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ABSTRACT

’roteins have a twofold effect on lipids 1in fluid membranes: they
induce a tilt of the preferred axis of lipid orientation and they
reduce the fluctuations of the 1lipid molecules about the preferred
axis. This %ffecot is maximal at the protein surface, where the tilt
angle 1is 207°-30" and the order parameter 0.6 and, with 1increasing
distance §rom the protein surface, decreases with a coherence length of
about 15A. This has been shown by fluorescence anisotropy measurements
on oriented samples (1).

The perturbation of lipid order due to protein in turn affects pro-
tein behavior. First, this effect weakens the incorporation of proteins
into membranes. The contribution to the free energy of binding 1S
small, but the contribution to the enthalpy is large (2). Second, the
lipid perturbation effect promotes aggregation of proteins in membranes.
This has been demonstrated for the polypeptide melittin (3).

Below the lipid phase transition, proteins decrease the order of the
surrounding lipids, but the boundary lipids do not fluctuate as strongly
as above the phase transition. As a consequence, the internal proteiln
fluctuations are reduced when passing through the lipid phase transi-
tion. This leads to a reduction of their activity as expressed by a
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break in an Arrhenius plot. This correlation between lipid fluctuations,
protein fluctuations and protein activity has been demonstrated by
time-resolved fluorescence anisotropy measurements on lactose permease
of E.coli (4).

INTRODUCTION

In characterizing the structure of membranes, a useful approach is the distinc-
tion between the mean structure and thermal fluctuations around that mean structu-
re. The mean structure of membrane lipids is the bilayer with the lipid molecules
oriented parallel to the bilayer normal. Around this mean orientation, the lipids
undergo orientational fluctuations.

Positional fluctuations in the membrane plane lead to lateral diffusion. The
bilayer structure, i.e. the mean structure, is responsible for the function of a
membrane as a permeability barrier - the fluctuations are required for the fluidi-
ty of a membrane. The mean structure of membrane proteins, as far as their membra-
ne-incorporated part is concerned, in most cases is given by a number of bilayer-
-spanning «-helices. In analogy to lipids, fluctuations may occur as positional
and orientational fluctuations, the latter being composed of rigid-body and
conformational fluctuations. Positional fluctuations, i.e. lateral diffusion of
membrane proteins, and orientational fluctuations of whole proteins are necessary
for all kinds of interactions between proteins. In addition, protein activity
seems to require conformational fluctuations, as recognized in recent work on
soluble proteins.

As is well known, fluorescence anisotropy (FA) measurements provide information
on orientational fluctuations. To investigate the fluctuations of lipids, fluores-
cence probes are used which incorporate spontaneously between the lipid molecules
and reflect their orientational fluctuations. Fluctuations of proteins may be
studied via intrinsic or extrinsic fluorescence probes.

If a dispersion of membranes is investigated, the orientational fluctuations
of the fluorophores which occur within the fluorescence lifetime are detected
irrespective of their mean orientation. From the measured anisotropy r(t) one
derives the relaxation time @ of the fluctuations and the residual anisotropy r,
at long times which yields the orientational order parameter

L — {PE} = {3ﬂcm525> -1)/2

as a measure for the strength of the fluctuations. © denotes the angle between
the instantaneous orientation of a fluorophore and its mean axis of orientation,
and the angular brackets represent the temporal average over the fluorescence
lifetime (1, 2). More information is obtained from experiments on oriented membra-
nes (3-6). First, the preferred or mean orientation of the fluorophores can be
determined. Second, in addition to {PE} or <cos 0> one obtains the higher order
parameter

{94: = (35 {cogdﬂb -3 ﬁcoszﬂb +3)/8
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or <cos4>. This permits to construct an approximate form of the distribution of
the fluorophore axes around the mean orientation.

For dispersed as well as oriented membranes, the temporal decay of the aniso-
tropy 1s a complex process. Theoretically, for the fluctuations of a fluorophore
In dn anisotropic medium such as a membrane one expects a large number of relaxa-
tion times (7-9). Experimentally, one cannot resolve more than 2 or 3 relaxation
times. The best approach, therefore, is to fit the theoretical expression for
r(t) to the experimental data treating the rotational diffusion coefficients (D,
and D, 1in the case of a symmetric ellipsoid) as open parameters to be determined
from the fit.

In this review of our work on FA three subjects will be discussed: (i) Lipid
fluctuations - how are the fluctuations of different probes related to lipid
fluctuations and what kind of membrane fluidity is provided by FA? (ii) Lipid-pro-
teln interaction - do proteins make lipids more fluid or more rigid? (iii) Protein
fluctuations - how do membrane-incorporated o -helices fluctuate and how are

their fluctuations coupled to lipid fluctuations?

Lipid Fluctuations

FA curves of four different probes in bilayers of dimyristoylphosphatidylcholi-
ne (DMPC) at 35°C are shown in Fig. 1. The probes are diphenylhexatriene (DPH),
diphenyloctatetraene (DP0O), triphenylamino-DPH (TMA-DPH), and trans-parinaric acid
(tPnA). From the residual anisotropies r,, at long times the probe order parameters

follow as

TMA -
gtMA-DPH 5 o gtPnA _ o, o SDPH DPO__ ., ,

If, 1In lowest approximation, the r(t) curves are fitted by single exponential
decays, the probe relaxation-times are obtained as

DPO DPH ITMA—-DPH tPnA
0 a~ 2nsec> ¢ A ~ lnsec> ¢ &~ U.onsec.

Ihe reason for the different order parameters of the probes and their different
relaxation times must lie either in the different size and geometry of the probes
or in different positions of the probes En the membrane with different lipid
environments. The lipid order parameter S as detected by deuterium magnetic
resonance (DMR), is about 0.4 in the so- called plateau region which extends appro-
ximately from the carbonyl group to the tenth carbon atom of the chains and then
decreases to a value of about 0.2 at the chain ends (10). Hence, probes at diffe-
rent positions along the membrane normal sense a different lipid environment,
and, therefore, may differ in their own order. That such an effect exists 1is
borne out by a comparison of TMA-DPH and tPnA. Both probes are expected to insert
into a bilayer with their charged ends fixed in the polar head region of the
lipids and with their hydrophobic part which carries the fluorophore penetrating
between the lipid chains. In the case of TMA-DPH, due to the short connection
Detween the charged moiety and the fluorophore the latter extends essentially
over the plateau region of the lipid chains. tPnA, on the other hand, contains a
spacer of / CH2 groups between the charged moiety and the fluorophore, which
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positions the fluorophore more towards the chain ends. Here the lipid order 1s
lower and, therefore, the order parameter of tPnA is smaller than that of TMA-DPH.
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FIGURE 1

F Luorescence anisotroopies r(t) of DPH, TMA-DPH, DPO, and tPnA 1in bil-
layers of DMPC at 35°C.

To assess the influence of probe size on the order parameter one may compare
DPH and DPO. Although their positions cannot be as unambiguously fixed as for the
charged probes TMA-DPH and tPnA, they should not be much different. Hence, thelr
main difference seems to lie in the size. Nevertheless, thelr order parameters
are equal, so that size seems to have a minor effect on probe order. Thus, the
differences between probe order parameters arise mainly from different positions
of the probes along the membrane normal and thus reflect the variation of lipid
order along the membrane normal.

For the quantitative comparison between probe and lipid order we choose the
probe TMA-DPH. It extends over the plateau region of the lipids and the order
peramefer is 0.6, considerably higher than the corresponding lipid order parameter
S-~ 0.4. To explain this difference, one may consider the lipid fluctuations as a
superposition of rigid-body motion and conformational transitions,

L . :
ST = SL(rlgld) SL(conf).
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By definition, SL(rigid) does not vary along the lipid chains and the decrease of
S™ towards the chain ends 1is a consequence of increased conformational diEorder.
A rigid probe extended over the whole length of lipid chains would detect S~ (rigi-
d). This also holds, if the probe is confined to the plateau region, whereas a
probe located deeper in the bilayer senses an increasing contribution of conforma-
tional disorder. Thus, TMA-DPH is expected to reflect only the rigid-body motion

of the lipids,

STMA-—DPH A SL(rigid)

and, therefore, its order 1s higher than the total lipid order as detected by
DMR. Inversely, this assignment permits a dq}ermination of the two components of
lipid order. Inserting S~ (rigid) = 0.6 and S~ = 0.4 in the above relation for S

yields S (conf) = 0.6. This result means that lipid order in the plateau region
originates about equally from rigid-body order and from conformational order.

According to DMR relaxation measurements (11), the relaxation time of lipid
order varies in a similar way along the lipid chains as the lipid order parameter.
Thus, if probe relaxation reflects lipid relaxation as did probe order reflect
lipid order, the sequence of probe relaxation times corresponding to thelr magni-
tude would coincide with the sequence of order parameters. However, thilis 1S not
the case, and another interpretation is required. The most obvious alternative 1S
to explain the differences in relaxation time as differences in probe size: In a
viscous medium, larger probes fluctuate more slowly than smaller ones. DPO 1s the
largest probe, followed by TMA-DPH and DPH, and finally tPnA with the smallest
fluorophore. Therefore, the relaxation times should d%crease in this order, as
actually found. Compar‘egpntAo lipid relaxation times @~ =~ 0.1 nsec,the shortest
probe relaxation time 0 ~ 0.5 nsec 1s still larger by a factor of 5. Lipid
relaxation may therefore be considered as a relaxation of separate CH, groups.
The size of a CH, group is about /7 times smaller than that of the tPnA fluoropho-
re, sufficient ta explain the shorter lipid relaxation time. But this picture of
lipid relaxation 1s certainly an oversimplification, because the lipid CH2 groups
are linked and do not fluctuate independently.

Actually, one is not interested primarily in lipid or probe relaxation times,
but in the viscosity underlying these relaxation processes. For the evaluation of
relaxation times in terms of a viscosity the membrane cannot be considered as an
isotropic viscous medium - the lipid orientational order must be taken 1nto ac-
count. In lowest approximation (7, 9), only one relaxation time 1is considered
which 1s expressed as

6 = <o>/ (6D ) Fah

with D denoting the diffusion coefficient of the probe for rotation about an
axis perpendicular to the long molecular axis and <o> specifying the 1nfluence of
lipid order. An approximate analytic expression is <o> = (1+2S) (1-S) (12). Thus,
the experimental value for @ can, if the experimental value for S 1S also used,
be evaluated for D, . Finally, from D, the viscosity n, for rotational motion
about an axis perpendicular to the preferred axis of lipid orientation 1s derived.
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Considering the probe as a symmetric ellipsoid of large axial ratio a/b the

relevant relation is (13)
3kT

D

R

For the case of DPH, the re%y

’?67Ta,‘3’m_

(21n

2a

T S

b

=~ A} .

(1b)

Its for D, and ny are shown in Fig. 2. Two aspects

are worth mentioning. At 35°C, i.e. in the fluid lipid phase, the viscosity is
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Lipid-Protein Interaction

The question of whether proteins make a fluid bilayer more fluid or more rigid
has been given different answers by different experimental techniques. In electron
spin resonance (ESR) and FA experiments, a variety of proteins were found to
increase the lipid order parameter, i.e. to make the lipids more rigid (14, 15).
In DMR experiments, on the other hand, the lipid order parameter remained constant
or even decreased slightly upon addition of protein (16, 17). To resolve this
seeming contradiction the following model for lipid-protein interaction has been
proposed (2, 15). At the surface of proteins the orientational fluctuations of
lipids are restricted due to the rigidity of the protein structure. Furthermore,
due to the uneven or tilted surface of proteins the mean axis of lipid orientation
becomes tilted with respect to the membrane normal. Denoting the boundary values
of the order parameter and the tilt angle by S_ and 6_, respectively, and the
unperturbed values by S and © = 0, the bounda?y conditions for immobilization
and tilt become S_ > SYand €Y > 0, as illustrated in Fig. 3. With increasing
distance from the’ pmtléin mol3cules the perturbations of 1lipid order decrease
exponentially with the coherence lengths & and »a ,

S (r)=S +(so—sn)[e‘(r"Ro’/£+e(r“2R+Ro’/£] (2a)

n
—(r—RO)/A+e(r—2R+RO)/A

cos 0(r)=1-(l=cos OO)[e ;[ (2b)

Here, R represents the protein radius and 2R the distance between the center of
the pro%ein molecule at r=0 and the centers of the surrounding Erotein molecules.
cxperimentally accgssible are spatial averages of S(r) and cos“0(r). The average
of S(r), denoted S, represents the average of the fast lipid Eluctuations which
occur in 10 ° sec. The average of (3cos 0(r)-1)/2, denoted S°, represents the
order parameter of the spatial fluctuations of the mean axes. If one takes into
account that lipid Smolecules undergo exchange between protein molecules via
lateral diffusion, S” can also be considered as the order paramgter of temporal
fluctuations, and since a typical time for lipid exchange is 10 ~ sec, S° repre-
sents the order parameter of slow lipid fluctuations. The total order parameter
1S given by a product,

Lot E . S
O = S S . (3a)

L may remain constant due to a

Proteins 1ncrease S]c and decrease S° so that S
compensation of 1mmobilization and tilt. q

In £SR and FA, the time for a measuring process s of the order of 10 " sec,
nerefore only the fast fluctuations are detected: S' is obtained which increases
ue to protein. In DMR, on the other hand, the time for a measuring process is of
ne order of 10 sec, therefore all fluctuations are detected: S 1S obtained

nich may remain constant or decrease slightly.

= ki ot

I ]
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FIGURE 3

Schematic model for lipid-protein interaction. The cones symbolize the
preferred axes of orientation and the extent of lipid orientational
fluctuations. S and 8 denote the order parameter and tilt angle of
unperturbed lides, SO 4nd 80 those at the protein surface.

Although the above model for lipid-protein interaction offers a simple explana-
tion for the different results obtained with different experimental techniques,
one would like to measure the order parameters S' and S directly by one and the
same technique, e.g. FA. This is possible, if one works with oriented membranes
instead of a dispersion of membranes. In this case. the orientation of the pre-
ferred axes is also observable. For a moment let us assume that fast fluctuations
would not exist. If the fluorophores are oriented parallel to the membrane normal
and the membrane normal is parallel to the polarization of the incoming light
(Fig. 4), the anisotropy is maximal. It decreases if the membrane normal 1is
rotated towards the direction of the incoming light. At an angle o= 45" between
the membrane normal and the initial polarization, the anisotropy becomes zero,
because the orientation of the fluorophores is symmetric with respect to the
parallel and perpendicularly polarized fluorescence light. However, 1if this
symmetry 1s. broken by the existence of a tilt of the preferred axes, the aniso-
tropy at o= 45° is finite. Thus, the angular dependence of the anisotropy 1is
sensitive to the orientation of the preferred axes. This behavior 1S preserved,
1f fast fluctuations are present.

In the case of oriented membranes, information on the fluorophore orientation
1S contained in ry as well as in r_ and, furthermore, is not restricted to the
usual order parameter S = <P, , but®includes the higher order parameter <P4>. [f
fast and slow fluctuations eéist, the total higher order parameter is also given
by a product,

<P,k > = <P > S &P s (3b)

In analogy to eq. (3a) for <P.>. é detailed calculastion shows that the angular

dependence of Moo §+ JOVeErned %tw >, <P,>", and <P,>7, whereas that of r_ is de-
termined by <P.> and <P;s"%", nce,%ll four orﬂ&ierﬂ parameters can be Dbtained

from the angulgr dependenc?es 0f reo and r. .

[2
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FIGURE 4

Geometry of FA measurements on oriented membranes.

We have performed steady-state FA measurements with DPH 1n oriented membranes
of DMPC containing melittin, a polypeptide of 26 amino %cid residues (6). With
increasing melittin concentration the anisotropy at &= 45~ was found to 1increase
which indicates an increasing tilt of the preferred axes of lipid orientation.
For the quantitative analysis we took the relaxation time from time-resolved
measurements on dispersed membranes and fitted the angular dependence of the

steady-state anlsotropy

— T‘m(
() = et o SRR (4)

: 1+ T/ 2

with the four order parameters as the open variables. Since <P >f appears Ogly gn
r . it could not Pgtdetermined with sufficient accuracy. The &esults for 8§ s 5

ald the product S are shown in Fig. 5. Upon addition of melittin S 1ncCreases
indicating partial immobilization of 1ipidstoﬁvhereas S” decreases indicating
partial tilting. Both effects compensate 1in S which, therefore, remains cons-

tant. These results represent a clear confirmation of the above model for lipid-
protein interaction.

The analysis of the data on oriented membranes yields urther igformation.
Since for the slow fluctuations the two order parameters <P,> and <P,>" are kKnown,
an approximate distribution function can be derilved. Equi\;alently, %y using the
special distribution of eq.(2b) the characteristic parameters 0O/ and 2 may be
determined. The result is 0. = 30" _and A= 15A. This means that at the protein
surface the lipids are tilted by 30° and this perturbation falls off with a cohe-
rence length of 15A, corresponding to about three rings of lipid chains. The
coherence length & of the fast fluctuations, at the moment, can only be estimated
and turns out to be of the same order of magnitude as A (18). Using = 15§,

|3
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<P >f can be evaluated for S Wh1Ch results as 0.5. This value is higher than the
unperturbed order parameter % = .36

0.6 -

0.4 | :
O

0.2 4 - .

50 25
MELITTIN/ LIPID

CRDER PARAMETER

FIGURE 5

.t

The fast, slow, and total order parameters Sf(o), Sz ) and S”” "(e) of

DPH as a function of the molar ratio melittin/DMPC at 35°C.

These results were derived for melittin, but the analysis of published data
for other proteins shows that the finding S = 0.5 seems to be of more general
validity (15). Hence, the immobilization Of lipids by proteins due to their
rigidity may be a universal feature. Concerning the protein-induced tilt of
lipids the situation 1s unclear. Melittin spans the bilayer 1n the ftww1<yf a bent
o -helix with the helical segments being oriented at angles of about 30° relative
to the membr%pe normal (19). Therefore, it is not astonishing that the lipids are
tilted by 30°. Whether non-tilted oc -helices also induce a tilt of the lipids,
simply -due to thelr uneven surface, remains to be investigated.

14
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Protein Fluctuations

The bilayer-spanning segments of many proteins adopt an o«-helical conformation
(20). Therefore, we started out to study the possible fluctuations of simple & -he-
lices in membranes. One example for such a helix is melittin which forms a Dbent
« -helix of 20 residues and a random C terminal segment of 6 residues. The helix
is hydrophilic along one side and hydrophobic along the opposite side. Therefore,
several helices, actually four, aggregate in such a way that the hydrophobic
sides are in contact with the lipids and the hydrophilic sides face each other to
avoid this contact (21). Evidently, such a structure represents a pore through
the membrane, as illustrated in Fig. 6. In this case, fluctuations of the helices
might be correlated with the opening and closing of the pore. Further examples of
simple o -helices are two synthetic polypeptides of the following amino acid

sequences (22).

(AlaVal)STrp(AlaVal) AlaGluAla

A
Trp(AlaVa1)4A1aG1uA1a.

The longer one denoted P22 consists of 22 residues, enough to span the lipid
bilayer in «-helix conformation. Except for Glu21 at the C terminus the residues
are hydrophobic, and a strong tendency for aggregation in the membrane should not
exist. Thus, P22 is expected to exist in membranes as o« -helical, bilayer-spanning
monomers (Fig. 5). The shorter polypeptide denoted P12 has only 12 residues and
should exist in membranes as an «-helical, monolayer-spanning monomer (Fig. 5).

P12 P22 Meliffin

T
]

FIGURE ©

Schematic representation of three polypeptides in membranes: P12 consis-
ting of 12 amino acid residues, P22 consisting of 22 residues, and
melittin consisting of 26 residues and aggregated i1n the form of tetra-
mers. The small spheres represent Trp residues.

15
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Our aim was to detect the fluctuations of these different «-helices by FA
measurements on the Trp residues. The synthetic polypeptides have a Trp residue
approximately in the middle of the bilayer, and melittin has a Trp at position 19
which i(s l)ocated approximately at the height of the glycerol backbone of the
lipids (23).

Time-resolved FA measurements on melittin in fluid membranes of DMPC yielded a
relaxation time of 3 nsec and an order parameter S~ 0.75. Up to now, the synthe-
tic polypeptides have been studied only by steady-state FA measurements. If the
steady-state anisotropy is evaluated for an order parameter assuming a relaxation
time of 3 nsec, one obtains S# 0.5 for P12 and S# 0.9 for P22. This means that
the monolayer-spanning polypeptide P12 fluctuates essentially like a lipid molecu-
le, whereas the bilayer-spanning polypeptide P22 does not fluctuate considerably.
The order parameter for melittin lies in between, i.e. the melittin helix under-
goes some fluctuations. In analogy to lipids, one may envisage two kinds of
fluctuations: rigid-body fluctuations and conformational fluctuations. Compared
to the bilayer-spanning e-helix of P22 rigid-body fluctuations may be facilitated
in the aggregated state of melittin. Conformational fluctuations may occur 1n the
melittin helices due to the bend in the middle of the helix. At present, we
cannot decide between these two possibilities for fluctuations of melittin. What
these results seem to indicate, however, is that the observed fluctuations are
fluctuations of the helices and not of the Trp side chains relative to the heli-
ces. In the latter case, the order parameters measured for the three polypeptides
would not differ so much. Furthermore, fluctuations of the Trp side chains are
expected to relax in 100 psec (24) whereas the melittin fluctuations occurred 1n
the range of nsec (25). The observation on melittin that aggregated helices
undergo orientational fluctuations may be relevant for more complex membrane
proteins.

Whether or not slower fluctuations of helices in membranes occur is difficult
to decide with FA on Trp residues because of the short life time of the Trp
fluorescence. For this reason we employed an extrinsic fluorescence probe, namely
pyrene which has a fluorescence life time component of about 100 nsec. Pyrene has
not yet been attached to one of the above polypeptides, but to lactose permease
of E.coli. The site of attachment is Cys148 which according to structural models
of this protein is a member of a bilayer-spanning « -helical segment (26), and
according to quenching studies is located at the height of the C5 carbon atoms of
the lipid chains (27).

Time-resolved FA studies on pyrene-labeled lactose permease in fluid membranes
of DMPC revealed two relaxation times, @, = 9 nsec and @, = 40 nsec (28). The
amplitudes b of the two relaxatior procésses are of comgarable magnitude, but
they differ in their temperature dependence across the lipid phase transition.
Whereas b, remains constant, b, becomes smaller by a factor of 2 below the phase
transitio&, 1.e. these fluct%ations are strongly restricted below the phase
transition. This difference in the temperature dependence of the two relaxation
amplitudes would be difficult to understand, if both relaxation processes were
considered as fluctuations of the helix to which pyrene is attached. Therefore,
one tends to attribute the fast relaxation to fluctuations of pyrene relative to
the helix and the slow relaxation to fluctuations of the helix. Pyrene bound to
Cys148 was found previously to be of limited accessibility from the lipid phase
(27), so that the weak coupling between pyrene and lipid fluctuations would be
conceivable. The fluctuations of the helix bearing the pyrene, on the other hand,

16
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should be sensitive to the lipid fluctuations, because this helix 1is strongly
hydrophobic on the side opposite to Cys148 and therefore should be in immediate
contact with the lipids.

Such a coupling between protein and lipid fluctuations is of special 1nterest
in the case of lactose permease, because a strong coupling between protein activi-
ty and lipid fluctuations has been known for a long time - the transport activity
of lactose permease decreases drastically below the lipid phase transition (29).
Presumably, this coupling between protein activity and lipid fluctuations 1s
mediated by protein fluctuations: protein activity requires a conformational
change; a conformational change occurs on the basis of small and fast conformatio-
nal fluctuations of the protein, and these are only possible if the surrounding
lipids also fluctuate (30). This way of understanding the functioning of proteins
in terms of conformational fluctuations has been introduced for soluble proteins,
but should apply equally well for membrane proteins. Up to now, only very few
studies, however, have been reported on conformational fluctuations of membrane
proteins (31) and further investigations are urgently required.
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