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Analysis of Protein and Peptide Penetration into Membranes by Depth-
Dependent Fluorescence Quenching: Theoretical Considerations

Alexey S. Ladokhin
Department of Physiology and Biophysics, University of California-Irvine, Irvine, California 92697-4560 USA

ABSTRACT Depth-dependent fluorescence quenching in membranes is playing an increasingly important role in the
determination of the low resolution structure of membrane proteins. This paper presents a graphical way of visualizing
membrane quenching caused by lipid-attached bromines or spin labels with the help of a depth-dependent fluorescence
quenching profile. Two methods are presently available to extract information on membrane penetration from quenching: the
parallax method (PM; Chattopadhyay, A., and E. London, 1987. Biochemistry. 26:39—-45) and distribution analysis (DA; A. S.
Ladokhin, 19983. Biophys. J. 64:290a (Abstr.); A. S. Ladokhin, 1997. Methods Enzymol. 278:462-473). Analysis of various
experimental and simulated data by these two methods is presented. The effects of uncertainty in the local concentration of
quenching lipids (due to protein shielding or nonideality in lipid mixing), the existence of multiple conformations of membrane-
bound protein, incomplete binding, and uncertainty in the fluorescence in nonquenching lipid are described. Regardless of
the analytical form of the quenching profile (Gaussian function for DA or truncated parabola for PM), it has three primary
characteristics: position on the depth scale, area, and width. The most important result, not surprisingly, is that one needs
three fitting parameters to describe the quenching. This will keep the measures of the quenching profile independent of each
other resulting in the reduction of systematic errors in depth determination. This can be achieved by using either DA or a
suggested modification of the PM that introduces a third parameter related to quenching efficiency. Because DA utilizes a
smooth fitting function, it offers an advantage for the analysis of deeply penetrating probes, where the effects of transleaflet
quenching should be considered.

INTRODUCTION

Determination of membrane organization and dynamics ideers, 1990; Chung et al., 1992; GolemMaras et al.,
one of the most challenging problems in structural biology.1992; Ladokhin et al., 1993a, b; Matsuzaki et al., 1994;
An important aspect involves characterization of the transJones and Gierasch, 1994; Ladokhin and Holloway, 1995a,
verse location of proteins and peptides in the bilayer (Whitéd; Sassaroli et al., 1995; Asuncion-Punzalan and London,
and Wiener, 1995; Hubbell and Altenbach, 1994; White andL995; Kachel et al., 1995; Castanho and Prieto, 1995;
Wimley, 1994). The depth-dependent fluorescence quenciMacedo et al., 1996; Mishra and Palgunachari, 1996; Oren
ing technique, utilizing lipids with bromine atoms or spin and Shai, 1997; Liu and Deber, 1997). The PM (Chatto-
labels selectively attached to certain positions along theipadhyay and London, 1987; Abrams and London, 1992,
acyl chains, is a useful tool to explore the membrane struc1993) and DA (Ladokhin, 1993, 1997) can be utilized to
ture along the depth coordinate (Everett et al., 1986; Berkguantitate this quenching in order to extract information on
hout et al., 1987; Voges et al., 1987; Bolen and Holloway,Membrane penetration. Previously we have compared the

their underlying physical assumptions (Ladokhin and Hol-

loway, 1995a; Ladokhin, 1997). We have demonstrated that

application of DA, which has three fitting parameters (com-
Received for publication 25 June 1998 and in final form 22 October 1998_pared_to two for PM_)’ IS not O_I"_Ily statistically J_USt'f'abl_e but,
Address reprint requests to Dr. Alexey S. Ladokhin, Department of Phys-more importantly, yields additional Valuab_le 'nforma_t'on on
iology and Biophysics, University of California-Irvine, 346-D Med. Sci. I, the fluorophore’s transverse heterogeneity and lipid expo-
Irvine, CA 92697-4560. Tel.: 949-824-6993; Fax: 949-824-8540; E-mail: sure. This report presents an evaluation of the capabilities of
ladokhin@uci.edu. the two methods, based on their treatment of various exper-
Permanent address: Institute of Molecular Biology and Genetics, Nationa{memaj and simulated data Specifically the systematic
Academy of Sciences of Ukraine, Kiev 252143, Ukraine. N '

errors that affect determinations of the depth of the fluoro-

Abbreviations used®M, parallax method; DA, distribution analysis; LUV, h | d with t to th b f the f
large unilamellar vesicles of 100 nm diameter, obtained by extrusion; MSPP oré areé analyzed with respect (o the number o eiree

the membrane spanning peptide of Bolen and Holloway (1990); OmpAfitting parameters employed to describe quenching.
outer membrane protein A; 4-5, 6-7, 9-10, 11-12, or 15-16BPC, This paper presents a graphical way of visualizing mem-

1-palmitoyl2(dibromostearoyl)phosphatidylcholine with bromine atoms athrgane quenching with the help of a depth-dependent fluo-
the 4-5, 6-7, 9-10, 11-12, or 15-16 positions, respectively; POPC, palmi-rescence uenchin rofile. Reaardless of its analvtical
toyloleoylphosphatidylcholine; quenching profile or profile, depth-depen- q gp ’ g Yy

dent fluorescence quenching profile; SUV, small unilamellar vesicles of 30f9rm, th?_quenChing profile has three primgry CharaCteri'S'
nm diameter, obtained by sonication; TOE, tryptophan octyl ester. tics: position on the depth scale, area, and width. Quenching

© 1999 by the Biophysical Society profiles provided by DA and the PM are examined with
0006-3495/99/02/946/10  $2.00 respect to how they are affected by uncertainty in the local
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concentration of quenching lipids (due to protein shieldingTHEORY

or nonideality in lipid mixing), the existence of multiple . .
) S In a depth-dependent fluorescence quenching experiment
conformations of membrane-bound protein, incomplete . .
- S . one determines the fluorescence intendityof a probe as
binding, and uncertainty in the fluorescence in nonquench- :
. - . . . a function of the known depth of the quenchierData are
ing lipid. In its present form, PM is prone to potentially

anificant svst i 1 the determinati fq thusually normalized to the intensity in the absence of
significant systématic errors in the determination of dep guenchingFo. Two methods, PM (Chattopadhyay and Lon-

because area and width of the quenching profile depend o on, 1987) and DA (Ladokhin, 1993, 1997) are used to

asingle'parame_ter. Onelcar'1 improve the pgrformance of th&uantitate the quenching. The principal equations for these
PM by mtroducmg a thlr_d_ independent fitting parame’Fen methods, rewritten in a similar form for ease of comparison,
related to quenching efficiency, that uncouples the width, .

and area. These two characteristics depend on different

properties of the system (exposure to lipid and transverse Fo S (h—hy)?
heterogeneity) and therefore should be kept independent A In F(h) ~o(h) = ‘TV%. Xp — 52 @)
each other during the analysis. Because DA utilizes three

fitting parameters, area, width, and mean depth, its solutions Fo

are largely unaffected by any of the examined factors. In B ch)=m-C-[R:— (h—hy)?,
Application of the DA formalism to the data of Rodionova

et al. (1995) allows one to recognize large conformationaPM: h—-h,. <R (2

change associated with membrane insertion of OmpA. =
Finally, the effects of transleaflet quenching are ad- |nﬁ
dressed, applying a new procedure that accounts for the ()

phenomenon by adding to the original profile a symmetricalrpe jgentical left-hand side is a function of the fluorescence
component on therans side of the bilayer (Ladokhin, corrected for the difference in concentration of different
1997). Because DA, unlike PM, operates with a smoothyyenchersg(h). For simplicity of presentation only, we will
fitting function, this modification is easy to implement. | consider the case when concentrations of different quench-
analyzed data published by Bolen and Holloway (1990) orers are equal to each other, so tb@l) = 1. The expression

a synthetic membrane spanning peptide designed to adoph the left-hand side will be called the depth-dependent
an a-helical transmembrane conformation and to bring itsfluorescence quenching profile.

single tryptophan close to the center of the bilayer. This On the right are analytical expressions for the quenching
analysis demonstrates that DA can be used to evaluate gxofile represented by either a Gaussian function (DA) or

-cth)=0, h—h,=

wide range of membrane penetrations. truncated parabola (PM). Examples of quenching profiles
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FIGURE 1 Depth-dependent fluorescence quenching profiles are used to visualize the change in fluorfésoéacgrobe (normalized to its value in

the absence of quenching) when the quencher is present at a certain depth in the bilayer. The depth scale is defined in such a way that zero is placed
in the middle of the bilayer. Distribution analysis (DA) and the parallax method (PM) describe the quenching profile as a Gaussian (Eg. 1) add truncate
parabola (Eq. 2), respectively. Vertical lines are drawn at the depth positions where quenching can be experimentally probed with the indicated brom
lipids. Because DA operates with three parameters, it allows the area and width of the profile to be changed indepeéoitietidiyddashed lines The

PM uses only two parameters, therefore the changes in area and width are cdagleeti(ling Unlike that of the PM, the quenching profile for DA is

a smooth function.
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are presented in Fig. 1. The Gaussian function has thaeasured in POPC by a factor of 2 or 0.5. Further details are described in
following three parameters: mean depth,), dispersion the Results section. Data analysis using a least-squares minimization rou-
s tine and graphic representation of results were performed with the com-
[(Z)Qlja?gts:sear?e:noéee;mpgﬂn(d)ﬁzﬁtisoc;z:jggcmlr?@jg Ing mercial software package Origin 3.5 (MicroCal, Inc., Northampton, MA).
and that the area and width of the profile are coupled to a
single parameteﬁc, and cannot pe changed independentlyResSULTS
(Fig. 1). The third parametelC, is the known quencher . ) )
concentration and does not vary in the analysis. It is usuallyf "€ basic approach taken in the subsequent analysis con-
expressed as the surface concentration. sists of the following three steps: 1) assume that the quench-
Traditionally, PM is used as an analytical procedure toiNd profile is indeed a Gaussian function (for DA) or a
calculate depth an&,, from two measurements of intensity, runcated parabola (for PM); 2) introduce a certain variation
using an equation derived from Eq. 2 (Chattopadhyay ané Physical property (protein shielding, multiple conforma-
London, 1987). Here the principal equation (Eq. 2) is usedions, incomplete binding, etc.); 3) evaluate the quality of
predominantly, because it allows the fitting of multiple datadata description and estimate possible systematic errors
points and facilitates visualization of the quenching profile.introduced by this variation.

METHODS Variation in the local concentration of quenchers

Most of the simulations presented here are based on data for the quenchifthe concentration of quenching lipids in the vicinity of the
of TOE with bromolipids (Ladokhin et al., 1993a). The depth of bromines quorophore could be quite different from that in the bulk of

was estimated from the x-ray diffraction data of McIntosh and Holloway th b Effects of th iation in this | |
(1987). When the effects of incomplete binding and variationsofvere € membrane. €cts of the variation in this local concen-

analyzed, the number of data points was reduced to achieve zero degrefi@tion of quenchers on solutions provided by DA and PM
of freedom for both the DA and PM fits. This was done to eliminate are presented in Fig. 2. Squares correspond to quenching of
uncertainties associated with random errors caused by data scattering afije TOE fluorescence with a set of four bromolipids

to focus on systematic errors in determination of depth. Fluorescenc%Ladokhin etal., 1993a)' The local concentration of quench-

measured with lipids brominated at the following positions alongsth2 . . .
acyl chain was used: 4-5; 9-10; 11-12 for DA, and 4-5; 11-12 for Pm. €S Cr IS expressed as a variable fractidnof the total

Therefore, the recovered parameters are slightly different from those preconcentration of quenchers, such thatC; = f - C. Sys-
viously reported, in which data for all four quenchers were utilized in thetematic changes ififrom 0.1 to 1 are made in increments of
fit (Ladokhin and Holloway, 1995a). The overall conclusions, however, doQ.1, and the effects on the fit of the TOE daliadsin Fig.

not depend on the selection of quenchers. We used a value Gtfod drea 2) are considered. Because DA does not explicitly depend
for one lipid molecule (Lewis and Engelman, 1983) to expfessthe PM. . . .

Variation in degree of binding was simulated by adding the desiredOn the quenCher,ancgmra}“@(Eq' 1)' its solutions are
contributions of bound and free probe multiplied by the correspondingunaffected by variation ifi(Fig. 1,left). All curves have the

quantum yields. Variation iff, was simulated by multiplying the intensity ~ following parametersh,,, = 11.3 A;S= 18.9;0 = 5.5 A.

20— T T T LI A A
DA

15}k f=0.1-1.0
[ All coincide
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FIGURE 2 Effects of variation in the fraction of quenching lipids in the vicinity of the fluorophore on solutions provided by DA and PM. Squares

correspond to quenching of TOE fluorescence with the set of bromolipids (Ladokhin et al., 1993a). Local concentration of quenchers is expressed as a
fraction,f, of the total concentration of quenchers. Because DA does not explicitly utilize the value for the concentration of quenchers (Eq. 1), its solutions

are not affected by changesfiffleft pane). Solutions provided by the PM (Eg. 2), however, show significant variation with chande@ight pane),
introducing a potentially significant systematic error in the determination of depth (see text for details). The best description of the datadSacthie
intermediate level of = 0.3-0.4 but not fof = 1, as assumed by the original PM.
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Unlike DA, the PM relies on explicit knowledge &  the number of independent parameters. Indeed, a Gaussian
(Eg. 2). Therefore its solutions will vary with changesfin function and a three-parameter parabola have the same
Following the analytical PM procedure (Chattopadhyay andability to describe the data. Obviously the Gaussian is a
London, 1987) two points from the TOE data sepén more physically relevant function to describe transverse
square$ are used to recover two parametens, and R... distribution of membrane moieties, which follows from
These parameters are then used to recreate the complefeneral considerations of the central limit theorem and
guenching profile, with Eq. 2 substitutirg = f - C for C. direct confirmation by diffraction experiments of Wiener
For a clearer graphical presentation two limiting data pointsand White (1991). Additional advantages of the Gaussian
are used. The overall results were the same whether arfyunction for quenching studies will become apparent in
other pair of points was used or all four points were usedfurther analysis (see Transleaflet Quenching).
and curves were fitted by a least-squares procedure. It has been noted that the PM results vary with the pair of

As expected, solutions provided by the PM show a sig-quenchers used and it has been suggested that only the two
nificant variation with changes df(Fig. 2, right). This is  strongest quenchers be used in the analysis (Abrams and
likely to introduce a potentially significant systematic error London, 1992, 1993). We find no need for any restriction on
in the determination of depth, because the standard PNhe data provided a third parameter is introduced (see also
procedure assumds= 1 (thick line). If, for example, the Example of Conformational Change Monitored by Mem-
realf were equal to 0.1dptted ling, the difference between brane Quenching). Certainly, if the two best quenchers were
the actual depth of the probe and the solution provided byised in the PM analysis of the TOE data in Fig. 2, the
the PM would be as bigsa6 A (the difference between variation inh,, with the changes i will be reduced. This
maxima ofthick solid and dotted curvesn Fig. 2, right). is hardly surprising in this particular case, because the two
Because the fraction of quenchers interacting with the flustrongest quenchers produce almost identical quenching,
orophore is not known, it is reasonable to use it as a thirdand their depth is separated by only 1.8 A. Nevertheless, the
free parameter. This, in turn, will require a third data pointoptimal description of all data was achieved fer 0.3—0.4
on the depth scale. When the remaining poingslil  regardless of the pair of quenchers used.
squares Fig. 2,right) are added, it becomes clear that the
best description of the entire data set is achieved for the
intermediate level of = 0.3—0.4. Wherf is used as a free
fitting parameter (curve not shown) the following parame-
ters are recovereti,, = 11.4 A;f = 0.38;R. = 8.9 A. Note
that the value for the mean position now practically coin-Effects of the conformational heterogeneity of fluorophore/
cides with that predicted by DA. peptide on solutions provided by DA and the PM are pre-

This also means that at this point, the exact functionakented in Fig. 3. The simplest case was considered: a hy-
form of the quenching profile is not nearly as important aspothetical peptide with two populations, one shalldir(

Multiple conformations of
membrane-bound protein

In(F/F)
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FIGURE 3 Effects of the conformational heterogeneity of fluorophore/peptide on solutions provided by DA and the PM. Two moderately resolved
populations (separation equal to the width of the quenching profile) with shallowolid lineg and deepdotted liney mean depth were simulated by

either Gaussiarléft pane) or truncated parabolaight pane). The sum of the twothick lin€) is the total profile that can be probed experimentally at points
represented by squares (see also legend to Fig. 1). Dashed lines correspond to unimodal DA (Eg. 1) and the PM (Eq. 2) best fit approximations of the
simulated data setsdquare$. DA not only results in a much better fit, but also recovers a solution with large width, indicative of conformational
heterogeneity.



950 Biophysical Journal Volume 76 February 1999

solid lineg and one deepdptted line¥, but with otherwise The variation in binding, evaluated by DA, has a strong
identical quenching profiles. These two populations, mod-effect only on the area under the quenching profile. This is
eled by Gaussians (DA) or truncated parabolas (PM), weraot surprising because the overall quenching is reduced
located in the bilayer with a separation in depth equal to thesince the fluorescence of the molecules not bound to the
width of the profile. The sum of the twdhick line) is the  membrane cannot be quenched. However, the quantum
total quenching profile that can be probed experimentally ayield of bound and unbound molecules is different even
points represented by squares. A set of five bromolipids wasvithout the depth-dependent quenching. Therefore the rel-
used as an example of the maximal number of quencherative change irsdiffers from the relative change in binding.
used in a single experiment (Bolen and Holloway, 1990),The width of the profile is somewhat sensitive to the bind-
but even this number is not sufficient to resolve the twoing, but the maximal change i of 20% should be con-
populations in a general case. Instead, the simulated fiveidered to be moderate. Most importantly, the solutions are
points will be fit with a single unimodal distribution for very robust with regard to the mean degth, Thus, if in a
each methoddashed linek to ascertain whether the param- real experiment the fraction of bound peptide is not known,
eters obtained indicate the possibility of multiple conforma-DA will still provide a correct answer for the depth.
tions. Indeed, DA recovers a distribution with such a large Under the same conditions, both parameters recovered
width that the quenching profile seems to be occupyingwith the PM undergo a continuous shift (Table 1). Though
space significantly larger than the dimensions of the bilayernoticeable in the simulations, the maximal change of 0.5 A
This artificially large width is indicative of conformational in mean depth should be considered tolerable in evaluations
heterogeneity. Previously, such behavior was reported for af most experimentally measured data.
bee venom peptide, melittin, suggesting the possibility of The tactics described above were applied to the evalua-
multiple conformations of peptide in the bilayer (Ladokhin tion of the effects of the variation in fluorescence in all
and Holloway, 1995b). nonguenching lipidk,. F,was altered for the same data set
Note that the DA fit to simulated data is rather good (Fig.for TOE (Ladokhin et al., 1993a) by a factor of 2 or 0.5, and
3, left). However, application of the PM results in a poor fit the recovered parameters were compared with those for the
(Fig. 3,right), and the recovered width is exactly the sametrueF, (Table 2). This is shown to have a marginal (DA) or
as for the individual subpopulation. Thus, the PM in its zero effect (PM) on the determination of depth, while sig-
present form does not give any indication of the possibilitynificantly altering the other parameters.
of multiple conformations. The quality of the fit can be
improved by introducing a third fitting parametdr, dis-
cussed above (curve not shown). The resulting profile willExample of conformational change monitored by
have a large width, consistent with imputed heterogeneitymembrane quenching

The difference in the information provided by DA and the
Incomplete binding and uncertainty in F, PM is shown in the analysis of the bilayer penetration of the
The results of DA and PM evaluation of data simulatingompA’ for which fluorescence quenching with a set of three

incomplete binding are shown in Table 1. The simulation isbromolipids in the DMPC matrix has recently been reported
P 9 ' odionova et al., 1995). OmpA makes a convenient test

based on the experimentally obtained quenching of the TO .

. ) . case because of the proposed existence of two forms de-
(Ladokhin et al., 1993a; Ladokhin and Holloway, 1995a) nding on the state of the lipid
and was performed utilizing reduced data sets as described 9 pic.

in Methods. Data simulated for 75%, 50%, and 25% binding Thf data for OmpA quenching at 4. w.'d squarr]e};and p
were fitted by Eq. 1 or Eq. 2, under an implicit assumptionat 30 C Opgn squqresare presente_d n Fig. 4. The best fit
. - approximations using DA (Eg. Kolid lines, panel Aand

of complete binding. The resulting parameters are to b . .
compared to those for 100% binding. =y (Eq. 2,dotted lines, panel Aindicate a temperature

TABLE 1 Effects of the simulated incomplete binding of TOE TABLE 2 Effects of the simulated variation of fluorescence
on solutions provided by DA and PM of TOE in nonquenching lipid on solutions provided by DA
DA PM and PM

Probe/peptide bound
to membrane h., (A); S A h,A;, RA True fluorescence
with no quenching  h,, (A); S ) @A) R®A

DA PM

100% 11.0; 18.0; 5.2 10.3; 6.0
75% 11.0; 14.9; 55 10.1; 55 Fo* 11.0; 18.0; 5.2 10.3; 6.0
50% 11.0; 11.3; 5.8 9.9; 5.0 2 Fy* 11.1; 34.6; 6.7 10.3; 7.1
25% 11.0; 6.6; 6.3 9.8; 4.2 0.5- Fy* 10.9; 5.6; 3.0 10.3; 4.5

See text for details. For DA the changes are limite#nd o, while for See text for details. Two-fold changes kg have marginal (DA) or zero
PM both parameters are altered. Therefore, if in a real experiment theffect (PM) on the determination of depth, while significantly altering the
fraction of bound peptide is not known, DA will still provide a correct other parameters.

answer for the depth. *Fluorescence in POPC (Ladokhin and Holloway, 1995a).
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FIGURE 4 Analysis of depth-dependent fluorescence quenching of OmpA with DA and the PM. Data feo#l8éG@uaresand 30°C ¢pen squares

were obtained using 20% bromolipid vesicles (Rodionova et al., 1995). Application of DA results in quenching profiles for the two tempsobtlres (
curves, panel Athat differ not only in position, but in width and area as well (see text). Best fit PM approximatioited lines, panel Pindicate the

change in position but have similRg parameters (see text). A pairwise analysis of quenching with the originatBshéd lines, panel)Broduces results

that are subject to large variations depending on the pair of quenchers used. Arrows indicate solutions obtained with the pairs of strongesqigncher

the DA results suggest that temperature change causes a substantial conformational change, which alters exposure of tryptophan residdes to the lipi
quenchers.

controlled change in insertion. The following parametersTransleaflet quenching

are recovered: L . . o
For simplicity of presentation, the possibility of additional

h,=85A S=59 ¢=29A at4°C quenching coming from groups located in the sides of the
h,=154A S=95 o=6.0A at30°C bilayer opposite the probe has been ignored in the analysis
. above. Because of the great thermal disorder, demonstrated
h,=60A R =90A at4 S’ by both experimental and computational methods (White
hn=131A R, =80A at30°C and Wiener, 1995; Pastor et al., 1991) these effects cannot

In this case both methods give similar depth results ande neglected, especially when the probe is located deep in
suggest a deeper average location of quenchable tryptée membrane. Recently a procedure was suggested that
phans at the lower temperature. The DA, however, providedccounts for the phenomenon by adding to the original
additional information that indicates that the quenchingduenching profile of a symmetrical component on tizas
profiles for OmpA at these two temperatures differ dramat-side of the bilayer (Ladokhin, 1997).
ically both in width and area. This suggests a massive This procedure is illustrated by simulations of the
conformational change that alters exposure of tryptophafuenching profile of a hypothetical probe in Fig. 5. The
residues to the lipid phase. Part of this change could alsthick solid line represents the profile for quenching coming
arise from the possible phase separation of brominated arfdom acis side of the bilayer (probe and quencher belong to
nonbrominated lipids, which might affect quenching atthe same leaflet). The dotted line represents the profile for
lower temperatures. However, the PM, which couples bottirans side quenching (probe and quencher belong to the
area and width to a single parameRy gives no indication ~ opposite leaflets) and is a mirror image of the former.
of such a change. Because in the typical experiment quenchers are distributed
Fig. 4 B contains the same data for OmpA as well as then both leaflets, a quencher is always located across the
guenching profiles reconstructed from a pairwise analysis obilayer from a probe, regardless of whether the probe oc-
guenching dashed linesaccording to the original analyti- cupies two leaflets or one. Therefore, the total quenching
cal PM procedure (Chattopadhyay and London, 1987). Therofile is the sum of two symmetrical componentigf(t
results produced are subject to a large variation, dependingplid line).
on the pair of quenchers used, which can obscure meaning- Unless some specific procedure is used to introduce the
ful interpretation. Even choosing the pair with the strongesesymmetry of quenchers (Everett et al., 1986), only the
guenching could produce a misleading result (these solupositive region of depth is experimentally accessible. As an
tions are marked with arrows). To avoid such pitfalls it is example, in Fig. 5 vertical lines are drawn at the depth
necessary to use all experimentally available data in gositions where quenching can be experimentally probed
minimization procedure. with a set of brominated lipids. The amount of transleaflet

DA:

PM:
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FIGURE 5 Effects of the transleaflet quenching on DA and PM quenching profiles of a hypothetical probe. The thick solid line represents the profile
for quenching coming from ais side of the bilayer. The dotted line represents the profilerams side quenching and is a mirror image of the former.

The light solid line represents a total fluorescence quenching profile. Because in the typical experiment quenchers are distributed in ®oth leaflet
corresponding vertical lines (see legend to Fig. 1) are drawn only through the positive region of depth. Note that unlike the PM, DA results in a smooth
total quenching profile, which could be easily used to fit the data (Eg. 3). This procedure utilizes the same three parameters but accountayer transbi
guenching and allows examination of deeply penetrating fluorophores (see Fig. 6).

quenching depends on the mean position of the probe angiSP in LUV:

the width of the distribution, and will be unique to each

probe. Therefore there cannot be a general rule allowing for h,=3.9+04A S=215+07 ¢=5.0+05A

these effects to be accounted for by simple data manipula-

tion (e.g., dividing the intensity for the deepest quencher, otndividual quenching profiles for a single leaflet quenching

its logarithm, by 2 or any other number). The transleafletare redrawn in Fig. @ for clarity of presentation. The

guenching also will be different for quenchers with the profile for TOE in SUV (Ladokhin and Holloway, 1995a) is

different depth, but not necessarily confined to the deepesthown for comparisordptted ling. Distributions of peptide

one. in two membrane systems appear to have the same mean
Because DA, unlike the PM, utilizes a smooth fitting position close to the center of the bilayer. The distribution in

function, the total depth-dependent fluorescence quenchingUV is broader than that in SUV, suggesting a difference in

profile could be easily fit to the data (Ladokhin, 1997):  transverse heterogeneity due, perhaps, to differences in lipid

packing. In both cases the width of the distribution is

In i ch)=Gth-nh,,S o) +Gh+h,,S o) 3) smaller than that for the TOE. This indicates that the trans-

F(h) m m ’ verse freedom of peptide is restricted, perhaps byite-

whereG is a Gaussian function from the right-hand side ofIICaI conformation. The area under the quenching proflle.
as found to be the same in both membrane systems. This

Eq. 1. This equation utilizes the same three parameters 44 . . Lo
Eq. 1, but accounts for transhilayer quenching and allowdS consistent with the expe_cted S|m|lar|.ty. in the degree of
examination of deeply penetrating fluorophores (see Fig. 6)<_exposure of tryptophan residue to the lipid phase.

The procedure is applied to examine the depth-dependent
fluorescence quenching of model MSP, expected to cross
the membrane in aa-helical conformation. The original DISCUSSION

data obtained by Bolen and Holloway (1990) with the set ofgyantitative description of depth-dependent fluorescence
five bromolipids are re-plotted in Fig. 6. Squares corresponq]uenching presents a nontrivial task, in part because of the
to quenching in SUV, and circles to that in LUV. Solid lines following two reasons. First, it is a dynamic quenching for
in A correspond to the best fit error-weighted approxima-joip, bromolipids (Ladokhin and Holloway, 1995a, b) and
tions, with Eqg. 3 accounting for the transleaflet quenchingspin labels (Matko et al., 1992; Clague et al., 1991; Green et
The following parameters are recovered (with the confi-5 1990) occurring in a complex environment, where dif-
dence limits estimated for the confidence probability offgrent types of motion, such as transverse fluctuations,
0.67): in-plane rotation, lateral diffusion, wobbling, and density
MSP in SUV: fluctuations are expected to contripute in an unknown fash-
ion. Second, the number of data points available on the scale
hn=4.1+-03A S=198*11 ¢=39*x03A of depth is usually small and normally range from three to
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FIGURE 6 DA examination of depth-dependent quenching of fluorescence of model MSP, with the set of five bromolipids. The original data for MSP

in LUV (circles) and SUV gquare$ were reported by Bolen and Holloway (1990). The solid linepanel Acorrespond to the best fit approximations,

with Eq. 3 accounting for the transleaflet quenching (see parameters in text). Individual quenching profiles are phaoeiBiThe distribution of peptide

in LUV (thick line) appears to have the same mean position as in ki i{ne), close to the center of the bilayer, but is somewhat broader. In both cases

the width of the distribution is smaller than that for the model compound Td@E€gd ling, indicating a reduction in transverse conformational freedom
imposed by the helical structure. The areas under the quenching profile are similar for MSP in both systems, suggesting the same degree of exposure of
tryptophan residue to lipid phase.

five, ultimately limiting the complexity of any model that ~ The most profound result is the effect of the variation of
can be used to describe membrane quenching. guencher concentrations on the quenching profile (Fig. 2).
In the recently introduced distribution analysis we useWhen conducting the quenching experiment in membranes,
three parameters of a Gaussian function to characterizine overall concentration of quenche@s,is known and can
depth-dependent fluorescence quenching (Ladokhin, 199%e manipulated. However, the concentration of quenchers in
1997). They are the mean position of the probe, width of thehe fluorophore’s environment that actually produces
guenching profile (related to, but always larger than thequenching,C;, is never known. There are several possible
width of the distribution of the probe itself), and area undersources for the difference betwe&h and C;. It can be
the quenching profile (Eq. 1; Fig. 1eft). Because the PM caused by a nonideality of mixing quenching and non-
has only two parameters, the area and the width becamguenching lipid or direct interaction of peptide with the
coupled to each other via a single param®&g(Eq. 2; Fig.  quenching lipid. These are the kind of effects that should be
1, right). The necessity of having three parameters is prove@xplored by careful measurements of concentration depen-
by comparing the information provided by the two methods.dence of quenching, and are considered to be rare (Silvius,
Simulations are used because they allow generation df992; Piknoveet al., 1996).
quenching profiles for systems with selectively altered A second and much more general source of uncertainty in
properties that mimic possible variations of real system<C; includes the effects of protein shielding. Tryptophan
(Figs. 2 and 3; Tables 1 and 2). All examples presented wereesidues in different proteins could be located at identical
either measured with or simulated for bromolipids. How-depth, but have different exposure to the lipid phase. Be-
ever, there is no specification of the nature of quenchingcause quenching with bromine atoms or spin labels is a
group in the analysis and all of the conclusions equallyshort-range one [(Berlman, 1973; Green et al., 1990) and
apply to quenching with spin labels. discussion below], variation in exposure will affect the
Of course, any method describing depth-dependenamount of quenching. This certainly will be different for a
guenching relies on knowledge of quencher depth. Aldong-range quenching, such as &rs$ter dipole-dipole en-
though this depth is usually known (or assumed to beergy transfer.
known) for quencher in a pure lipid environment, it might All PM equations (Chattopadhyay and London, 1987
be altered by the presence of peptide. However, these alteAbrams and London, 1992, 1993) assume, by default, that
ations can neither be measured accurately nor modeled wili = C;. (From now on these methods will be referred to as
any reasonable confidence. Moreover, because these effectgiginal PM.”) However, when a third fitting parametdr,
are expected to be different for different peptides, no genis formally introduced a$ = C/C;, the PM describes the
eralized prediction could be attempted. Therefore, the errordata more adequately (Fig. 2ght). In mathematical terms
introduced by uncertainty in the depth position of quenchethis third parameter allows an uncoupling of the area and the
were not considered in this paper. width of the quenching profile, so they can be changed
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independently (Area 4.19- C-f- R, Full Width = 1.41-  quenching of deeply penetrating fluorophores. In this case
R). In DA, the area and the width are already independenthe effects of the transleaflet quenching should be accounted
and are conveniently represented by two individual paramfor (Fig. 5). A recently suggested procedure (Eq. 3)
eters (Area= S Full Width = 2.35- ¢). These parameters (Ladokhin, 1997) is applied here in the analysis of the
are related to the quenchability of the fluorophore and itspreviously published data of Bolen and Holloway (1990) on
transverse heterogeneity, respectively (Ladokhin and Holthe quenching of tryptophan fluorescence of a synthetic
loway, 1995a; Ladokhin, 1997). The solutions provided byMSP, incorporated in LUV and SUV made of various
DA for the certain data set are independent of the assumgrominated lipids (Fig. 6).
tions on the concentration of quenchers in the vicinity of a This peptide was specifically designed to bring trypto-
probe (Fig. 2 left). However, this does not mean that DA phan deep into the bilayer. Regardless of mode of analysis,
ignores possible differences in exposure of tryptophan reghis is confirmed by stronger quenching with more deeply
idues to the lipid phase. On the contrary, the area parametércated quenchers [data of Bolen and Holloway (1990)
S provides the means to quantitate this exposure as a fracedrawn in Fig. 6]. To explain the fact that some fluores-
tion of that for a model tryptophan-containing compound.cence quenching is observed with the shallow quenchers,
This extended DA procedure is described in detail elsethe authors suggested that tryptophan quenching with bro-
where (Ladokhin, 1997). minated phospholipids occurs via a long-range nonradiative

The variation in quenching efficiency caused by acylenergy transfer Hster-like mechanism (Bolen and Hollo-
chain packing differences in different membranes or byway, 1990). However, the conditions for such a mechanism
nonideal mixing of fluorophore and quencher will have theare not met, because neither bromine itself nor dibrominated
same effect as protein shielding on the determination ofipids absorb light in the region of tryptophan emission. The
depth. Using three fitting parameters, one would be able tgquenching is very likely due to a general heavy atom-
minimize systematic errors in determination of depth. In theinduced perturbation of spin-orbital coupling (Kasha, 1952)
case of DA these variations will only affect tigparameter, which in the case of aromatic chromophores will lead to
since area and width are uncoupled. intermolecular singlet-triplet energy transfer or/and induced

The same feature of DA, namely independence of areintramolecular intersystem crossing (Berlman, 1973). In
and width of the quenching profile, is important for the other words, this is a collisional quenching. Therefore, the
analysis of transverse heterogeneity (Fig. 2). The simulatiobroadening of the quenching profile of this peptide, as in
reported here used the simplest case of a peptide with twany other case, is due to the general phenomenon of thermal
distinct conformations in the membrane. In reality, severaldisorder of both probe and quencher, and to their finite size
phenomena can result in heterogeneity of penetration; alsdl.adokhin, 1997).
the inherent width of the transverse distribution for different As the results presented here have demonstrated, the
peptides could be different, even though they might have ancoupling of area and width of the depth-dependent fluo-
unique population in the membrane. The width of therescence quenching profile in either DA or PM will 1)
quenching profile will also depend on the physical size ofminimize systematic errors in the determination of the depth
the fluorophore and quencher. A way to estimate the widttof membrane penetration of the probe, and 2) provide ad-
of the distribution of the fluorophore itself from the width of ditional information on transverse heterogeneity and lipid
the quenching profile has been recently describedxposure of the probe. Certainly the test of utility of the two
(Ladokhin, 1997) using certain simplifying assumptions andmethods will require new experiments on systems well-
additional information on diffraction of the quenchers (Wie- characterized by independent nonfluorescent approaches.
ner and White, 1991). If this information is not readily Nevertheless, as indicated by examples of OmpA and MSP,
available, the estimates could be done by comparing théhe distribution analysis technique is well suited to evaluate
width of the quenching profile for the studied peptide to thatmembrane penetration of peptides and proteins.
for the model compound, such as TOE (Fig. 6).

The challenging real system example for the quenching
analysis is presented by the membrane-bound OmpA that,am very grateful to Drs. P. W. Holloway and S. H. White for helpful
depending on the state of the lipid, can be found in twodiscussions and to M. A_. Myers for reading thg manl_Jscript. My special
forms (Rodionova et al., 1995). These two forms havetszzngkessggnzrér:’g'focr're\gc'jrir:ge{h‘;ormg‘;[?secr;’;f discussions and valuable
different eﬁectlve average dEpthS of penetratlon-Of trypto-This research was supported by grants GM-46823 (to Prof. S. H. White, PI)
phans, which are dete?ted b.y b.Oth mEthOdS. (Fig. 4). DAénd Al-22931 (to Prof. M. E. Selsted, PI) from the National Institutesyof
detects that the deeper insertion is accompanied by substags .
tial rearrangement, resulting in a different exposure of tryp-
tophans to the lipid quenchers, when PM does not. The
molecular details of this rearrangement are currently beingREFERENCES
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