayer and whose
perturbation falls off fairly steeply beyond the first extra-
boundary shell. The rate of exchange between the shells is

® The fraction of gauche rotational isomers per C-C bond is ~0.25
in fluid lipid bilayers (Marsh, 1974; Triuble & Haynes, 1971); hence,
the maximum increase in gauche rotational isomers is by a factor of 4.
In the model of Galla & Sackmann (1974), ¢, refers specifically to kink
rotational isomers of which there is ca. one per chain in fluid lipid bilayers.
The maximum number is ca. four kinks per chain, again giving a maximum
possible increase in ¢, of a factor of 4.

4 Two canceling factors of 2 are omitted in this estimate. First, of the
two molecules involved in the exchange, only the boundary molecule is
strongly perturbed, but, second, only approximately half the sites is available
for exchange compared with a lipid molecule in an extended bilayer region.
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likely to be fast relative to the enzyme catalytic rates, and thus
it is their dynamic structure, not the exchange rate, which is
likely to determine the functional lipid-protein interaction.
Recent theoretical studies (Owicki et al., 1978) have indicated
that the nature of lipid—protein interactions is very strongly
dependent on the way in which the lipid molecules match the
hydrophobic span of the protein (i.e., the boundary conditions)
and that the range of the interaction is extremely temperature
dependent if in the region of a lipid phase transition, Thus,
different lipid/protein systems could have very different
lipid/protein interactions, and detailed generalizations are not
possible. However, it is to be expected that some biological
membranes will display the features of lipid-protein inter-
actions described here. Indeed, a strongly immobilized lipid
component has been observed in some natural membranes
(Takeuchi et al., 1978; Marsh & Barrantes, 1978; Birrell et
al.,, 1978; Watts et al., 1979), and the apparent differences
in order parameters between some membranes and their lipid
bilayers (Gaffney & Lin, 1975; Gaffney & Chen, 1977) may
correspond to an unresolved immobilized component in ad-
dition to perturbations of the extra-boundary shells.
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Phosphorus-31 Nuclear Magnetic Resonance Studies of Wild-Type
and Glycolytic Pathway Mutants of Saccharomyces cerevisiae’

Gil Navon,! Robert G. Shulman,* Tetsuo Yamane, T. Ross Eccleshall,* Keng-Bon Lam,}

Jerald J. Baronofsky, and Julius Marmur

ABSTRACT: High-resolution phosphorus-31 nuclear magnetic
resonance (*!'P NMR) spectra of wild-type and mutant strains
of Saccharomyces cerevisiae were observed at a frequency of
145.7 MHz. Levels of various phosphorus metabolites were
investigated upon addition of glucose under both aerobic and
anaerobic conditions. Three mutant strains were isolated and
their biochemical defects characterized: pfk lacked phos-
phofructokinase activity; pgi lacked phosphoglucose isomerase
activity: and cif had no glucose catabolite repression of the
fructose bisphosphatase activity. Each mutant strain was
found to accumulate characteristic sugar phosphates when
glucose was added to the cell suspension. In the case of the
phosphofructokinase deficient mutant, the appearance of a
pentose shunt metabolite was observed. 3'P NMR peak as-
signments were made by a pH titration of the acid extract of

I)rcvious studies have shown the usefulness of high-resolution
3P NMR! in monitoring intracellular concentrations of
phosphate metabolites in suspensions of whole cells from
mammalian (Moon & Richards, 1973; Henderson et al., 1974;
Navon et al.,, 1977a, 1978; Evans & Kaplan, 1977) and
microbial (Salhany et al., 1975; Navon et al., 1977b; Ugurbil
et al., 1978) origins.
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the cells. Separate signals for terminal, penultimate, and
central phosphorus atoms in intracellular polyphosphates
allowed the estimation of their average molecular weight.
Signals for glycero(3)phosphocholine, glycero(3)phosphoserine,
and glycero(3)phosphoethanolamine as well as three types of
nucleotide diphosphate sugars could be observed. The in-
tracellular pH in resting and anaerobic cells was in the range
6.5-6.8 and the level of adenosine 5'-triphosphate (ATP) low.
Upon introduction of oxygen, the ATP level increased con-
siderably and the intracellular pH reached a value of pH
7.2-7.3, irrespective of the external medium pH, indicating
active proton transport in these cells. A new peak representing
the inorganic phosphate of one of the cellular organelles, whose
pH differed from the cytoplasmic pH, could be detected under
appropriate conditions.

On the basis of chemical shifts of inorganic phosphate and
other phosphate metabolites, the intracellular pH can be
determined (Moon & Richards, 1973; Salhany et al., 1975;
Navon et al., 1977a,b). In a previous study on endogenous

! Abbreviations used: DHAP, 1,3-dihydroxyacetone phosphate; FBP,
fructose 1,6-bis(phosphate); F6P, fructose 6-phosphate; GAP, glycer-
aldehyde 3-phosphate; GPC, glycero(3)phosphocholine; GPE, glycero-
(3)phosphoethanolamine; GPS, glycero(3)phosphoserine; G6P, glucose
6-phosphate; NADH, $-nicotinamide adenine dinucleotide (reduced form);
NADPH, $-nicotinamide adenine dinucleotide phosphate (reduced form);
NAD*, B-nicotinamide adenine dinucleotide (oxidized form); NMR,
nuclear magnetic resonance; PEP, phosphoenolpyruvate; 3PGA, 3-
phosphoglycerate; 6PGA, 6-phosphogluconate; P, inorganic phosphate;
UDPG, uridinediphosphoglucose; YP, 1% Difco yeast extract + 2% Difco
peptone; YPD, YP + 2% glucose; YPF, YP + 2% fructose; YPFGal, YP
+ 2% fructose + 2% galactose; YPGE, YP + 3% glycerol + 2% ethanol.
Enzyme Commission numbers: phosphoglucoisomerase, 5.3.1.9; phos-
phofructokinase, 2.7.1.11; and fructose bisphosphatase, 3.1.3.11.
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