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Abstract 

Membrane pentration depth is a n important parameter in the study of membrane structure 
and organization. Use offluoreSCellGe quenching by membrane-bound quenchers to analyze 
the membrane pene:tration depth~ offluorescent molecules or groups is reviewed in this article. 
Such quenching interac:ions are short ranged and thus convenient for structure analysis on 
the scale ofmolecular dimensions. 111e quenchers used are usually fatty acids or phospholipids. 
the latter being a beltter choice. that are covalently labeled with spin-label (nitroxide) groups or 
.heavy atoms such as bromine.Anal YSls ofsuch quenching data requires special treatmentbecause 
of the anisotropic nature of the membrane and the motional constraints experienced by the 
fluorophore and quencher mokcules i;nlhe membrane. Oneofthe frequently used approaches for 
measurement ofdepth in membrane~;u:;ing fluorescence quenching has been by comparison of 
quenching efficiencies of various quenGhers located at different depths in the membrane. The 
assumptions and limitations inherent in these studies are examined. A novel approach known as 
the 'parallax' method, avolds some ofl:hese problems. In this method spin-labeled phospholipids 
are used as quenchers. and the qUlenching patterns are analyzed by a static quenching model 
applicable to a random distribution of l1uorophore and quencher molecules in the plane ofa 
membrane. The parallax I nethod involves determination ofthe parallax in the apparent location 
offluorc:--hone-;. tfetected when quenching by phospholipids spin-labeled at two different depths 
is compared. ~~ .. use of relatively simlPlealgebraic expressions. the method allows calculation of 
depth in angstroms. His concluded that membrane depth analysis by fluorescence quenching rep­
resents a powerful tool for ime'stiga lion of membrane structure. 

Introduction 

Biological membrane~, are complex assemblies of lipids and proteins that allow 
cellularcompartmentalization a nd aet as an interface through which cells communicate 
with each other and with the {:xtemal medium. Although many important functions are 
associated with cell mel nbrane~. 0'ur understanding of these processes at a molecular 
level is limited, in part, by th(~ lad ofhigh resolution three dimensional structures of 
membrane-bound mokcule:;. It is extremely difficult to crystallize membrane-bound 
molecules for diffraction studies. Only recently was the first complete x-ray crys­
tallographic analysis of an integral membrane protein successfully carried out (1). 
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Due to the inherent diffi.culW in crystallizing membrane-bound molecules, most 
structural analyses ofsuch molecules have utilized other biophysical techniques with 
an emphasis on spectrosGopie methods. One such analysis involves determination 
ofmembrane pen etration depth which usually refers to the location ofa molecule or 
a specific site within a mokcule in relation to the membrane surface. Knowledge of 
the precise depth ofa f.1:lernbrane embedded group or molecule helps define the con­
formation and topolOl{Y ofmembrane proteins and probes. In addition, properties 
such as polarity, fluidity. segmental motion, ability to form hydrogen bonds and 
extent of solvent penetration are known to vary in a depth dependent manner. 

Such depth analysis in Jllembranes using fluorescence quenching caused bymembrane 
embedded quenchers oonstitutes the subject matter ofthis article. This review does not 
provide an exhauslive a'l:;countofstudies on depth analysis; ratiteI', an attempt is made to 
critically analyze the existing methodologies. A briefoverviewofthe physical basis ofthe 
quenching phenomenon and ills relevance in membrane studies is provided below. 

Fluorescence Quenchir.!g in kJembranes 

Fluorescence quenching is the reduction in the measured fluorescence intensity 
when a fluorophore interacts with a quencher molecule. Mter absorption of a 
photon, but befOle emlission of radiation, a fluorescent molecule remains in its 
excited state fc)r ashort pel iod oftime, usually referred to as the excited state lifetime. 
The excited state lifetim1e, which is the average period of time a fluorophore remains in 
the excited state, is typically in nsecs. Experimental determination oflifetime involves 
measuring the cha ractt:ristic: average decay time ofan ensemble of fluorophores.1f 
there is an interaction of a tluorophore in the excited state with a quencher, the 
fluorophore may be deactivated before emission of light can take place. The 
magnitude ofquenching dep,ends on the competition between the fluorescence process, 
the quenching process and olther processes that lead to the deactivation of the 
excited state and is determined by their relative rates. The magnitude ofquenching 
also depends on th e concentration ofthe quencher, which determines the number 
of quencher molec:ules in dose proximity to the fluorophore. 

Dependingon the de~)f(;.eofintt~rmolecularmotion during the lifetime ofthe excited 
state, there could be twl:> major quenching mechanisms, static and dynamic (2-5). 
Static quenching occurs when the distance between the fluorophore and quencher 
does not change during the lifetime ofthe excited state. This is the case for quenching 
occuring in a solid, in a froze n orextremelyviscous solution, or in a bound'dark' ground 
state complex (If fluorophore Clnd quencher. In ordinary non-viscous solutions, on the 
other hand, quenching is largely dynamic because fluorophore-quencher distances 
change rapidly., i.e., 1here is relative motion in nsec time scale. In such cases quenching 
interactions occur during p(~riods of close approach of fluorophore and quencher. A 
special case of dynamic quenching occurs when the range ofquenching interactions is 
sufficiently small so that only collisions between fluorophore and quencher result 
in quenching offluorescence. This is called collisional quenching. The rate for such 
quenching processes is then limited by diffusion, and in cases where quenching is 
efficient, this rate is the diffusion-controlled collision rate. 
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Fluorescence que:nch:lng by dipole-dipole energy lra~_sfer is the most extensively 
studied and characterized quenching process. Electronic excitation energy can be 
effiCiently transferred between a nuorescent energy donor and a suitable energy­
acceptor over large di5,tances (t<ms ofangstroms). FOrster proposed a theory for the 
dipole-dipole ene:rgy 1ransfl~r process which postulated that the rate of transfer is 
inversely proportional to the sixth power of the distance between the donor and 
acceptor (6). This transfer ofenergy occurs without the appearance ofa photon, and is 
primarily a result ofdipole-dipole interactions between the donor and acceptor. The 
rate ofenergy transfeI depends OIl the extentofoverlap ofthe emission spectrumofthe 
donor with the absorption spectrum of the acceptor, the relative orientation of the 

.. donor and acceptor transition dipoles, and the distance between these molecules. 

It is well known dependence upon distance which has resulted in the widespread 
use of energy transfer to measure distances between the donor and acceptor (7). 
Such measurements rl~quin: that the donor and-acceptor be separated by a single 
distance which does not c:ba nge during the excited state lifetime of the donor. 
However, for obtaining me:mbrane depth, it is necessary to do energy transfer 
measurements for a ra ndom distribution of donor and acceptor molecules in two 
dimensions as in the case of membranes. Theoretical treatments for fluorescence 
quenching in two dimensions have been developed and used for such a case involving 
dipole-dipole energy transfer in biological membranes (8-11). 

The analysis of membrane pe nletration depth by energy transfer, although widely 
used, has proved to b(~ somewhat (:omplex. In addition, the range of distances in 
which the method is best sui ted. rmiy not necessarily be the range ofdistances typical 
for membrane depth studks. Th is has given rise to disagreements in the reported 
depths for tryptophan residues of membrane-bound cytochrome bS<12-15). Fluores­
cence quenching by dipole-dipole energy transfer usually involves long range 
interactions in which the donor a:nd acceptor are typically separated by 30-50A On 
the other hand, there are the so <:alled 'contact quenching' processes in which the 
fluorophores get quenched upon "coliltact' with the quencher. Fluorescence quenching 
caused by the paramagnetiic substances such as spin labels (nitroxides) and by 
molecules containing heaVY atoms (such as bromine or iodine) fall into this category. 
Depth measurem<mts utW.l:ng such short range 'contact' quenching, rather than 
long range energy transfer, will be reviewed in this article. 

Fluorescence quenching of a wid<~ variety of fluorophores by molecules containing a 
nitroxide moiety in solution (16-19) and micellar environments (20.21) has been charac­
terized. Likewise, it is known that molecules containing brom~ne atom can act as effi­
cient quenchers offluorescence in a number ofcases (22.23). This is known as 'heavy 
atom quenching'. Quenching studies have been performed in model membranes (24.25) 
as well as in native membranes (26) using spin-labeled fatty acids orphospholipids. 
Lipid-protein interactions inmod,el membranes have been studied in detail using spin­
labeled phospholipids (D-29) and brominated phospholipids (30). From the tempera­
ture dependence ofquen~hingin the liquid crystal phase and highlycurved Stern-Volmer 
plots, it was concluded that quenching of membrane bound fluorophores by spin­
labeled or brominated phospho1ipiids is predomonantly static in nature (27,30). 
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The mechanism of quenching in these cases is ,not very well understood. For 
quenching involving paramagnetic substances such as spin labels, an electron 
exchange mechanism involving an increase in the rate of transition from the usual 
excited (singlet) state of different spin quantum number (triplet) has been 
indicated (31). In this, nlt~chanism, the overall r,rocess ofquenching of fluorescence 
of an excited fluorophore in its singlet state ( F*) with a doublet quencher eQ) is 
described as: 

A weakcomplex is envisioned bi~tween IF*and 2Q that has no preferential orientation. 
The result ofthis e] ectron exchange interaction between IF· and 2Q is an enhanced 
spin-orbit coupling in IF'~ which 'mixes' the singlet and triplet states of F to a 
greater degree: than in the unperturbed system, making the originally forbidden 
singlet to triplet transition allowed. This leads to enhanced singlet-triplet intersystem 
crossing which results in loss offluorescence. In cases involving heavy atoms such 
as bromine, it is believed that during close encounters of the fluorophore and 
quencher, the p orb ital ofthe: bromine atom overlaps the 7T orbital ofthe fluorophore 
and the perturbation produced bythe bromine leads to the breakdown ofspin selection 
rules (22,23). Under thes(: conditions, the rate ofsinglet-triplet intersystem crossing 
increases, leading to a decrca~,e in fluorescence quantum yield. In a recent report, the 
involvementofdipole-dipole intl~ractions in quenching by brominated phospholipids 
in membranes has also be,~n indicated (32). 

Quenching of mem bram:-hound fluorophores by quenchers that are embedded in 
the membrane requires a seperate treatment. The membrane is an anisotropic 
medium in which Iipids arf: constrained to two dimensions, and lateral diffusion of 
lipids in membranes is suffid;:ntly slow. Given a !ypicallateral diffusion coefficient 
for phospholipids ia membrant~sofD = 1O-8cm2/sec(33), the distance between the 
fluorophore and the quenche:r does not change appreciably during the lifetime of 
the fluorophore (nsec). Thus, quenching phenomena observed in membranes are 
predominantly static in nature (4,5,27,30). However, dynamic components arisingdue, 
to motions suc'" as rotational diffusion and chainwobblingwill make a contribution to 
quenching, if lh.le consid'ers the details of the quenching process (34). 

Depth Measurements using Short Range Quenching 

Jost and coworkers :tlrst suggested that quenching by spin labels (nitroxides) could 
be a useful way to measure distances in biological systems (35). Short range quenching 
caused by spin-label (36-49) or brominated (50-56) probes has been used in a number 
ofcases to measure the location offluorophores in membranes by comparison of the 
quenching eflicienciesofthese probes placed at various depths in the membrane. Some 
ofthese have been revieVl'ed earher (4,57). These studies exemplify the sensitivity of 
fluorescence quencJ1ing in rdation to the membrane penetration depth of the 
fluorophore in question. The basic assumption in all these cases is that the fluorophore 
is closest to the depth of the quencher that gives the maximum quenching. While 
this is often true, there are cases where it is not valid. These are the cases in which 
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Figure 1: Chemical structures of some oltl1 e commonly used quencher phospholipids: (a) spin-labeled 
lipids and (b) brominated lipids. 
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deep quenchers (dose to tbe center of the memb~.ane) are used to study deeply 
buried fluorophores (58). Quenchers in one leaflet ofthe bilayer can then quench a 
fluorophore in the opposite leaflet. which is referred to as 'trans quenching'. Under 
certain conditions in whkh trans quenching occurs, the fluorophore will not be 
closest to the querLcher that gives the maximum quenching. 

In addition, these studies involve assumptions and have limitations, which must be 
carefully considered when interpreting the results. Most ofthese studies have used 
fatty acids (rathl"f than phospholipids) with the spin label or bromine atom attached 
to different positions of the acyl chain. There several limitations in using fatty 
acid probes as lipid anat )gues (5,59). These are: (i) spin-:-Iabeled fatty acids are not 
firmly held in relation to the bilayer; instead, they appear to exhibit marked vertical 
fluctuations as detected by t:.lec:tron-electron double resonance studies (60,61); (ii) 
free fatty acids are not nonnall membrane components, and if used in high enough 
concentrations (as is oft~~n re:quired in quenching studies) may exert the lytic effects 
ofdetergents; (iii) the possibilityofvarying degrees ofionization offatty acid probes 
must always be consid<::red. The degree ofionization varies with pH, and conse­
quently, the location ofthese probes in the bilayermay be pH dependent (62,63); (iv) 
fatty acids are much more water soluble than lipids, which results in partial par­
titioning depends on the att~l.J[~hment site of the spin label group on the acyl chain 
(42). Anomalous quenching of anthroyloxy probes has been attributed to this type 
of complication (40); and (v) fa1:_ty acids have been shown to perturb structure and 
function of membrane prote:tns (65-67). However, it is easier to incorporate fatty 
acids in membranes and this is useful in studies involving native membranes. 

Figure 1 shows the ,,::hemJical structures of some commonly used spin-labeled and 
brominated phospholipids in depth studies. Depending on the attachment site of 
the quenching probe on th'e fatty acyl chain, the depth of the quencher changes. 
There are relative merits and demerits of spin-labeled and brominated lipids as 
quenching probes. Both types of1ipids have been shown to form membrane vesicles 
which have physical properties similar to liquid crystalline bilayer membrane 
vesicles made with other phospholipids (14,2730,68). Bromine has a small molecular 
volume, about the sa.me as a methyl group, and so perturbation ofthe membrane is . 
minimum with bro:nlnated lipids. In addition, the high electron density of the 
bromine atom al1ow~ the determination of the location of bromine atoms in the 
membrane by x-ray diffraction. The membrane penetration depths of bromine 
atoms in membranes made with a series ofbrominated lipids have been determined 
(69). Spin labels,on the other hand.. have the advantage that theycan quench virtually all 
types offluorophores including tryptophans (4). This is not true for brominated probes. 
Spin labels are also stronger quellchers than brominated probes and thus function 
at a lesser conct~ntration. Another advantage is that because of the paramagnetic 
nature ofthe spin labd, the samt: sample can be used for electron spin resonance (ESR) 
studies. Perturbation cause:d by spin labels has been shown not be a major problem 
for depth studies (58). Severa]! lines ofevidence indicate that the spin label groups in 
spin-labeled phospholipids lie close to the corresponding position expected for an 
unlabeled phospholipid in me][ubrane bilayers (58). This question has been recently 
addressed by studying the: po~;it:lons of the spin label groups in vesicles by l3e 
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nuclearspin lattiCt~ relaxation (70). These authors concluded that even ifsome amountof 
deviation is pres<:mt in the positions of the spin labels: it is not enough to create a 
significant problem for depth measurements. The accuracy ofsuch measurements 
has very recently been checked by comparing the depths obtained by spin label 
quenchingto that obtained from q111enchingby lipids labeled with bromine atoms at 
different positions ofthe fatty aleyl chain (71). Since the positions ofthe bromines in 
membranes are known (69), the: depth of the spin labels could be calibrated. This 
analysis shows that the depths obtained are accurate to around 2A, thus justifying 
the assumed position:. of the spin labels in membranes. 

These depths studies utilizing short range quenching by spin label or brominated 
probes (36-56) have tended to ble more qualitative. This is because interpretation of 
quenching data is limited by lack ofknowledge about the dependence ofquenching 
upon the distance betw<::en the quencher and the fluorophore. To overcome this problem, 
relatively simple and gen~~ral mathematical expressions that are applicable to 
fluorescence quenching in membranes have rec'ently been derived (58,72,73). This 
theoretical framework developed for analysis of quenching by membrane-bound 
fluorophores is based on Perrin's static quenching model (74) as applied to a random 
distribution offluorophore and quencher molecules in two dimensions. The equations 
obtained allow straightfonll,'ard and direct determination of membrane depth in 
angstroms by compari ng th'e quenching obtained with quenchers at two different 
depths, i.e., by the apparent degree ofparallax in fluorophore position as viewed by 
quenchers at two different depths. This method, known as the 'parallax' method, 
also has the additiona:l advantage that only phospholipids spin labeled at definite 
positions are used for depth anaJy~:is, and consequently, artifacts due to fatty acids 
are eliminated. Analysis of depth iin this way is quantitative, yet less complicated 
than methods utilizing fluorescence energy transfer. In addition, the theoretical 
framework of the method is general, so that the method can be extended to quenching 
by probes other than spin labels(brominated probes or energy transfer probes). A 
limitation of the parallax method is that for cases in which multiple fluorophores 
are present in the membrane (e.g., for proteins having multiple tryptophans in the 
membrane embedded portions), only an average depth is obtained. Nevertheless, it 
is stilll useful since it n'presents the minimum depth ofpenetration i.e., at least one 
ofthe fluorophoresir 'ocated deeper than the average depth obtained. This method 
is widely applicabk K reconstiltuted systems and has been applied to determine 
penetration depths of the J1uol'esc:ent groups in a series of nitrobenzoxadiazol 
(NBD)-labeled lipids (58,72) and anthroyloxy-Iabeled fatty acids (5). The depths of 
the NBD groups obtained in this 'way have been further confinned from independent 
spectroscopic and ionization properties ofNBD-labeled lipids (75). In addition, the 
parallax method has been utilized to probe the locations of the membrane embedded 
tryptophan residues in the reconshtuted nicotinic acetylcholine receptor from TOrpedo 
californica (59,76), in synthetic channel peptides (77) in membrane-bound diplitheria 
toxin (82) and in membrane-bound annexins (78), a class ofCa2+-dependent membrane 
binding proteins. 

Conclusions 

The potential of fluorescence quenching methods in depth analysis of membrane­
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bound fluorophores is the: focus ofthis review. One ofthe most exciting applications of 
such methods would bt: determine depths of specific sites in membrane proteins. 
In the absence of precise diffraction data, quenching studies could prove to be a 
powerful tool to elucidate tllH~ conformation and topology ofmembrane probes and 
proteins. For topological stuldies, it may be necessary to generate vesicles having an 
asymmetric transbi layer disltlribution ofquencher lipids, i.e., there will be quencher 
lipids only in one halfof the bilayer. This approach has been utilized to study the 
topology of the integral: membrane protein cytochrome bs (79). The asymmetric 
transbilayel distribution ofquenchers in this casewas attained byusingphospholipid 
exchange protein (PLEP). For vesicles containing spin-labeled lipids, selective 
reduction ofthe spin labds in the outer leaflet by ascorbate, a hydrophilic reducing 
agent, offers ye:t another way to generate asymmetric vesicles (68,80,81). 

The quenching methods are limited for proteins which have tryptophans or tyrosines. 
Nevertheless, it could be still possible to extract information about location of 
specific sites for prmeins whkll11ack these residues. One possible way is to covalently 
label the site ofinterestwith a fluorescent probe andthen analyze the depth ofthe labeled 
site. However, non-specHic] abeling oftheprotein could become a majorproblem in 
such a case. An altenlative approach will relyon the technique ofsite specific (directed) 
mutagenesis, in which the specific residue will be changed to a tryptophan, whose depth 
could then be determined, An implicit assumption in aU these is that the overall confor­
mation of the protein is nOll affected by labeling or single amino acid exchange. 

Thus, in spite ofpossible complications caused by the probe itselfand the complex 
nature of quenching in mt:m.bralles, depth analysis utilizing fluorescence quenching 
represents a powerful tool for investigation of membrane structure. The studies 
reported here point out the unique advantages ofthe method and its future potential. 
These should b(~ reflected in an increasing number ofapplications ofthis approach 
in investigations of mem brane structure. 
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Speaker: Amitabha Chattopadlryay 

1. Q: Amarnath ~.1aitra (Delhi. Univ., Delhi): In one ofyour slides you have shown a 
representative fluoresce:nce curve which appears to me to be a convolution 
of more tha n one peak. Since you require an absolute value of fluorescent 
intensity to detenni m: the distance, do you not think that you are to decon­
volute the intensity peak so as to get as accurate intensity as possible? 

A:	 We do not need an absolute value of fluorescence intensity for depth 
measurements. 'What we need is the quenching ratio obtained with two 
quenchers. Fluorescence spectra of solvated molecules are always broad. 

2.Q:	 David Grainger (Oregon Graduate Inst., Oregon): We have substantial 
evidence currently in press that these membrane probes occupy molecular 
areas in monolayers many times that found for phospholipids (150 A). At 
levels 30 mol% prob(~ that you report, vesicle lipid phases and protein 
aggregation states in the vesicle could be much different than that you 
might imagi ne. Can YOUl comment on that? 

A:	 We do not requin: nlOre than I mol% of these flurophores (such as NDB­
labelled lipids) for depth measurements. The perturbation is thus minimal. . 
There is also the probleJ nofextrapolating monolayer results to bilayer systems. 
Aggregation and/of phclse separation ofthe protein is a real concern. However, 
although such artifacts w:111 affect absolute values of quenching, they will not 
alter the quenching mtios (necessary for depth calculation) in any major way. 

3. Q: Mary Roberts (Boston College, MA): Do you quench the remaining 70% 
Trp fluorescence in it\.cChR if you add an aqueous quencher? What is the 
protein asymmetl~Y in reconstituted vesicles? 

A:	 We have been able: to apparently quench a lot of the residual fluorescence 
byusing aqueous qu(~ncherslike nitrate. However, high concentrations (up 
to 0.6 M) ofq uenchers af(: required for this. At such a high concentration of 
quenche:r, inner filter effect is significant due to absorbance of the quencher. 
When corrections ale made for inner filter effect. the quenching is dras­
tically n:duced. AchR bellng an asymmetric shaped protein, 70-90% of the 
protein is ori,~nted in a right side out manner in the reconstituted system. 



163 Membrane Pentration JDif~pth Analysis 

4.Q:	 P. Yager (Univ. of~Vashington, Seattle, WA): Iii a case in which the probe is 
at high concentrations and may perturb the structure ofthe protein, would 
fluorescence lifetime measurements be the best? 

A:	 fluorescence lifetime measurementswould definitely help in getting some more 
information about the flnojphore environments. However, these measurements 
are necessarily more: difificult than steady-state intensity measurements 
and, in addition, they 'ilidU not directly yield depth. Lifetimes are known to 
be unaffected in any major way in case of static quenching. 

~: Q:	 Olaf Andersen (Comlell Univ. Med. College, New York, NY): What is the 
significance of the value of the depth at which you find the tryptophan? 

A:	 This is a question we also worried about. Does the depth obtained reflect 
distances measured from the transition dipole moments? In any event, it is 
difficult to precisely ascertain the distances involved at this level. However, 
the uncertainty caused. by this is comparable to the experimental error. 
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