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The neg~vely cha~ed Iluomphore 3-]p-(6-pl~enyi)-l,3,~hexaldenyllphenylpropmme acid (PA-DPH) was char- 
acterized by ¢ompadsan with i~ parent compound DPH, and with cation[e mmeth~lammonim~a-DPH O'MA-DPH) 
The molar al~o~ption coefficient of PA-DPH (60000 cm- t .  tool - t) as well as its quantum yield (0.7) and fluorescence 
llf¢~ame (5 us) in fluid phase membranes are inle~aediate be(ween DPH and TMA-DPH. Steady-state flnereseenee 
poha'izaiioo s(11~les show that PA-DPH detects the phase ffansilion of both neutral and an|oni¢ I~la~ers. In I'luid 
membranes the absolute v~dues of PA-DPH polarization are considerably htgher than DPH and somew|mt lower than 
TMA-DPtI. ~he results suggest that Idle TMA-DPI-L PA-DPH is anchored to the surfaee of the m~mbrane by its 
charge, lint that it is probing a region mmewhat de, pet along the b~ayer normal PA-DPH binds to rat hepatic fatty 
aeid binding protein (hFABP) and bovine serum allmmm at PA-DPH/pmtem molar rattos o[  1.5: ! and at leas~ 6:  I, 
respectively. Native oleie acid competes ruth PA-DPH |o~ blnd~g to both proteinS, suggesting that the two ligands 
compete lot similar binding sites. Tim affinity of PA-DPH f~r b-FABP is s,radar to that of ~ acid. Thus, PA-DPH 
should be useful both as an amonle ~ membrane probe and a long-chain free fatty acid analogue. 

Intn~netion 

Fluorescent analogues of free fatty acids, such as the 
u s -  a n d  trans-parinane acids and the anthroyloxy and 
pyrcne denvatwes of natural free fatty acids, have been 
used to study both membrane hp~d structure and the 
kmeucs of free fatty acid transpolq For example, the 
series of n-(9-anthroyloxy) free fatty acid dmavatv, es 
have been used to study membrane polamy and hp~d 
order as a functmn of depth along the btlayer normal 

Abbrewat~ns 2- or 12-AS, 2- oz 12-(9-anthtoyloxy}stearale. BSA~ 
bovine serum album.m. DMF, dmmthylforman~d¢, DMI~ dt- 
myn stoylphmph aUdylehoh n~, DMl~,da'nynsteylp hosp h audylglycer- 
el, DMSO,~mcthylsulfox~de, DPH, t,6-dlphc~yl-l,3,.5-hcgamen¢, egg 
PC. egg pl~oMg'~audylchnhn~, hFABP, h,~auc fatty a,~d bmdmg 
Ftolcm~ MLV, mul~lamell~r vestol¢ PA-DPH 3-l~6..phcnyt)-i 3.5- 
hcaamcnyl~hcuylpropmm¢ a~d, PnA, p~mnanc acid. Q. quantum 
~acld, SUV, small umlarnellar vesicle T fluorescence hfcome TMA- 
DPH. ] .(,bmme ~ylammom umpheny|)-6~hcnyl- 1 +3,5-hexamer~ 

Cone.~pov, dcn~ $ S~zch, Ha~rvard F~g)ol of Publm Health, Dcpt 
NutnUon, Bid& 11-245, 665 Huntmglon A~¢, Boston. /vIA 02115, 
USA 

[1,2]. and to monitor the ]nterm~rabran¢ transfer kmel- 
tcs of free fatty nerds [3] The exomer fornung py~nyl 
free fatty actd denvaUves have been used to study 
mtermembrane free fatty ac:d transfer [4.5], membrane 
flmdtty [6], and hptd-protem tnteracUons [6] The 
pannanc acids have been used to momtor lipid phase 
transmons and the fluidity of mc, del membranes [7,8], 
and to chara¢tertze the free fatty a¢ld binding sites el 
serum albumin [91 F-aeh el those probes  has cerlam 
dlsadvamages, however The pannarm acids tcqmre spe- 
cial handhng, have a relatively low quantum ytetd m 
membranes and have a polyonca¢ chain wl'uch ts not of 
the unconjugated type usually f¢,und in amm,d mem- 
branes [7,8] On the other hand. whale the fatty acyl 
moteRes m anthroyloxy and pyrene denvauves are natu- 
rally-occurring, the fluorescent groups are re]surely 
largo and qutt¢ hydrophobtc, and may impart properues 
wluch ¢hffer from those of nala,a~ free fatty acids 

The N~orchc~.nt pcobe 1,6-dlphcnybl.3.5-hexatnene 
(DPH) has been widely used to aludy the hpJd order of 
synthetic and btologw.at membtane.s [10-16[ and many 
derivatives of DPH have been described [17,18] A novel 
derivative is proptomc acid DPH (PA-DPH) PA-DPH 
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Fig t Struclure:,ottheneut~0i fluorophorcDPH, cattomcTMA-DPH, 
and ar.omc PA-DPH 

is s,a'mlar to a long-chum free fatty atad both m its 
amome carboxyhc acid group and m ~ts approx.unate 
hydrocarbon chum length Moreover, PA-DPH larks 
the extnnsic bulk of the large anthroyloxy or pyrene 
prosthettc group, and the DPH fluorophore reqmres 
httle special handling PA-DPH was used to synthesize 
1-palrmtoyl.2-PA-DPH phosphaRdyleholme [401, whtch 
has been used as a probe of membrane structure by 
Parente and Lerttz I411 The present study was under- 
taken to characterize the amomc PA-DPH as a mem- 
brane probe by companng tt vath DPH and a eauomc 
dmvattve of DPH, tnmethylammomum-DPH (TMA- 
DPH) (Fig 1) Further experiments were conducted to 
deterrmne the utlhty of PA-DPH as a fluorescent ana- 
logue of long-chain free fatty nod by studying its bind- 
mg to two free fatty acid binding proteins, howne 
serum albumin (BSA) and rat hepatic fatty acid bmdmg 
prolean (hFABP). 

MaSeadals and Methods 

Malermls 1,6-Dtphenyl-l.3,5-hexattaene (DPH) was 
obtained from the Eastman Kodak Co (Rochester, 
NY) 1 -f 4-Trn'nethylammomumphenyl) -6-phenyl- 1,3,5 - 
hexatrtene (TMA-DPH) and 3-[p-(6-phenyl)-l,3,5- 
hexatnenyl)phenylproplomc acid (PA-DPH) were pur- 
chased from Mo]eeular Probes, Ine (Eugene, OR) Egg 
pho~halldyleholme (egg PC). L-a-dtmynstoylphospha- 
udylehohne (DMPC). and L-a-chmynstoylphosphattdyl- 
glyoerol (DMPG) were from Avann Polar Llptds, Inn 
(Btrmangham, AL) Bovine serum alburrau (BSA), essen- 
trolly fatty acid free (<0005%), was obtained from 
Sigma Chermeal Co (St L0ms, Me)  Dehpidated rat 
hepaUc fatty acid binding protein {hFABP) was the 
generous grit of Dr Nathan Bass Vesicle experiments 

were performed m Tns-buffered sahne (40 mM Tns- 
HCI, 100 mM NaCI) ~pH 7 4), and protein binding 
experiments in phosphate-buffered sahne (137 mM 
NaCI, 2 7 mM KCI, 1 5 mM KH2PO4, 8 mM Na2HPO4) 
(pH 7 4) For expenments m wluch the pH was vaned 
Tns-buffered sahne was used for pH ranse 7-10, and 
aogtate-buffercd sahne, 40 mM sodmm acetate and 100 
mM NaCI, was used for pH range 3-6 All solvents 
wcrc spectrophotometne grade 

Vesrcle preparatwn Egg PC, DMPC and DMPG 
small umlamellar vesicles (SUV) were prepared accord- 
mg to the method of Huang and Thompson [19] as 
d~erthed previously [3] Egg PC SUV were prepared at 
4*C and DMPC and DMPG SUV were prepared at 
37°C Mnltdamellar vesicles (MLV) were prepared by 
adding Trts-buffered saline buffer to the evacuated Itptd 
film, and hand swtrhngr Probes were incorporates rote 
SUV by addmon of a small volume of concentrated 
stock solutaon of PA-DPH m &methylsulfoxtde (DMSO) 
or thmethylformarmde (DMF) or DPH and TMA-DPH 
in ethanol, to the preformed vesicles For MLV, probes 
were added to the phosphohplds prior to evacuation 
Final solve~at ¢oncentratmn was always < 1% (v/v)  

Absorbance spectroscopy Absorption spectra were orn- 
lamed using a Beckman DU-40 or HltaCht U-2000 
double beam spectrophotometer, and background cor- 
rections were made automatically The absorption oocf- 
hctent of PA-DPH m DMF was estimated from the 
absorbanee of tnpheate samples for three ddferent probe 
concentrations 

Fluorescence spectroscopy Fluorescence measure- 
ments were made with an SLM 8000 fluorescence spee- 
trophotom©ter. Exc~talion opectra for the DPH probes 
were obtained using an ermssion wavelength of 430 rim. 
and the emtssmn spectra were obtmned with an excita- 
tion wavelength of 360 nm Unless stated otherwise, all 
measurements were made at ambmnt temperature (22 + 
2"C) 

The quantum yJel6, ~, of the DPH probes was 
detcnmned relative to qmmne sulfate m 0 1 N sulfuric 
acid Excltataon of the quinine sulfate was at 352 nm 
Spectra were corrected for lamp and photomultiplier 
variation with wavelength 120]. and the quantum yield 
for qmmne sulfate was taken as 0.7 [21]. 

Uptake of probe into vesicles was momtored by the 
increase m fluorescence intensity Steady-state fluores- 
cence polarization was determined with the SLM 81300 
Ten measurements were taken at each temperature 
(+  0 1 C*)  or pH (±  0 1) and averaged for each sample, 
and devlattons were less than 0 O0fi polargatton urals 
Exerted state hfettmes (,r) were deterrmned by the phase 
modulation technique [22] using an SLM 4800 fluores- 
cence spectrophotometer Measurements w~re done wtth 
an exettatton wavelength of 360 am and a 390 nm long 
pass ¢mas~aon filter Lifetimes m membranes were me.a. 
sured at 18 mHz, and m solvents at 30 mHZ 
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Prolem blndrng IiIcreaslng concentrations of PA- 
DPH were added to BSA or hFABP b) the addit ion o[ 
aliquots from a stock solution Solvent concentration 
was always < 1 ~  ( v / v )  PA-DPH fluorescence was 
measured after a 15 mJn incubation The tuner filter 
effects of BSA and hFABP w0re neghg]ble The dissocl- 
anon  constant  for PA-DPH binding to hFABP was 
est imated using the f luorometn¢ tutranou method 
de~enbe~l by  Cogaxt et al  [23] 

Tryptophan emasston of l iSA and tyrosme ermsston 
of  hFABP were momtored in the same expenment  for 
eaoh concentration of PA-DPH Fluorescence exci tanou 
was 280 rim, t ryptophan ¢lmssmn was measured at 340 
nm and tyroslne enussion was measured at 310 nm 

Competi t ion between PA-DPH and olete m.|d for 
bmchng to BSA and hFABP was studied by addmg 
mcrea~mg concentrat ions of 0tetc aead to a s o h u o n  of 
PA-DPH bound to protein, and measunng PA-DPH 
fluorescence before and  at  15 rmn following oleate 
addi t ion 

Slzectral properOes of  P A - D P H  
The excitation and ermsston spectra of PA-DPH m 

D M F  ate shown m F,g 2 The excitation maxamum at 
356 nm and the elmsslon mammum at 430 nm are 
SUnllar to those of DPH and T M A - D P H  (Table I) L~k¢ 
D PH and TMA-DPH,  PA-DPH shows rmnLmal spectre1 
shift  wi th  varying solvent polari ty ([24] and data  not 
showE,) A c o m p a m o n  of the spectral  characteristics of 
the t.hr¢¢ DPH probes as well as those of two flue- 
rescem fatty acLd analogues, t ram-parman¢ acid (PnA) 
and l?-(9-anthroyloxy)stearate (12-AS), ts shown m 
Table  I T:.te m a x m m m  absorpt ion coefficient of PA- 
DPH,  60000. Js 26Fo lower than that  of DPH, but  50% 
higher than  that  of TMA-DPH It  gs sin~lar to PnA and  
an order  of magmtude  greater than 12-AS In ad&tion,  
the quantum yield of  PA-DPH m egg phosphattdylcho- 

i r 
/ 

/ 

~avelen[tt~ [rill 

Fig, 2 Excnhatuoa ( - - - }  and tmllstan ( ) slmetta of 2 #M 
PA-DPH la DMF Exc~tauon was at 360 nm and emls~iiea at 430 nm 

TABLE 1 

8~¢¢~r~l rharacwnsucs r~f fluore3cen~ membrane gro~$ 
Absorbaace and absorplnon coefftclcnls were determnled for DPH 
probes tn D M F  Em]~ u,~n and quantum ~z¢lds ,~ere determined for 
p¢obe m ~gg PC vesicles 

Probe Absorption Absorption EttxLS~torl Quantum 
~'m~ (nm) ¢ocffloem A ~  (nml ~aetd 

(m01 -~ cm-t; 

DPH 353 81000 ~ 430 0 80 
TMA-DPH 35q 30200 n 430 0 6~ 
PA-DPH 35b 60000 430 0 73 
ttltta~-PnA ~' 314 65000 422 0 30 
i2-AS = 365 7770 446 0 74 

" Prendcrgast Ct al [24] 
~a Valuta. In dtpd]r~LltylphospBaltd~/Ichohne (D1PPC I ~c~lcl¢~, rrorrl Sldat 

el at 17 g] 
Values m ¢g$ PC vc..sl¢]¢S l'rOm Thulbora ct al [ i  I 

line small umlamellar  vesicles tegg PC-SUV) ts 0"]3, 
tntermedfate between DPH and TMA-DPH,  and more 
than 2-fold greater than that of PnA 171 Thus in com- 
pan.9on with PRA and 12-AS, i t  l~ noteworthy that 
PA-DPH possesses both a bagh absorption cocfhetcnt 
and high quantum yield, makang tt a strong fluoro- 
phore 

Membrane studies 
PA-DPH brads rapidly to egg PC-SUV The binding 

of both PA-DPH and T M A - D P H  to egg PC-SUV re- 
sults in a constant  fk,~rescence intensity wLthm 30 
seconds (the hrs t  t ime point measured) Maximal  bi- 
nding of DPH, on the other hand,  takes approx 30 rmn 
Previous stughes by Shtmtzky and Barenholz [25] and by 
Lentz et al [121 showed a s tmdar  tun¢ course for DPH 
bmchng to egg PC-SUV, and dtmynstoylphosphat t-  
dylcholme and dlpalnutoylphosphat tdylehohne SUV, 
respectively The following membrane  studies therefore 
al lowed maximum fluorescence to be reached before 
measurements were made 

Steady-state polanzat lon  of the DPH probes la  a,- 
myr t s toy lphospha t tdy lchohne  SUV ( D M P C - S U V )  
shows that PA-DPH. ld~e DPH and I 'MA-DPH.  detects 
the decrease m membrane lipid order  which accompa- 
rues the t ransmon from a gel to a hqmd-cnJsialhne 
phase (Fig 3A) All three probes show a decrease m 
polarization near  the t ransmon temperature  (T,) Above 
the T~. the polarization of PA-DPH was consistently 
lower than that of T M A - D P H  and considetably lugher 
than that of DPH 

The effect of membrane  hptd phase on polarizat ion 
of the three probes ,,,.as also mvestugated m amomc 
dunynstoylphosphattdylgiye.crol qUV (DMPG-SUV) at  
pH 7 4 The translUon temperature was indicated by a 
change m po l a rga tmn  of DPH, T M A - D P H  and PA- 
DPH at 23°C (Fig 3B) As  m DMPC-sUV,  the absolute 
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leapereture ('C] Temperature ~'C) 

FJ 8 3 V~u'~auon m steady-suzte polartzauon w~th temperattwe for DPH ~ TMA-DPH (.C~) and PA-DPH (~) m (A) DMPC SUV and (B) DMPG 
SUv Probe concelllratlons wt~e 1 pM .~uld ~UV ~1~0 ~ mM in Tns-lrdffered sahne (pH 7d) 

polartzanon of  PA-DPH ,s mtecmedmte between D P H  
and T M A - D P H  m the hqmd-crystal lme phase The 
negatrcc charge on PA-DPH dad not alter the abfltty of  
the probe to d e t e r  the phase transttton m these amom¢ 
hpo~omes Sm3darly, the pos ture  charge on T M A - D P H  
had no effect, m agreement ~ t h  the results of  Prender- 
Bast e t a ]  [24] 

In order to deterrmne whether  tomzauon of the 
carboxyl group would alter the spectral properues of 
PA-DPH m membranes ,  steady-state fluorescence 
polastzatzon was determined m e.f: 8 PC-MLV as a func- 

Uon o f p H  F~g 4 shows that p H  has very httle effect on 
polanzauon of  D P H  and T M A - D P H  m these zwtt- 
t enomc  vesicles, while a small increase m PA-DPH 
polarization is observed above pH 7 In addmon, Wilde 
the fluorescence mtensxty of D P H  and T M A - D P H  w ~  
nnnLrnally affected by pH,  the mtenst ty of  PA-DPH 

decreased by  approx 4(3% when ~he p H  was increased 

0L 
3 4 5 6 ; 8 9 IO 

DH 

Fag 4 Effect of pH on steady-slate pola.~.aUon of DPH (D}, TMA- 
DPH (~) and PA-DPH (A) m EPC.-MLV Probe ¢oncentratt0ns were 
1 pM and EPC-MLV wove 0 2 mM m acetate-buffered sakne (pH 

3-65) or Tns-buffered satme (_oH 7-11) 

9 

8 z 

-'.7 

!' 
fi 

4 

Te~eratur'e PCI 

Fig. 5 Vanauon in fluoresczac¢ hfettme with t©mpemture for DPH 
([3), TMA-DPH (C') and PA-DPH (A) 11~ DMPC-SUV P[obe~ ~ r e  
less thlm | 5~ of total hpzd m 0 $ mM BUV m Tns-buffered saline at 
pH 7 4 Only  modulat ion ltfettmes ate shown, and meas~trements were 

made at 18 mHz. 

f rom 6 to 9 (data not shown) Strm[ar effects of  p H  on 
polartzauon and mtenst ty  of  2-(9-anthroy%xy)stearate 
(2-AS) and  12-AS m EPC-SUV were also observed, and 

TABLE [I 

bfeZ~mes of DPll d~rl~r, ves 

Probe Fkwrc~cn~ hfcttm~ * (n~) m 

egg PC s DMF CHCI~/MeOH 
(9~ 5, v/v) 

DPH ? 6~±007 3 18~016 4:~7-t-0 15 
TMA-DPH 3164-009 0374-019 nd ~ 
PA-DPH 5 04~005 272±019 417+015 

' Mzx]ulaUozz hfetzmes arc sh~uenb ~nd n'te..,~suremenl~ were made at 
18 mlh  la membranes and at 30 mHz m solvents 

b E8 ~ pho~phatsdylehohne small umlamellar vesicles at 23°C 
~ d, not de~erw.med 



135 

--6O / 
I 

~2 ~ 4 5 8 IO I~ 
Holes PA-OPH/~IeS BSt ~les Llgarld/M~lE~ B~A 

1 

_= 

i 

l ? 3 4 5 G 
01eK ACz~ IuH) 

Fig. 6 Binding of PA-DPH to bowne serum ~bum~n (BSA) (A) Tilratmn ot BSA w,lh PA~DPH Increa:~xng concea:ratmns or PA-DPH ~0 to 6 
pM) were added to 05  pM BSA m phosphate-buffered galme a PA-DPH b end to BSA and ra PA-DPH m buffer (]g) I~$A tr~tophm.~ 
flttot~-~cenr.e upo~a bmchn 8 of PA-DPH (.~) and oIetc acid K3) lnCreraSmg conten aUons of PA-DPH or oloc acid were added Io 0 75 tim BSA m 
ph~phate-httffered sahne (C) Competmort ol oleac acid alnd PA=DPH fol" BSA hlladlng, lr~crcasmg ¢orlocnerJtxlffn.~ of O~i0 a~d were added to t 

pM BSA w['u0h had beea mcubaled with 6 pM t ~.-DPH prior ~o ole~te add~U.on 

the point of  change was also at apprnxamately pH 7 
(data not shown) 

The temperature dependence of the fluorescence 
l i f e t imes  ( . r )  o f  P A - D P H ,  D P H  a n d  T M A - D P H  m 

D M P C - S U V  ts shov..'n m Fig .  5 Al l  t h r e e  p r o b e s  show a 

change m ¢ at the tranmtton temperature of the bdayer 
Tim ¢ of PA-DPH m, once again, intermediate between 
that of  DPH and TMA-DPH (F~g. 5 and Table I1) 
WlnI¢ the hfemn¢ of TMA-DPH m markedly dependent 
on membrane hptd phase, DPH ~s Somewhat less tem- 
perature sensitive, and PA-DPH m parlteular shows a 
much smaller change m • L~fetuaes of the probes m 
DMF and chloroform/methanol (CHCI~/'MeOH, 95 5 
v / v )  are shown m Table 1I All three probes have a 
lower -r m these lsotropte solvents than m membranes, 

for both DPH and PA-DPH in DMF r ts 2-fold lower, 
whale for TMA-DPH tt ts 10-fold lower 

Protein binding ~tudl¢~ 
N a t u r a l  10ng -cham free fa t ty  ac ids  have been  shown  

to  b r a d  to  h o w n e  s e r u m  a l b u m i n  (BSA)  a n d  hepaU¢  

fatty aead bmthng prolem (hFABP) [26,27], and bm&ng 
studies were done to detcraua¢ whether PA-DPH tater- 
acts w~th these proteins As increasing concentratmns of 
PA-DPH are added to BSA, the PA-DPH fluorescence 
increases sharply, reaehng approx 90~ of mammum at 
a raao of 6 tool PA-DPH per tool BSA As more probe 
~s added, the intensity nses more gradually, levelmg off 
at approx 10 tool PA-DPH per mol BSA (Fig. 6A) 
When either natural ole~c acid or PA-DPH brad to 

-6 
ta0 

--~60 

40 

k 

; t0~1 

! EO 

~40 

2O 

"~ " - ' e ' ~ - - -e  ~ ' - c  3 

I~le5 Pl,-C~/eloles hFABP ~ ] e s  Lzgand/Noles hFABP 

~aC 

12( 

I¢< 

8C 

,K 

C i | i t i i 
t '~ ~t a G ,G 

Olezc Acid ~L~) 

Fig ? ~ n d m  8 o r  P A - D P H  to hepauc fauy  acid b ind ing protein (hFABP)  (A )  Tztrat lon o r  hFABP with P A - D P H  ]nc rc~zn [  conccntrauor~ of  
PA-DPH were added to 3 FM hFABP m phosphate-buffered sahne A, ,x represent data from |w~ expenmenp~, [3~ PA-D.~H in phosphate-buffered 
saline (B) hFABP tyrosm¢ fluorescence upon bmdlagof PA-DgH (,it) and o1~¢ ac,d (D) Increasing o~nc.emratlcns of PA-DPH or olmc acad were 
added to 4. ~M hFABP m phosphate-buffered sahno (C) Compenuvn of oletc acid and PA-DPH for hFABP bmdm~ Incle~ng cont.entfattons or 

olelc amd were added to 3 pM hFABP wluch had been incubated with 2 It M PA-DPH prior to oteate adghtmn 
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BSA, quenclung of the protein tryptophan fluorescence 
~s observed (F~g 6B) Addmon of oleate results m 
approx 40~ quenetung of tryptophan intensity at a 2 1 
hgand/protem ratio Further quealcking is not observed 
upon increasing oleate addition PA-DPH binding also 
causes a decrease m tryptophan fluorescence Quench- 
mg of up to 70% is seen at a 4 1 PA-DPH/BSA ratio, 
and further PA-DPH addition results in a more gradual 
decavase m lnteusxty CompetRton between clue acid 
and PA-DPH for BSA bmdmg was stu&ed by adding 
increasing amounts of olezc acid to BSA winch had 
bound PA-DPH A decrease m PA-DPH fluorescence 
was observed upon oleate addmon (F~g 6C), suggesUng 
that PA-DPH and oleate may compete for similar bind- 
mg sites on BSA A 50~b decrease m maramal PA.DPH 
fluorescence occurs at a PA-DPH/olem acid ratio of 
approramately 4 (Fig 6C) 

PA-DPH also brads to hFABP, and saturable brad- 
tug of PA-DPH to hFABP occurs between a 1 1 and 
2 1 ratio of probe/protem (F~g 7A) Using the fluo- 
rescence ntratmn method of Cogan et al [231 a K a of  

0 3 ltM for PA-DPH binding to hFABP was estimated 
These results are m good agreement v.qth values re- 
ported for natural free fatty nod binding to hFABP 
[27] Protein tyrosme fluorescence was momtored upon 
hgand bmdmg to hFABP, and Fig 7B shows that 
PA-DPH causes marked quenchm 8 of tyrosme fluo- 
rescence upon binding to hFABP Once again the de- 
crease levels off at a probe/protein ratio between 1 : 1 
and 2 1 Conversely, olete acid binding (1 1 oleate/ 
hFABP) results in a 405 enhancement of tyrosme fluo- 
rescence, suggesting a change in protein conformation 
[28] Competition stud, tes show that the addition of oletc 
acid to 3/~M hFABP to wkteh 2 p,M laA-DPH is bound 
causes an ~mttal enhancement of PA-DPH fluorescence, 
followed by a decrease m eanssmn upon further olelc 
acid ad&tlOn (Fig 7C) A 50~ decrease of the maxanal 
PA-DPH fluorescence occurs at an olete acid/PA-DPH 
ratio of approxamatdy 1 5 t, further suggesting that the 
affimty of PA-DPH for hFABP is sinltlar to that of 
olelc acid 

Discussion 

The~e studms were conducted m order to characterize 
PADPH both as a fluorescent membrane probe and a 
fatty acad analogue Cundall et al [17] have reported 
that the covalent attachment of various substltuents to 
the phenyi nng of DPH generally causes only small 
changes in the absorbance and enussion spectra of the 
fluorophore Smularly, Prendergast ~.t al [24] and 
Cranny et al [18] have shown that substitution of DPH 
vath the tnmethylammomum group (TMA-DPH) causes 
only a shght red shaft in the absorbance spectrum and 
has httle effect on eansslon We fred that mo~fieatmn 
of DPH with the proplome acid moiety also causes a 

shght red slur m ab~rbanc¢ without any effect on the 
emasslon maximum (Table I, Fig 2) As previously 
reported, the absorption coefficient for TMA-DPH Es 
decreased when compared to DPH 124], and a smular 
but substanually smaller decrease for PA-DPH (23% 
decrease for PA-DPH as compared to 63% for TMA- 
DPH) was observed m these studies (Table I) 

The quantum yield (Q) of both PA-DPH and TMA- 
DPH is lower than that of DPH (Table I), as was 
expected for these phenyl-substltuted compounds {17] 
However, smc¢ we measured Q m egg PC-SUV, the 
differmaces could also reflect dlffexentaal queue[nag by 
the aqueous medium as a result of relative depth m the 
bllayer. Such an association between quantum yield and 
posmon m the bllayer has been observed for the n-(9- 
anthruyhaxy) free fatty acid probes [1] Thus, whale 
Cundall ¢t al [17] reported that subst,tutaon of DPH on 
the ph~nyl ring causes a decrease m quantum yield m 
motropm solvents, the measured quantum yield of PA- 
DPH m DMF is 0 3% wrtually ldentteal to the value of 
0 35 measured for DPH in DMF Tlus lnthcates that the 
propiomc atad substltuent ts less perturbing to the 
fluorescence properties of the DPH fluorophore than 
are other subsmuents Further, tins suggests that the 
observed dtffexence m Q for DPH and PA-DPH m 
bdayers (Table I) is more ltkely due to their relative 
depth m the membrane bdayer 

The ¢ of PA-DPH m egg PC is mtermedmte between 
those of DPH and TMA-DPH (Table II) As with Q, 
tMs enhance may reflect the relative degree of quench- 
mg by the aqueous medmm The depmadealco of ¢ on 
hpld phase (Fig 5) rmght be explained smularly As was 
observed by Straume and Lttman [10] the ~- of TMA- 
DPH is more sensmve to temperature and hence hpld 
phase than ms that of DPH The ¢ of PA-DPH is 
relatively unaffected by the hptd phase (Fig 5). In the 
gel phase the membrane is more tightly packed, and 
would conceivably allow less penetratmn of the aqueous 
quencher, thereby accounting for the hasher ¢ of TMA- 
DPH [10,24] The data support this change for TMA- 
DPH, where the fluorophore is anchored m dose prox- 
muty to the bdayer surface [24] The smaller effects of 
hpld phase on PA-DPH and DPH may be due to the 
greater depth of these probes along the bdayer normal 
and hence a greater distance from the aqueous interface 
The greater depth of the DPH fluorophore m PA-DPH 
as compared to TMA.DPH ts presumably due to the 
proptome acid side chain (Fig 1) Whale DPH ts known 
to be loeahzed within me hydrophoblc core of the 
membrane, at does not appear to have a umque onen- 
tataon [10,12], and also seems to distribute in a wide 
range along the halayer normal {29,301 It is possible 
that as temperature is increased, an increasing propor- 
tion of the probe may expenenc¢ quenclung due to 
probe-water interaetmns PA-DPH, on the other hand, 
is hkely to be anchored m a single orientation by its 



charged $roup as is the case with TMA-DPH [10,24] 
The fluorophore ~s removed from the surface, however, 
by the propromc aeld eham and may therefore not 
experience sagmheant aqueous quenching In addmon, 
the variation m hpld paekang density caused by m- 
creased temperature is greater m the hydrocarbon core 
of the membrane than m the region closer to the aque- 
ous interface [10] PA-DPH may th,,.m he expenencmg 
less of an increase m molecular disorder than is DPH as 
temperature ts raised 

Several dcnvahves of DPH, including TMA-DPH, 
that have a substituent attached to the pheny[ nag  have 
a low "r m tsotropte solvents [17,24] The present results 
show that the addition of the propionle acid moiety to 
DPH does not result m such a decrease in ~- (Table If) 
Further, the r for PA-DPH and DPH m DMF and 
CHCI3/MeOH (95 5, v /v )  are quite similar It has 
been suggested that the low ~r of TMA-DPH in isotropie 
solvents relative to DPH may be due to the lntnnstc 
properties imparted to the molecule by the addition of 
the tnmethylammmomum substttuent, or that the 
TMA-DPH molecules are interacting in some way re- 
sultmg in a short r [24]. Whatever the explanation, the 
proplome acid group on DPH does not alter the proper- 
ties of the fiuorophore as do other substRueuts 
[17,18,24]. Further, and as is the case with Q, since the T 
of DPH and PA-DPH are strmlar in lsotropi¢ solvents, 
the differences seen in membranes can most likely be 
attributed to differential probe localization and the 
amsotropte nature of the bdayer rather than the fluo- 
rescence properttes of the molecules per se 

PA.DPH and TMA-DPH brad raptdly {< 1 rmn) to 
phosphohpid membranes Kuhry et al [311 have also 
shown rapid binding of TMA-DPH to !.929 mouse 
hbroblast membranes Rapid handing of PnA [8] and 
the n-(9-anthroyloxy) free fatty acid denvattves (unpub- 
hshed data) occurs as well In contrast, and as desmbed 
by others 112,25], bmdmg of DPH is slow It is possible 
that the uncharged DPH forms aggregates tu an aque- 
ous environment even at nucromolar concentrations, 
and that the slow binding thus reflects the dtssoclatmu 
of DPH monomers from this aggregate 

PA-DPH. hke TMA-DPH and DPH. detects the 
phase transmon of both zvattenome DMPC (Fig. 3A) 
and amorae DMPG vesicles (Ftgr 3B) in contrast, the 
fluores¢¢n~ polarization of DPH-PC, m which PA-DPH 
ts incorporated at the an-2 posmon, reported an 
abnormally low phase transmon temperature for dJ- 
palnato3dphosphaudylcholw: v,:~lcles t4i i Tins was 
thought to be due to ,is preferential parnuomng rote 
fired phase hptds [41], and therefore tmphes that PA- 
DPH, bake DPH [13], partitions equally rote gel and 
fired phase hptds The higher polarization of TMA-DPH 
compared to DPH (Figs 3A and 3B) is thought to 
reflect ns loealmauon near the surface of the membrane 
[24] The present results show that m the hqutd-erystal- 
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hne phase lhe absolute values of steady-state polariza- 
tion for PA-DPH are intermediate between DPH and 
TMA-DPH, but nearer to TMA-DPH (Figs 3 and 4) 
This again suggests that hke TMA-DPH, PA-DPH may 
be anchored at the aqueous interface of the membrane 
by ,ts charged group, but the fluorescent moiety is 
presumably intercalated between the phosphohpld acyl 
chains more deeply than ta the ease of TMA-DPH, 
owing to the proplome aead eham (Fig 1) Thus, DPH, 
PA-DPH and TMA-DPH may prove useful for examin- 
ing the gradient of lipid order in the membrane bflayer 
m a manner analogous to detectaon by the senes of 
n-(9-anthroyloxy) free fatty acid probes [1,2] 

pH has little =ffet.t on the ixflanzatlon or fluores- 
cence mtens,ty of DPH and TMA-DPH m egg FC-MLV, 
while PA-DPH shows a sm,dl increase (approx 1570) in 
polarlzatlon (Fig 4) and decrease in lntenslt2/above pH 
7 Two n-(9-anthroyloxy) free ratty acad probes ex- 
attuned, 2-AS and 12-AS show a smular small effect of 
pH on polarization and mtenslty above pH 7 It is likely 
that the observed spectral changes reflect the lomzanon 
of these probe% and that the pK~ of PA-DPH is about 
7 Ti'us ts strmlar to the pK~ values between 7 2 and 7 6 
reported for membrane-bound natural free ratty acads 
[32,33] It ,s possible that lomzauon causes the PA-DPH 
(and n-(9-anthroyln~t)) free fatty acids) to be shifted 
toward the bflayer surface and hence a more con- 
strained environment as seen by the increase m polan- 
zahon In addmon the ~omzed probes may beeome 
more susceptible to quenching by the aqueous medmm, 
as evidenced by the decrease m fluorescence mtenmy 

PA-DPH brads to both BSA and hFABP ,n a manner 
sirmlar to natural free f,ttty acids Specter 1261 has 
reported that BSA has three classes of free fatty acid 
binding sites The primary and secondary classes, eon- 
ta,mng sm free fatty acid blndmg sites, are high-afftmty 
~ttes, and the tertiary class, estimated to contain as 
many as 20 to 63 sites, are more weakly binding. The 
present results demonstrate that binding of the first 6 
raoi ot  PA-DPH per reel of BSA accounts fur 90% of 
the ma×lmal increase m fluorescence, whale further ad- 
dition of PA-DPH (up to 12 moles) results m only small 
increases (Fig 7A) The first stx moles of PA-DPH 
bound may represent PA-DPH bmdmg to the pnmary 
and secondary sties, while the additional binding may 
represent binding to the tertiary sites hFABP re- 
portedly binds between 0 6 and 2 0 reel toug-chmn free 
fatty acid per mol [27,34,35 I, and our results show that 
PA-DPH binds hFABP at protm/protmn ratio of ap- 
proximately I 5 l (Fig 7A) Thus, the data suggest that 
PA-DPH binding to these free fatty acid binding pro- 
terns is stolciuometncally smalar to the binding of 
natural long-chain free fatty a{ads 

Binding of oleae acid to BSA cause, s up to a 38~, 
decrease m average tryptophan quantum ymld (Fig 6B), 
snmlar to the 25~ and 45~ decreases reported prevt- 
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ously [9.36] Tins decrease ts not due to Forster energy 
transfer [37], but Is bdteved to be assoctated with a 
conformatmnal change ,n BSA upon free fatty aetd 
bm&ng I36] When PA-DPH brads Io BSA, a decrease 
in tryptophan fluorescence is also obstawed (Fig 6B), 
and tt ~s h.kely that the conformaUonal effect of brand 
binding is occurring here as well At rattos of 
hgand/BSA up to 2 1, the magnitude of the PA-DPH- 
reduced decrease ts somewhat greater than that caused 
by oleate binding In adchtlon, while further olcate 
binding causes no furth~ quenching of tryptophan, 
adchtmnal PA-DPH binding results ni a further de- 
crease m protem fluorescence Tins ,- hkely due to 
energy transfer between the tryptophan(dono0-PA- 
DPH(acccptor) pair [37], as there is considerable spec- 
tral overlap between the absorption of PA-DPH and 
tryptophan enuss~on of BSA A stanlar pattern of trVp- 
tophan quencbang was reported by Sldar et al for PnA 
binding to BSA [9] 

PA-DPH binding to hF,ABP results m a decrease in 
tyrosme fluorescence (Fig. 7B), suggesting energy trans- 
fer in this case as well The dccrca~ levels off at an 
approxamately 2 1 rauo of PA-DPH/hFABP, m agree- 
ment w~th the stotchtometry mchcated by PA-DPH 
binding When native oleat¢ brads to hFABP, however, 
a 40~ increase m protein fluorescence is seen, suggest- 
mg that as vath BSA) free fatty acid binding may result 
in a protein eonformatmnal change An increase In 
tyrosmc quantum ymld due to protein conformatmna] 
change has been reported for several other Class A 
proteins, those which contain no tryptophan r~tdues 
and have fluorescence properttes due to tyrosme [28 I 
Thus tt is hkely that the hFABP tyrosme quenching, 
due to energy transfer to PA-DPH, masks the confer- 
matron-reduced increase m tyrosme enasslon The re- 
cent study of Schulentmrg-Schell et al [38] shows that 
the ~H-NMR spectrum of bovine liver FABP ts altered 
upon free fatty acid binding, also suggesting conforma- 
tmnal changes within the protein 

When PA-DPH is prehound to hFABP and increas- 
ing amounts of oleie acid are then adderJ, a blphasxc 
effect on PA-DPH fluorescence is seem namely an 
lmtml meredse followed by a decrease m intensity with 
additional oleare (Fig 7C) The initial mere.as¢ levels off 
at approxamately equal concentrations of PA-DPH and 
oleate A 50~g decrease in PA-DPH fluorescence then 
occurs at an oleate/PA-DPH ratm of about 1 5 1, 
suggesting that PA-DPH has a sarmlar affimty for 
hFABP as compared to oleat¢ The tmttal increase m 
PA-DPH quantum yield may be due to binding of 
oleate to a second hFABP binding site As mcottoned 
earher, the prestmt results as well as those of several 
other groupb indicate that hFABP can hind 2 reel of 
free fatty aetd per mol protein [27,34,35]. and Keuper et 
al [39] have proposed that hver FABP contains a single 
binding site for the two fatty acids It is conceivable 

that when oleate and PA-DPH are simultaneously bound 
to hFABP, the quantum yield of the fluorophore m- 
e,eases, perhaps due to mereascd hydrophobtc interac- 
tions with the oleate acyl chmn Further addmon of 
oleate then displaces the fluorophore from the binding 
site, resulting m a decrease m PA-DPH fluorescence 
Usmg the fluorescence UtraUon method described by 
Cogan et al [23] we esumate a K~ of 03 pM for 
PA-DPH binding to hFABP Winle such analysts as- 
sumes an eqmvalent mtensaty for PA-DPH hound to 
one or both sites, the K d obtmned ts stmdax to the 
values reported for aauve free fatty acid bmdlng to 
hFABP [27,34,35] 

Competttton studies suggest that oleate also displaces 
PA-DPH from BSA, and further indicate that the native 
free fatty avid may have an average ~fold greater 
afftmty for BSA than does PA-DPH since PA-DPH 
intensity ts decreased by half at a PA-DPH/oleate ratio 
of approxamately 4 It ts known that free fatty acid 
binding affimtms chffer at each of the binding sties on 
BSA [26] It ts hkdy (hut the quantum ~eld of PA-DPH 
also vanes wRinn the thfferent sites, as suggested by the 
non-hnear increase m mtenmy when BSA ts titrated 
with PA-DPH (F:g 6A) Thus the suggcatcd r¢latave 
afhmty of olcate compared to PA-DPH is only a rough 
estimate for an 'average" site, and the true relauve 
affimtacs undoubtedly vary at the different sites Never- 
theless, the binding properUes of PA-DPH and the 
compeUhon w~th oleate suggest that PA-DPH most 
likely brads to the same sites as native free fatty acJds 
on both hFABP and BSA The data also indicate that 
PA-DPH has a smular afflmty for hFABP as do natural 
long-chain free fatty acids, whale the average Mhmty for 
BSA may be lower than that of oletc acid 

These studms were conducted to assess the utthty of 
PA-DPH as a fluorescent free fatty acid analogue and 
membrane probe The results indicate that prop,omc 
acid subsututton of the phenyl group of DPH results m 
nummal perturbataon of the fluorescence propertaes tn 
tsotroplc solvents PA-DPH binds to phosphohpid 
membranes, detects the hptd phase transtuon ~ud seems 
to probe a diffe~ent re[con of the bflayex than other 
DPH probes Further, PA-DPH bmds two phy~ologlcal 
free fatty atad bindmg proteins, BSA and hFABP, in a 
manner smular to natural long-chain free fatty acids 
Smc¢ PA-DPH combines both a tugh absorpaon coefft- 
cmnt and q, mntum 3qeld relative to other commonly 
used fluorescent free fatty acids, Jt should prove to be a 
useful adthtlon to the farmly of fluorescent long-chino 
free fatty acad analogues 
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