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SUMMARY 

The lipid fluorescent probe 12-(9-anthroyl)-stearic acid was introduced into 
the lipid bilayer of influenza virus particles. Fluorescent energy transfer was observed 
from the viral protein to the probe. This transfer persisted after removal of the 
glycoprotein spikes which cover the outside of the viral particle, demonstrating 
thal the energy donor was an internal protein. It was concluded that tile energy 
donor was the non-glycosylated membrane protein (M protein), the major protein 
component of the spikeless particle. Analysis of the emission spectrum of the spikeless 
particle excited at 275 nm shows that a substantial portion of the fluorescence 
arises from tyrosine residues, in contrast to most other proteins which contain 
both tryptophan and tyrosine. 

It is suggested that the donor residue(s) are located no more than 11 
exterior to the bilayer surface, and that a portion of the M protein may penetrate 
into the bilayer. 

INTRODUCTION 

Although all biological membranes are known to consist chiefly of protein 
and lipid, the very large number of different proteins which are present in most 
membranes has until recently frustrated attempts to study the nature of protein- 
lipid interactions in these structures. 

The enveloped viruses offer several interesting experimental systems for the 
study of naturally occurring protein-lipid interactions. Influenza virus is typical 
of these viruses in many important respects. Specifically, the proteins of influenza 
virus particles are all coded by the viral genome, i.e. no host cell proteins are present 
in the completed virion [1,2]. The viral lipids, on the other hand, are incorporated 
from preexisting host cell lipids [3,4] and are organized into a bilayer [5]. Each 
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virus pltrticle contains a very limited number of polypeptide chains [1,6 8;] ttnd 
evidence has been obtained l\)r a defined location in tile completed virion l\~r each 
polypeptide species [9-11]. The non-glycosylated internttl membrane protein I the 
M protein) and the glycoprotein spikes are the only proteins which appear to be in 
close association with the lipid bilayer. While there is very strong evidence regarding 
the location of tile glycoprotein spikes on the external surl'ace [I,6, 12] lhe evidence 
for locating the M protein on the inner surl'&ce ol" tile lipid bilayer is more indirect. 
It is based mainly on the following findings: (I) An electron-dense layer ilnmediatel5 
underneath the unit membrane struclure in the influenza viral envelope [13, 14]: 
(2) A miLior protein of about 26000 molecuhtr weight which is not itssocktted \~ith 
the nucleocapsid and is completely resistant to proteolytic digestion [I.6]:  (3) 
Tile demonstration that electron micrographs of glutaraldehyde-fixed particles 
flom which lipids have been extracted have a inembrane-like layer surrounding lhe 
nucleocapsid [10]. Tile location o[" the M protein in lhe xirion is only inferred in 
a very appl'oximate way by these lindings. As one alternative to the itssociation ~I' 
tile M protein with the lipid bilayer, Nermu! [15] has observed an electrolumiia- 
escent spltce between the internal "'core" structure and the unil membrane in electron 
micrographs, and has suggested lhat this corresponds lo tl space between the 
billtyer and the internal structure of the intacl virion. 

In this paper we present spectrofluorometric observations showing that the 
M protein is in very close proximity lo lhe lipid biktyer, and may penetrale inlo 
the bihtyer. 

MATERIALS AND METHODS 

l/iru,v. The WSN strain of influenza A o virus wits grown in Maden-Darbv 
bovine kidney cells [16] and purified as previously described [5]. 

Sl~i/<{,l~,x.v /'iru,s particl~,,v. The glycoproteins which constitute the spikes seen 
on the outer surface of the viral particles were completely removed by a modification 
of the treatment with bromelain previously described [I]. This wits achieved by 
incubltting the particles with bromelain l\)r 4 h its described previously, and then 
adding :t second, equal itliquot of bromelain solution and continuing the incubation 
overnight. No glycoproteins remained with the particles after purification on :l 
5 40",, potassium tartrategradient  [1]. 

Red cell meHll~ran~'.~ were prepared from fresh hep~rinized human blood 
by the procedure of Dodge et al. [17]. 

BoviJl~, ,verum albumin Type F, essentially falty acid free. was obtained flom 
Sigma Chemical Co. 

12-(9-,41tl/~s'o.vl)-xlearic acid originally described by Waggoner and Str}er 
[I 8 ], was conveniently prepared by the method of Parish and Stock [19]. To 444 mg 
(2 mmoles) of anthracene-9-carboxylic acid (Aldrich Chemical Co.. Milwltukee, 
Wise.) in 10 ml of benzene was added 1.2 ml of trifluoroacetic acid ~mhydride. To 
the resulting clear solution wits added 630 mg (2.1 mrnole) of 12-hydroxystearic acid. 
After allowing the reaction mixture to stitnd for about 30 rain at room temperature, 
a portion wits applied to a Schleicher and Schuell 1500 silica gel thin-layer phlte 
(~tctivatcd t'or at leas! I h at 110 C). The mixture was separated in chlorol\)rm 
acetonilrile (5:1,  by w~[.). 12-(9-Anthroyl)-slearic acid was tile slowest mo\ing 



343 

blue fluorescent band (R r approx. 0.5), which was scraped from the plate, eluted 
and dried. It wits identified by cochromatography with authentic 12-(9-anthroyl)- 
stearic acid (courtesy of Dr A. Waggoner) and by the identity of its absorption 
spectrum with that previously reported [18]. 

lncm7~oration o/  12-(9-anthroyl)-slearic acid into viral particles. A 25-ml 
Erlenmeyer flask was wrapped in carbon paper to decrease light. About 300 t,g 
of 12-(9-anthroyl)-stearic acid dissolved in ethanol were evaporated to a thin film 
at the bottom of the flask. About I ml of purified virus dialyzed into phosphate 
buffered saline (approx. 200/,g protein/ml) and 1 ml of phosphate-buffered saline 
were added, and the suspension was shaken gently for 3--4 h at room temperature. 
The particles were then either purifed on a potassium tartrate gradient or treated 
with bromelain to remove the spikes and then repurified. The integrity of intact 
and spikeless labeled particles was confirmed by electron microscopy. 

Comparable observations to those reported in this paper were obtained if 
dae particles were labeled after spike removal and repurification. However. spikeless 
particles required rnuch less 12-(9-anthroyl)-stearic to achieve comparable incorpo- 
ration. Thus, I ml (approx. 100/~g protein/ml) of purified spikeless particles were 
shaken with 5 60 !tg of12-(9-anthroyl)-stearic acid for3 4h.  andthen repurifiedon 
a potltssium tartrate gradient. 

Fluore,scence measurements were made on a Cary differential spectro- 
fluorometer equipped with a Rhodamine B quanlunl detector located within the 
sample compartment. Corrected spectra are obtained with this instrument. Con- 
centrations of virus were kept within the linear response region of emission inten- 
sities from the viral protein excited at 275-295 nm, and from 12-(9-anthroyl)- 
stearic acid excited at 361 nm. 

12-(9-Antlzroyl)-stearic arM concentration in a sample of virus particles was 
measured from the fluorescence of a mixture of 0.5 ml of sample, 0.5 ml of 10'!~j 
sodium dodecylsulfate and 0.5 ml of ethanol. The emission was measured at 470 nm 
(excited at 361 nm) and compared to a standard under the same conditions. The 
addit ion of la,'ge amounts of virus to the standard had no effect on the 12-(9-anthroyl)- 
siearic acid fluorescence, showing that this measurement is independent of virus 
concentration. 12-(9-Anthroyl)-stearic acd in the viral particles accounted for 
3 mole per cent or less of the viral lipid in the experiments reported in this paper. 
For comparative purposes within a single virus preparation, the amount of 12- 
(9-anthroyl)-stearic acid was determined directly from its emission intensity at 
440 nlTI upon excitation at 361 n n l .  

RESULTS 

A. Enerev tran.v[~,r fi'om internal viral protehl to 12-(9-anthroyl)-stearic acid 
The results presented in this paper arose t¥om the initial observation that, 

~.13en 12-(9-antl3royl)-stearic acid is introduced into influenza virus a marked transfer 
of fluorescence is observed from viral protein to the probe. This is seen by comparing 
the emission spectra, excited at 275 nm, of labeled and unlabeled viral particles 
(Fig. l). A typical protein spectrum is seen from the unlabeled viral particles 
(maximum at approx. 328 nm, Fig. llt), while the labeled particles give a spectrum 
in which a second, smaller peak with a maximum at approx. 430 nm is observed 
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Fig. I, Emission spectra of int]uenza virus particles in phospbuic-buffered saline, excited nt 
275 rim. (A) Unlabeled. (B) Labeled with 12-(9-anthrovl -stearic acid. Emission is in arbitrar> 
units, and differs for A and B. 

(Fig. lb). The absorp t ion  (i.e. excitat ion) spectrum or  12-(9-anthroyl)-stearic acid 
is not measurably  different in benzene and ethanol .  It wits therel\)re assumed that 
the excitat ion spectrum was independent  of  the dielectr ic  constant  o~" tile environ-  
ment over this range, lind thil, l this spectrum was ;_in accurate  rellection of  tile 
exci ta t ion spectrum in the viral particle.  This exci tat ion spectrum shows a marked 
min imum at 275-305 nm. Thus, the emission peak centered around 430 nm i~, nol 
due to direct exci lat ion of  12-{9-anthroyl)-stearic acid by the light source:  correct ion 
for direct exci tat ion or  12-(9-anlhroyl)-stearic acid was generally less than 10",, 
of  the lotal  height of  the peak at 430 nm. In cont i rmat ion  of  this, no energy transfer  
wits found under the same excitat ion condi t ions  if 12-(9-~tnthroyl)-stearic acid 
was incorpora ted  into human red cell membranes .  Quite surprisingly,  the binding 
of  12-(9-anthroyl)-stearic acid to f~ttly acid-free bovine serum albumin,  \vhile causing 
substant ia l  quenching of  protein l tuorescence (as has previously been repor ted 
to result fl 'om fat ly acid binding [20]) did not give rise to measurable  energy transfer.  
The observat ion was thus specilic for influenza virus, lind could not be made in 
two other  systems in which lipid protein interact ions occur. 

That  energy transfer  wits ill fact the busis o f  the observat ion  in hll'iuell/,a 
virus was further confirmed by dis rupt ing the virLls ~ i th  sodium dodecylsulfate.  
In the disrupted virus the emission it! 430 nm upon excitat ion ~_tt 275 nm fell below 
the detectable  level, i.e. energy t ransfer  d isappeared.  Thus, the transfer  arose from 
a non-covalent  re la t ionship between the donor  and the acceptor.  

The identi ty of  both the donor  ~tnd acceptor  species wits es tabl ished by frac- 
t iona t ion  or  the virus particles.  The ch~tracteristic absorp t ion  spectrum of  12-(9- 
a.nthroyl)-stearic acid was used to follow its dis t r ibut ion.  The labeled virus p repara t ion  
was dissolved in 1°/o, sodium dodecylsulfate  ~md extracted with n-butanol .  Under  these 
condi t ions  the l ipids are extracted into the butanol  phase [21 ]. All the 12-(9-anthroyl)- 
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stearic acid was found in this phase, with none detectable in the aqueous phase 
or in the insoluble interphase which formed on extraction. After concentrat ing 
the butanol  phase to dryness, it was applied to ~t thin-layer chromatogram.  A single 
fluorescent spot was found, which migrated identically with authentic 12-(9-anthroyl)- 
stearic acid. Thus, no covalent modification of  the probe occurs when it is introduced 
into the virus. 

Experiments were carried out to exclude the possibility that any of  the 
fluorescence arose from viral lipid or RNA. A butanol extract, similar to the one 
described above did not show a significant amount  of  the fluorescence characteristic 
of  tile unlabeled virus. Neither did the RNA,  extracted by a phenol method [22]. 
Thus, the fluorescence of  the viral particles arises from its protein rather than its lipid 
or RNA components .  

We next tried to identify which of  the viral proteins contained tile donor  
fluorophore(s). Accordingly, the glycoprolein spikes which are attached to the 
outer surface of  the viral bilayer were removed by proteolytic digestion. This pro- 
cedure does not cause loss of  any viral lipid [9], or any modification of  the internal 
viral proteins [1 ]. 

The fluorescence ill different samples was compared by normalization to counts of  
~ H  " ' [ ]urldme incorporated into RNA. While about  half of  the intrinsic viral fluores- 

cence was lost upon spike removal, tile amount  of  transfer lost ~'as much less 
(about 30'!i~). Thus, most of  the energy transfer occurred between an internal viral 
protein and 12-(9-anthroyl)-stearic acid (Fig. 2). 

There is persuasive inferential evidence that 12-(9-anthroyl)-stearic acid 
incorporated into influenza virus particles is localized in the viral bilayer. It has been 
dernonstrated previously that spin-labeled stearic acid derivatives analogous to 
12-(9-anthroyl)-stearic4cid are incorporated into the viral biD~yer [5,23], and are 
not measurably bound to viral proteins. 12-(-9-Anthroyl)-stearic acid is incorporated 
to about  tile same extent under the same condition. No  12-(9-anthroyl)-stearic acid 

'\ 

/ 
I 
I 

i 

i i 

290 330 570 410 450 490 550 
WAVELENGTH (nm} 

Fig. 2. Emission speclrum of 12-(9-anthroyl)-stearic acid-hibeled inlluenza ~irus after spike 
removal, excitcd at 275 rim. Emission is in arbiirary units. 
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is lost from the particle upon spike removal, which would be expected since nt~ 
lipid is losl during this process [9]. Nor can 12-(9-anlhro)l)-stearic acid bc bound 
to isolated viral nucleocapsid, even after prolonged incubatioi]. On the other hand, 
12-(9-anthroyl)-stearic acid is much more e<tsily introduced into spikeless than inlact 
particles (see Materials and Methods), an obser\ation which is readily explained h\ 
lhe gre,tter accessibilil\ of lhe ~iral bilcivcr surface after spike remov;tl. Finall 3. 
previous studies of 12-(9-~tnthroyl)-slearic acid in lipid bilayers usii!g bolh 
fluorescence [18,24] and X-itt), dill'faction [25] have shown lhal ]2-(9-:.mlhrtLxlj- 
stearic acid is incorporated into bJla)ers, ,,~ith the anthroyl l]uorophore buricc!. 
as expected, in the hydrophobic interior of the structure. The elni,~sion inaxinlum 
of" 12-(9-ailthroyl)-stea, ric {tcJd incorporated into intact or spikeless particles i> 
consistent with its Iocaliz{tthm in a highly nell-polar environment. We thus conclude 
that 12-(9-anthroyl)-stearJc acid is localized in the xiral bi la\er .  

H. l/zzri/z,vic.lluo/'e,~ce/me o1 i'iJ'al ,~.:/'uciuve.~ 
In order to characterize further lhe l]uorescent energ? donor, lhe intrinsic 

fluorescence properties o1" several viral preparations ~ere compared. The intacl 
virus, excited at 275 nm showed an emission maximum ttl 328 nm. The spikeless 
particle showed a pronounced blue shil't, wilh an emission maximum at 322 nnl. 
The isolated nucleoc~tpsid resembled the illtacl particle in having an emission 
maximunl at 328 am. These results suggested that tyrosine residues, which calit 
light at shorler wavelenglhs than tryplophan, may be responsible for a substanliallx 
greater part of the ltuorescence el" lhe M prolein than o1" the spikes or the NP 
protein. 

Obserwtlions which support this contention were made by separalJng lhe 
contributions of tyrosine and tryptophan lluorescence in the spikeless particle. 
This was done by measuring emission spectra when the particles were excited at 
278 arid 295 am. The 295-nm spectrum arises essentially completely l'rom tryptophan 
residues, while the 278-nm speclrum arises l'rom both l'~rosJne and tryplopha, n 
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Fig. 3. Emiss ion  spectra, c w i t c d  at 27S nm I ). 205 nm I ), no rma l i zed  to cmiss i tm at 
370 nm. ( A )  l:}o\,Jnc serum qlbunlJn,  essent ia l ly  fal l>'  acict-l'roo, in 0.00<<4 M.  phosphate ,  pH  7.4. 
!B) Spikcloss in l ]ucnza v i rus  particles in phosi ' )hato-buf ' fc 'rcd sqJJlle. (C )  H t in lan  red b lood  cctl 
i11oillbranos iri O.()Og M phospha le ,  p H  7.4. Emiss ion  is in al'biH-Llry uni ls  and dilTers f o r  A ,  

B and C. 
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residues. Thus, if the two spectra are normalized at 370 nm (where ~tll the emission 
arises from tryptophan at either exciting wavelength) the difference between the 
two represents emission from tyrosine residues [26]. The sensitivity of this technique 
was demonstrated using bovine serum albumin. This protein is typical of most proteins 
containing both tyrosine and tryptophan residues in that the overwhelming majority 
of its fluorescence emanates from the tryptophan residues, despite the fact that 
there are 10 times as many tyrosines in the molecule. A very small contribution 
from tyrosine ttuorescence has been identified in the spectrum of this protein, 
however, [26,27] and is clearly seen by this technique (Fig. 3a). 

In co~trast, the spikeless virus particles showed a much higher proportion 
of their total fluorescence ~trising from tyrosine residues (Fig. 3b). That this was 
not a general property of membrane proteins was demonstrated by comparing 
the results with human red blood cell membranes (Fig. 3c). Again, a much smaller con- 
tribution from tyrosine residues wsts observed despile the fact that tyrosine residues 
are present in substantial amounts in red cell membrane proteins [28]. 

DISCUSSION 

The results reported here demonstrate energy transfer between an internal viral 
protein and a fluorescent probe localized in the viral bilayer. There are two major 
internal proteins in the viral particle, the NP protein and the M protein [1,6,8]. 
The NP protein is part of a helical ribonucleoprotein structure. Such structures 
are readily isolated from disrupted virus particles and contain the NP protein and 
RNA [29,30]. Electron microscopy has demonstrated their helical structure, and 
they are believed to exist in this Form in intact virus particles [31 ]. Even if such helical 
structures were in close apposition to the bilayer, only a very small number of 
the NP protein subunits could be sufficiently close to the bilayer to perrnit energy 
transfer. Thus, the donor in the energy transfer system we have described appears 
to be predominantly or exclusively located within the M protein. 

It has been shown that the efficiency of energy transfer of this type depends 
upon the inverse sixth power of the distance between donor and acceptor [32 34]. 
This relationship has provided the basis for measurement of the distance between 
two fluorophores in several different proteins [35 37]. Such it distance might be 
measurable in the present case only if a number of conditions could be fulfilled: 
(I) a single donor species could be unambiguously identified; (2) introduction of 
12-(9-anthroyll-stearic acid did not alter the spatial relationship of the donor with 
the bihtyer. Our evidence suggests that neither of these conditions are fulfilled. 
However. a maximum value for the donor-acceptor  distance can be estimated. 

Preliminary amino acid analysis of pariFed viral proteins, and tryptophan 
estimations based on acrylamide gels of virions do'dbly labeled with [l~C]leucine 
and [3H]tryptophan showed that the M proteir, is quite poor in tryptophan, con- 
taining a single tryptophan residue per 26000 molecular weight (unpublished obser- 
vation). The M protein thus provides only about o 1e-third of the tryptophan ~esidues 
in the spikeless particle while accounting t\)r two-thirds of the total protein [1]. 
If. as our evidence suggests, most of the tyrosi;~e fluorescence but only a proportional 
anlounl of the tryptophan ltuorescence of the spikeless particle arises from the 
M protei~, then the tyrosine fluorescence from the M proteil! is very large, and 
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may even predominate m the emission spectrunl of  this protehl excited at 275 11111. 
Substantial energy transfer is still seen when tile labeled spikeless particle is excited 
at 295 nm, suggesting th;_tt l ryptophan is an energy donor  hi this systenl, bul the 
possibility that one or more of  the seven or eight tyrosine residues of  the M protein 
m a y  also serve as energy donors c~_tnllOl be excluded. 

It also appears that introducing 12-(9-anthroyl)-stearic acid into the bilayer 
afl'ects the conformation of  tile M protein. We consistently observed that. despite 
the clear demonstrat ion of  energy,' ll,~tllSf'el" b~, the criterion of  sensitized emission 
centered around 430 nrn, a corresponding quenching of  intrinsic fluorescence from 
intact or spikeless particles was not obser\ed.  On tile contrary~ an increasc o1" 
fluorescence of  about 10°,. was more conlmonl> seen after introducing 12-(9-anthrox, l)- 
slearic ackt into the viral bilayer. This increase in quantum efficiency upon labeling 
the spikeless particle suggests that a conformational  change is occurring in the 
donor  protein. 

The R o value (i.e. the distance betxveen donor  ,:.tnd accepter  at ~xllich ll~.tllsler 
efficiency is 50<','>) was c-dculated [32] for lhis system using the lk~llowing assunlptions: 
(I) The donor  emission spectrum is the same as tile spectrum of the unlabeled 
spikeless particle: (2) The accepter excitalion spectrum is the S~tllle hi the spikeless 
particle as in ethanol or benzene" (3) The donor  quantum ~,ield is 0.2" (4) The 
refractive index of  the medium between ihe donor  and ucceptor is 1.40: (5) The 
orientation factor is 2,'3 i.e. both donor  Lllld accepter  groups undergo rapid free 
relation relalive to one another. A value of 22.6 J\ was obtained lklr R o under these 
assumptions. I t  should be noted that this value would be onl> abou! 10<'., smaller 
il" a quantum yield el" 0.1 were ussunled. Shlce energy, lransfer cannot generally 
be demonstrated al :~t greater donor  accepter dislance lll;.tn 1.7 R. [35 ]. the distance 
bet~veen the donor moiety and llle 12-(9-anthroyl)-stearic acid in the bilayer docs 
1101 exceed 38.5 ek. 

The anthroyl group is sulticienth huge that a precise localization x~itlain the 
hydrophobic  region of  the bilayer is 1101 possible. To a first approximation,  therefore. 
the anthroyl group can be considered to occupy an average position ttl the center 
oF the bilayer, or 28 ]k l'ronl the surface if the bil:4yer is 56 ~ thick [38]. Tllis nleuus 
that the porlh)n of  the protein containing the donor  residue(s) C,~l, nllOt be nlOle 
l[l;J,n ~tpprox. 11 ]k external to the bilayer surface. Hoxvever, the iinding that 
introducing 12-(9-anlhroyl)-stearic acid into llle spikeless particle increases lhe 
quantum yield o1" an internal protein suggests that the M protein is closer to the 
bilayer than this nlaxinlunl value, and nlav actually penetrate the bilayer The 
introduction of  12-(9-anthroylFste~tric acid in high concentrat ions into u synthelic 
bilaver has been shown to alter ils electron density profile quite considerably [25J. 

The reason for the app~u-ently high qu~ultunl efficiency of  the M protein tyrosine 
residues is not known, but one interesling possibility is l]l~tl the tyrosine residues 
are in ~t helical segment of  the nlolecule inter,'tcting with lipid, High quantum 
efi~ciencies for tyrosine have been observed fl'om proteins dissolved in a helicogenic 
solvent [26] or detergent [39]. Further  studies are in progress to test this hypothesis 
and to elucidate more precisely the nature of  the bilayer protein interaction. 
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