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The negatively charged MNuorophore 3-] p-(6-phenyl)-1,3,5-hexatrienyl|phenylpropiomic  zcid (PA-DPH) was char-
acterized by comparison with its parent compound DPH, and with cationic frimeihylammonium-DPH (TMA-DPH)
The molar absorption coefficient of PA-DPH (60000 cm™' - mol ~*) as well as its quantum yield (0.7) and fluorescence
lifeime (5 us) in fluid phase membranes are intermediate between DPH and TMA-DPH. Steady-state fluorescence
polarization studies show that PA-DPH detects the phase transition of both neutral and anionic hilayers. In fluid phase
membranes the absolute values of PA-DPH polarization are considerably lngher than DPH and somewhat lower than
TMA-DPH. The resulls suggest that hke TMA-DPH, PA-DPH is anchored to the surface of the membrane by its
charge, but that it is probing a region somewhat deeper along the bilayer norma! PA-DPH binds to rat hepatic fatty
acid binding protein (WFABP) and bovine serum albumin at PA-DPH /protemn molar rahios of 1.5:1 and at least 6:1,
respectively. Native olelc acid competes wmith PA-DPH for binding to both proteins, suggesting that the two ligands
compete for similar binding sites. The affinity of PA-DPH for hFABP is sinular to that of oleic acid. Thus, PA-DPH

should be useful both as an anionic fluorescent membrane probe and a long-chain free fatty acid analogue.

Introduction

Fluorescent analogues of free fatty acids, such as the
ci5- and frans-parinanc acids and the anthroyloxy and
pyrene derrvatives of natural free fatty acids, have been
used to study boith membrane hpid structure and the
kineues of free [atly acid transport For example, the
senies of n-(9-anthroyloxy) free fatty acid denvauves
have been used to study membrane polanty and hpid
order as a function of depth along the bilayer normal

Abbreviaizons 2- or 12-AS, 2+ or 12-(9-anthroyloxy)stearate, BSA,
bovine servm albumun, DMF, dimethylformamede, DMPC  di-

mynstoylphosphatidylcholine; DMPG,dimyr hatidylgl
ol, DMSOdunethylsultomde DFH, L.6-diphenyl-1, }.S-hexamene g
BC, cgg p dylchnt hFABP, hep fatty acd

prolemn, MLV mulnlametlar vesicle PA-DPH 3| p-(5-phenyl)-1 3.5-
hexstnenyllphenylpropionc acd, PnA, p aad, @, g

wield, SUY, small )| Hlar vesicle = A bictme TMA-
DPH, 1-(4-tnmethylammomumphenyl)-6-phenyl-1,3,5-hexatrene

Correspondence J Storch, Harvard School of Public Health, Dept
Muintion, Bldg. [1-245, 665 Hunhnglon Ave, Boston, MA 02115,
Uusa

[1,2], and loc monitor the intermembrane transfer kinel-
tcs of Free fatty acids [3] The excaimer formung pyrenyl
free fatty actd denvatives have been used to study
mtermembrane Free fatty acid transfer [4,5], membrane
fludity [6], and lipud-protem interactions [6] The
parmanc acids have been used to momtor hipid phase
transitions and the fiodity of model membranes [7,8),
and to charactenize the free fatly acid binding sites of
serum alburmn [9} Each of these probes has certain
disadvaniages, however The pannanc acids regusre spe-
cal handhng, have a relatvely low quantum yield m
membranes and have a polyenowc cham which ts not of
the unconjugated 1ype usually found i ammal mem-
branes [7.8] On the cther hand, whie the fatty acyl
motettes 1n anthroyloxy and pyrene derivatives are natu-
rally-occurring, the fluorescent groups are relatively
large and quite hydrophobic, and may impart proparies
which differ from those of native free fatty acids

The flucrescent probe 1,6-diphenyl-1.3,5-hexatriene
(DPH) has been widely used to siudy the hpad order of
synthetic and hiological membranes [10-16], and many
denvatives of DPH have been descnbed [17,18] A novel
denvanve 15 propionic acid DPH (PA-DPH) PA-DPH
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Fig 1 Structures of the neutsak Auorophore DPH, catiorue TMA-DPH,
and anioruc PA-DPH

15 smrular to a long-chain free faity acid both m us
amonic carboxylic acd group and i 1Ls approximate
hydrocarbon cham tength Moreover, PA-DPH lacks
the extrinsic bulk of the large anthroyloxy or pyrene
prosthetic group, and the DPH fluorophore requires
hittle special handling PA-DPH was used to synthesize
1-palmitayl,2-PA-DPH phosphatidylchohne [40], which
has been used as a probe of membrane structure by
Parente and Lentz {41] The present study was under-
taken to charactenze the aniomc PA-DPH as a mem-
brane probe by companng it with DPH and a catsonic
dertvative of DPH, tnimethylammomum-DPH (TMA-
DPH) (Fig 1) Further expeniments were conducted to
determne the utihty of PA-DPH as a fluorescent ana-
logue of long-chamn free fatty acid by studying its bind-
ng to two free fatty acid binding proteins, bovine
serum alburmn {(BSA) and rat hepatic fatty acid binding
protemn (hFABF).

Materials and Methods

Materials 1,6-Diphenyl-1,3,5-hexaiciene (DPH) was
obtamned from the Eastman Kodak Co (Rochester,
NY) 1<{4-Tnmethylammontumphenyl)-6-phenyl-1,3,5-
hexatnene (TMA-DPH) and 3-{ p-(6-phenyl)-1,3,5-
hexatnenyl)phenylpropionic acid (PA-DPH)} were pur-
chased from Molecular Probes, Inc (Eugene, OR) Egg
phosphatidylcholine (egg PCY, L-a-dimynistoylphospha-
udylchohne (DMPC), and L-a-cimynsteylphosphatdyl-
glycerol (DMPG) were from Avant Polar Lipids, Inc
(Birmsngham, AL) Bovine serum albumun (BSA), essen-
trally fatty acid free (<0 005%), was obtaned from
Sigma Chermcal Co (St Lows, M() Dehpdated rat
hepauic fatty acid binding protein (hFABP) was the
generous gift of Dr Nathan Bass Vesicle experiments

were performed 1r Tns-buffered saling (40 mM Tris-
HCl, 100 mM NaCl) (pH 74), and protein binding
expenments in phosphate-buffered saline (137 mM
NaCl, 2 7mM KCl, 1 5 mM KH,PO,, 8 mM Na,HPQ,)
(pH 74) For expeniments m which the pH was varied
Tns-buffered saline was used for pH range 7-10, and
acetate-buffered sahne, 40 mM sodinm acetate and 100
mM NaCl, was used for pH range 3-6 All solvents
were spectrophotometnc grade

Vesicle preparation Egg PC, DMPC and DMPG
small urulamellar vesicles (SUV) were prepared accord-
mg to the method of Huang and Thompson [19] as
described previously [3] Egg PC SUV were prepared at
4°C and DMPC and DMPG SUV were prepared at
37°C Multdamellar vesicles (MLV) were prepared by
adding Tris-buffered saline buffer to the evacuated ipd
film, and hand swirling. Probes were incosporated imio
SUV by addison of a small volume of concentrated
stack solution of PA-DPH in dimethylsulfoxsde (DMSO)
or dimethylformamide (DMF) or DPH and TMA-DPH
10 ethanol, to the preformed vesicles For MLV, probes
were added to the phospholipids prior to evacuation
Final solvent concentration was always < 1% (v/v)

Absorbance spectroscopy Absorption specira were ob-
tained using a Beckman DU-40 or Hutachh U-2000
double beam spectrophotometer, and background cor-
rections were made automatically The absorption coef-
fictent of PA-DPH in DMF was esumated from the
absorbance of triphcate samples for three different probe
concenirations

Fluorescence spectroscopy  Fluorescence measure-
ments were made with an SLM 8000 fluorescence spec-
trophotometer. Excitation spectra for the DPH probes
were aobtained using an ermssion wavelength of 430 nm,
and the enussion spectra were obtained with an excita-
uon wavelength of 360 nm Unless stated otherwise, all
measurements were made at ambient temperature (22 +
2°0)

The quantum yield, @, of the DPH probes was
determined relative 1o quuune sulfate 1n 01 N sulfunc
acid Excitation of the quunne sulfate was at 352 nm
Spectra were carrected for lamp and photomultiplier
vanation with wavelength [20], and the quantum yield
for qumne sulfate was taken as 0.7 [21].

Uptake of probe mto vesicles was momtored by the
increase n fluorescence miensity Steady-state fluores-
cence polanizabion was determined with the SLM 8000
Ten measurements were taken ai each temperature
{£01C°)or pH (£0 1) and averaged for each sample,
and deviations were less than 0005 polanzation umits
Exated state hfetimes (7) were determined by the phase
modulation techmque [22] using an SLM 4300 [luores-
cence spectrophotomeler Measurements were done with
an excitation wavelength of 360 nm and a 390 nm long
pass emussion filter Lifetimes in membranes were mea-
sured at 18 mHe, and mn solvents at 30 mHZ



Protein binding  Increasing concentrations of PA-
DPH were added to BSA or hFABP by the addition of
aliquots from a stock solution Solvent concentration
was always <1% (v/v) PA-DPH fluorescence was
measured after a 15 muin mcubation The wner filter
effects of BSA and hFABP were neghgble The dissoci-
ation constant for PA-DPH binding t0o hFABP was
estumated using the flucrometne tieration methed
descnbed by Cogan et al [23]

Tryptophan emusston of BSA and tyrosine emussion
of hFABP were momtored n the same expeniment for
each concentration of PA-DPH Fluorescence excitation
was 280 nm, tryptophan emussion was measured at 344
nm and tyrosine emussion was measured at 316 nm

Competition between PA-DPH and oleic aud for
binding to BSA and hFABP was studied by adding
mcreasing concentrations of gleic acid (o a solution of
PA-DPH bound to proten, and measuning PA-DPH
fluorescence before and at 15 mmn following oleate
additron

Results

Spectral properuies of PA-DPH

The excitation and emassion spectra of PA-DPH m
DMF are shown in Fig 2 The excitation maximum at
356 nm and the emssion maximum at 430 nm are
sumlar to those of DPH and TMA-DFPH (Table I) Like
DPH and TMA-DPH, PA-DPH shows sumumal spectral
shift with varying solvent polanty ([24] and data not
shown) A companson of the spectral charactensties of
the three DPH probes as well as those of two flue-
rescent faity acid analogues, frans-pannanc acid (FnA)
and 12-(9-anthroyloxy)stearate (12-AS), ts showna n
Table 1 Tae maxwmum absorption coefficrent of PA-
DPH, 0000, 15 26% lower than that of DPH, but 50%
ugher than that of TMA-DPH It s simular to PaA and
an order of magmtude greater than 12-AS In addivion,
the quantum yield of PA-DPH 1 egg phosphaudylcho-

Ralative Flunrescence Inten$ity

Ll 2 £l i -
Wavelensth [nm)

Fig. 2 Excnauon {---) and emussion { ) spectra of 2 xM
PA-DPH in DMF Excitauon was at 360 nm and emussion at 430 nm
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TABLE 1
Sprciral characterisiics of fluorescent membrane probes

Absorbance and absurpuon coefliciems were determuped for DPH
probes 1n DMF Emms i and quantum vields were deternmned for
probe in ogg PC vesicles

Frobe Absorption  Ahsorption Emission  Quantum

Aman (M) coefficient A e (1) viCtd
(mol™! em™")

DFH 353 81000 ° 430 080

TMA-DPH 354 30200 ° 430 065

PA-DPH 35h 60000 430 073

trany-PnA™ 314 65000 a2 030

12-A5F 365 T70 e 074

* Prendergast et al [24]

¥ ¥Yalues m dipal Iphosp dvicholine (DPPC) tes From Sklar

el al {78)

© Values wn ¢ggg PC vesicles from Thulborn et al [1]

Iine small umlamellar vesicles fegg PC-SUV) 1s 073,
intermediate between DPH and TMA-DPH, and more
than 2-fold greater than that of PnA [7} Thus in com-
panson with PnA and 12-AS, 1t 1 noteworthy that
PA-DPH possesses both a lugh absorption coe{ficient
and high quantum wield, making 1t a strong fluoro-
phore

Membrane studies

PA-DPH binds rapidly to egg PC-3UV The binding
of both PA-DPH and TMA-DPH to egg PC-SUV re-
sults m a constant fluorescence intensaity within 30
seconds (the first ume pont measured) Maxtmal bi-
ndmg of DPH, on the other band, takes approx 30
Previous studies by Shunnzky and Barenholz [25] and by
Lentz et al [12] showed a sibmlar bme course for DPH
binding to egg PC-SUV, and dimynstoylphosphati-
dylchohine and dipalmitoylphosphatidylchohne SUV,
respectively The following membrane studies therefore
allowed maximum fluorescence to be reached before
measurements were made

Steady-state polanizauon of the DFH probes in di-
myristoylphosphatdylcholine  SUV {DMPC-5UV)
shows that PA-DPH, like DPH and TMA-DPH, detects
the decrease tn membrane lipid order which accompa-
mes the transsion from a gel to a kqud-crysialhne
phase (Fig 3A) All three probes show a decrease 1A
polanzauon near the transition temperature (7;) Above
the T.. the polanzation of PA-DPH was conststently
lower than that of TMA-DPH and considerably higher
than that of DPH

The effect of membrane Lpid phase on polarization
of the three probes was also mvestigated I amomc
dimynistoylphosphatdylglycerol SUV (DMPG-SUV) at
pH 74 The transiion temperature was indicated by a
change n polanzat:on of DPH, TMA-DPH and PA-
DPH at 23°C (Fig 3B} Asm DMPC-SUYV, the absolue
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polarization of PA-DPH 1s ntermediate between DPH
and TMA-DPH 1n the hqud-crystalhne phase The
negative charge on PA-DPH did not alter the ability of
the probe to detect the phase transiion mn these anionic
Lposomes Sumlarly, the posihve charge on TMA-DPH
had no efect, in agreement with the results of Prender-
past et al [24]

In order to determune whether omzation of the
carboxyl group would alter the spectral properties of
PA-DPH in membranes, steady-state fluorescence
polanzation was determuned 1n egg PC-MLYV as a func-
uon of pH Fig 4 shows that pH has very hittle effect on
polanzation of DPH and TMA-DPH m these zwit-
teriome vesicles, winle a small increase m PA-DPH
polarization 15 ¢bserved above pH 7 In addition, while
the fluorescence intensity of DPH and TMA-DPH were
muumally affected by pH, the mtensity of PA-DPH
decreased by approx 40% when the pH was increased

R P e e e

0z

Polari1zation

n

3 1 3 6 1 8 9 0
oH

Fig 4 Effect of pH on steady-slate polanzation of DFH (D0}, TMA-

DFH () and PA-DPH {a} in EPC-MLV Prabe cancentrations were

1 pM and EPC-MLV were 02 mM m acetale-buffered saline {pH
3-6 5) or Tns-buflered saline (pH 7-11)

w
T

@
Lk

Fluorestence Litetime (ns)

05 10 15 0 X W K 40 &
Temperature 1°Cl

Fig. 5 Vanation 1n fluorescence lifetme with temperature for DPH

(0), TMA-DPH () and PA-DPH () m DMPC-SUV Probes were

less then 1 5% of total bpyd 1n 05 mM SUV m Tns-buffered saline at

pH 74 Only modulatton lifetimes are shown, and measurements wets
made at 18 mHz.

from 6 to 9 (data not shown) Simular effects of pH on
polanzation and intensity of 2-(9-anthroy'nxy)stearate
(2-AS) and 12-AS wn EPC-SUV were also observed, and

TABLE II
Life af DPH der

Probe Fluorescence ifcumes * (ns) i
egg PCP DMF CHCl, /McOH
(95 3, v/v)
DPH 7652007 3184016 487+015
TMA-DPH 3161008 D3I7TL019 nd*
PA-DPH 504£005 272+£019 4174015

* Modulaton hifzimes are shown, and measuremenis were made at
18 mHz 1n membranes and at 30 mHz 10 solvents

° small unilamell les at 23°C

® nd, not determned



135

100 “
E
= BOr 5
2 3
] a8
z -
= 60f g
5
« n
=3 w
a H
2t o
3 £
£ g
3 -
=% £
0
2 4 6 B 0 O ” u 0 2 4

Males PA-OPH/Males BSA

Koles Ligand/Moles BSA

a

c
1
Eﬂﬂ\
= \\
"
5
Edﬂ
o
S
i —y Ex:
L I} A,
LI B i 2 1 1 5 & 1

Olenc Acac {uM)

Fig. 6 Binding of PA-DPH to bovine serum albunun (BSA) (A) Titrauon of BSA with PA-DPH Increasing concentrauans of PA-DPH (0 to 6
M) were added to 05 uM BSA in phosphate-buffered salne 4 PA-DPH b und to BSA and D PA-DPH in buifer (B) BSA tryptophan
fluorcscence upon bmding of PA-DPH (a) and oleic acid (0) Increasing comeen  ations of PA-DPH or oleiz acid were added 10 0 75 wM BSA in

phasphate-buffered saline (C) Caompetition of olaic aced and PA-DPH for BSA hinding. | ng concentrat

of olew acid were added to 1

pM BSA which had been mcubated with 6 pM | A-DPH pnior 1o aleate addition

the pomnt of change was also at approxmately pH 7
(data not shown)

The temperature dependence of the fluorescence
lifetimes (r) of PA-DPH, DPH and TMA-DPH
DMPC-SUV 1s shown 1n Fig. 5 All three probes show a
change 1n 7 at the transitton temperature of the bilayer
The » of PA-DPH 13, once agam, intermediate between
that of DPH and TMA-DPH (Fig. 5 and Table II)
While the hfetime of TMA-DPH 1s markedly dependent
on membrane lipid phase, DPH 15 somewhat less tem-
perature sensitive, and PA-DPH 1n particular shows a
much smaller change i v Lifetimes of the probes m
DMF and chloroferm,/ methanol (CHCL, / MeOH, 95 5
v/v) are shown n Table II All three probes have a
lower 7 1n these isotropic solvents than in membranes,

for both DPH and PA-DPH 1in DMF 1 15 2-fold lower,
while for TMA-DPH 1t 1s 10-fold lower

Protemn binding studies

Natural long-chan free falty acids have been shown
to bind to bovine serum albumun (BSA) and hepatic
fatty acid binding protewn (hFABP) [26,27), and binding
studies were done to determune whether PA-DPH 1ater-
acts with these protemns As (ACTEasIng concentrauons of
PA-DPH are added 10 BSA, the PA-DPH Muorescence
increases sharply, reaching approx 90% of maximum at
a ratio of 6 mol PA-DPH per mol BSA As more probe
15 added, the mtensity nises more gradually, leveling off
at approx 10 mel PA-DPH per mol BSA (Fig. 6A)
When etther natural oleic aad or PA-DPH bind to
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added 1o 4 gM hFABE :in phosphale-buifered saline {C) Compention of cleic acid and PA-DPH for RFABP binding, I ng ¢« ns of
oleic acid were added to 3 g hFABP whach had been mcubated with 2 xM PA-DPH prior 1o oleate addition
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BSA, quenching of the protein tryptophan fluorescence
15 observed (Fig 6B) Addiion of oleate results n
approx 40% quenchung of tryptophan intensity ata 2 1
hgand/protein raho Further quenching 15 not observed
upon ncreasing oleate addition PA-DPH bmding also
causes a decrease in tryptophan fluorescence Quench-
mg of up to 70% s seen at a 4 1 PA-DPH/ BSA ratio,
and further PA-DPH addition results in 2 more gradual
decrease m mtensity Competiion between oleic acid
and PA-DPH for BSA bmding was studied by adding
mcreasing amounts of olerc acd to BSA which had
bound PA-DPH A decrease in PA-DPH fluorescence
was observed upon oleate addition (Fig 6C), suggestng
that PA-DPH and oleate may compete for sinular bind-
ing sites on BSA A 50% decrease in maximal PA-DPH
fluorescence occurs at a PA-DPH /oleic acid rauo of
approximately 4 (Fig 6C)

PA-DPH also binds to hFABP, and saturable bind-
ing of PA-DPH to hFABP occurs between a1 1 and
2 1 ratio of probe/protein (Fig 7A) Using the fluo-
rescence titration method of Cogan et al [23] a X of
03 gM for PA-DPH binding to hFABP was estimaied
These results are 1a good apreement with values re-
ported for natural free fatty acd binding to hFABP
[27] Proten tyrosine fluprescence was momiored upon
kgand binding to hFABP, and Fig 7B shows that
PA-DPH causes marked quenching of tyrosine fluo-
rescence upon hinding to hFABP Oace again the de-
crease levels off at a probe/protein ratio between 1:1
and 2 1 Conversely, oleic acid binding (1 1 oleate/
hFABP) results i a 40% enhancement of tyrosine fluo-
rescence, suggesting a change 1n protemn canformatien
[28] Competinon stadies show that the addition of oleic
acid to 3 gM hFABP to wiuch 2 pM PA-DPH 1s bound
causes an imtial enhancement of PA-DPH fluorescence,
followed by a decrease m emssion upon further oleic
acid addition (Fig 7C) A 50% decrease of the maxumal
PA-DPH fluorescence ogeurs at an olewe acid/ PA-DPH
ratio of approximately 1 5 1, further suggesting that the
affimty of PA-DPH for hFABP is sinular to that of
oleic and

Dhscussion

These studies were conducted 1 order to charactenize
PA-DPH hoth as a fluorescent membrane probe and a
fatty acd analogue Cundall et al [17] have reported
that the covalent attachment of various substitueats to
the phenyi nng of DPH generally causes only small
changes 1n the absorbance and emussion spectra of the
fluorophore Sinularly, Prendergast ¢l al [24] and
Cranny et al [18] have shown that substitution of DPH
with the tnmethylammemum group (TMA-DPH) causes
only a slight red shift m the absorbance spectrum and
has Iitile effect on emussion We find that modification
of DPH wath the propionic acid morety also causes a

shght red shuft 1 absorbance without any effect on the
emission maximum (Table I, Fig 2 As previously
reported, the absorption coefficient for TMA-DPH s
decreased when compared to DPH [24], and a simlar
but substantally smaller decrease for PA-DPH (23%
decrease for PA-DPH as compared to 63% for TMA-
DPH) was observed in these studies (Table I)

The quantum yield (Q) of both PA-DPH and TMA-
DPH 1s lower than that of DPH (Table I), as was
expected for these phenyl-substituted compounds {17]
However, since we measured @ m egg PC-SUV, the
chfferences could also reflect differential quenchmmg by
the agueous medium as a result of relative depth in the
bilayer. Such an association between quantum yield and
position m the bilayer has been observed for the #-(9-
anthroyloxy) free fatty acid probes [1] Thus, wile
Cundall et al [17] reported that substitution of DPH on
ihe phenyl nng causes a decrease i quantum vield n
1sotropic solvents, the measured quantum yield of PA-
DPH 1n DMF 15 0 37, wvirtually 1dentical to the value of
0 35 measured for DPH m DMF Thus indscates that the
propiornuc acid substituent 1s less perturbng to the
fluorescence properties of the DPH fluorophore than
are other substituents Further, this suggests that the
observed difference mm @ for DPH and PA-DPH
bulayers (Table I} 15 more likely due to ther relative
depth 1n the membrane bilayer

The 1 of PA-DPH 1n egg PC 15 intermediate between
those of DPH and TMA-DPH (Table II) As with @,
this vanance may reflect the relative degree of quench-
ing by the aquecus medium The dependence of T on
lipid phase (Fig 5) rmght be explamned simlarly As was
observed by Straume and Litman [10] the T of TMA-
DPH 1s more sensiive 1o temperature and hence ipid
phase than 1s that of DPH The 7 of PA-DPH 1s
relatively unaffected by the lipid phase (Fig 3). In the
gel phase the membrane 15 more tghtly packed, and
would concervably allow less penctrauon of the agueous
quencher, thereby accounting for the hugher r of TMA-
DPH [10,24] The data support thas change for TMA-
DPH, where the fluorophore 15 anchored n close prox-
imuty to the biayer surface [24] The smaller effects of
Itpid phase on PA-DPH and DPH may be due to the
greater depth of these probes along the bilayer 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 1s presumably due to the
propionic acid side chain (Fig 1) While DPH 1s known
to be localized within tne hydrophobic core of the
membrane, 1t does not appear to have a umque ornen-
tabion [10,12]), and also seems to distnbute m a wide
range along the bilayer normal {29,30} It 1s possible
that as temperature 1s mcreased, an 1ncreasing propor-
tion of the probe may expenence quenching duwe to
probe-water interacions PA-DPH, on the other hand,
15 likely to be anchored in a single onentation by s



charged group as 1s the case with TMA-DPH [10,24]
The fluorophore 1s removed from the surface, however,
by the propiomc acd chain and may therefore not
experience sigmficant aqueous quenching In addition,
ihe vanauon in hpid packing density caused by in-
creased temperature 15 greater in the hydrocarbon core
of the membrane than n the region closer to the aque-
ous nterface [10] PA-DPH may thus be expenencing
less of an increase m molecular disorder than 1s DPH as
temperature 1s raised

Several denvatives of DPH, mcluding TMA-DPH,
that have a substituent attached to the phenyl nng have
a low 7 1n msotropic solvents [17,24] The present results
show that the addition of the proptamic azid morety to
DPH does not result in such a decrease in = (Table 1)
Further, the 7 for PA-DPH and DPH in DMF and
CHCl,/MeOH (95 5, v/v) are quite sumlar It has
been suggested that the low 7 of TMA-DPH in 1sotropic
solvents relative to DPH may be due to the mtnnsic
properties imparted to the melecule by the addibion of
the tnmethylammmonmm substituent, or that the
TMA-DPH molecules are interacting in some way re-
sulting 1n a short 7 [24]. Whatever the explanation, the
propionuc acid group on DPH does not alter the proper-
ties of the fluorophore as do other substituents
[17,18,24]. Further, and as 1s the case with @, since the 7
of DPH and PA-DPH are similar in ssotropic selvents,
the differences seen 1In membranes can most likely be
attributed 1o differential probe localization and 1the
anisotropic nature of the bilayer rather than the Muo-
rescence properhes of the malecules per s¢

PA-DPH and TMA-DPH bind rapidly (< 1 mun) to
phosphohipid membranes Kuhry et al [31} have also
shown rapid bimdmg of TMA-DPH to L929 mouse
fibroblast membranes Rapid binding of PnA [8] and
the n-(9-anthroyloxy}) free fatty acid denvatives (unpub-
hshed data) occurs as well In contrast, and as described
by athers [12,25), binding of DPH 15 slow It 15 possible
that the uncharged DPH forms aggregates in an aque-
ous environment even at mucromolar concentrations,
and that the slow binding thus reflects the dissociation
of DPH monomers from this aggregate

PA-DPH, ke TMA-DPH and DPH, detects the
phase transiutton of both zwiterionic DMPC (Fig. 3A)
and amomic DMPG vesicles (Fig. 3B) In contrast, the
fluorescence polanzation of DPH-PC, in which PA-DPH
15 1ncorporated at the sa1-2 position, reported an
abnormally low phase transiion iemperature for di-
palmuitoylphosphatidylchohr > visicles |43} Tlus was
thought to be due to 'ts preferennal parttunoning into
flmd phase hpids [41), and therefore wmphes that PA-
DPH, ke DPH [13], parntions equally into gel and
flmd phase hpids The lgher polarization of TMA-DPH
compared to DPH (Figs 3A and 3B) 1s thought to
reflect its localization near the surface of the membrane
[24] The present results show that in the hiquid-crystal-
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hne phase the absolute values of steady-state polanza-~
tion for PA-DPH are intermediate between DPH and
TMA-DPH, but nearer 1o 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 1ts charged group, but the fluorescent mamety 1s
presumably wntercalated between the phospholpd acyl
chains more deeply than in the case of TMA-DPH,
owing to the propionic acd chan (Fig 1) Thus, DPH,
PA-DPH and TMA-DPH may prove useful for axamn-
ing the gradient of hpid order i the membrane bilayer
m a manner analogous to detection by the senes of
n-(9-anthroyloxy} free fatty acid probes [1,2]

pH has hule effect on the polanzation or fluores-
cence intensity of DPH and TMA-DPH 1n egg PC-MLV,
while PA-DPH shows a smail nerease {approx 15%) m
polarization (Fig 4) and decrease in 1ntensity above pH
7 Two n«{%-anthroyloxy) free [atty acd probes ex-
amined, 2-AS and 12-AS show a similar smalk effect of
pH on polanzaton and miensily above pH 7 It s hkely
that the chserved spectral changes reflect the 1omzation
of these probes, and that the pK, of PA-DPH 1s about
7 Thus 1s simular to the pK, values between 72 and 7 6
reported for membrane-bound natural free tatty acds
(32,33] It s possable that 1onization caunses the PA-DPH
(and n-(9-anthroyloxy} free fatty acids) to be shufted
towacd the bilayer surface and hence a more con-
strained environment as seen by the ncrease m polan-
zation In additon the omized probes may become
more susceptible to gquenching by the aqueous medium,
as evidenced by the decrease 1n fluorescence intensity

PA-DPH binds to both BSA and hFABP 1o a manner
simtlar 1o natural free fatty acids Spector [26) has
reported that BSA has three classes of free fatty aad
binding sites The primary and secondary classes, con-
taming six free fatty acid binding sites, are high-affinity
ates, and the tertiary class, estimated to contan as
many as 20 1o 63 sues, are more weakly binding. The
present results demonsirate that binding of the first 6
moi of PA-DPH per mol of BSA accounts for 90% of
the maxumal increase mn fluorescence, while further ad-
dition of PA-DPH {up to 12 moles) results sn only smail
uncreases (Fig 7A) The first six moles of PA-DPH
bound may represent PA-DPH binding to the primary
and secondary sites, while the additonal binding may
represent binding to the tertiary siles hFABP re-
poriedly binds betweer 06 and 2 0 mol long-chain free
fatty actd per mol [27,34,35), and our results show that
PA-DPH binds hFABP at probe, protemn rahio of ap-
proxumately 15 1 (Fig 74) Thus, the data suggest that
PA-DPH binding 1o these free fatty acid binding, pro-
tems 15 stoichuometnically simular to the binding of
natural long-chain {ree fatly acids

Binding of oleic acid to BSA causes up to a 33%
decrease in average tryptophan quantum yield (Fig 6B),
sumtlar to the 25% and 45% decreases reported previ-
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ously [9.36] This decrease 1s not due to Foerster energy
transfer [37], but 1s belicved to be associated wath a
conformational change i BSA upon free fatty acd
binding [36] When PA-DPH binds to BSA, a decrease
i tryptophan fluorescence 15 also observed (Fig 6B),
and 1t 15 Likely that the conformationat effect of ligand
binding s occurmng here as well At ratios of
hgand/BSA up to 2 1, the magmtude of the PA-DPH-
mduced decrease 15 somewhat greater than that caused
by oleate binding In addition, while further oleate
binding causes no further quenching of tryptophan,
addiional PA-DPH binding results 1 a further de-
crease m protein fluorescence This 1v likely due to
energy transfer between the tryptophan(donor)-PA-
DPH{acceptor) par [37). as there 18 considerable spec-
tral overlap betwcen the absorption of PA-DPH and
tryptophan emussion of BSA A sumular pattern of tryp-
tophan quenching was reported by Sklar et al for PnA
binding to BSA [9] ;

PA-DPH buinding to hFABP results 1n a decrease in
tyrosine fluorescence (Fig. 7B), suggesting energy trans-
fer m this case as well The decrease levels off ai an
approximately 2 1 ratio of PA-DPH /hFABP, 1n agree-
ment with the stoichrometry mdicated by PA-DPH
binding When natwve oleate binds to hFABP, however,
a 40% mcrease m protemn fluorescence 15 seen, sugpgest-
mg that as with BSA, free fatty acid binding may result
mn a protem conformational change An increase m
tyrosme quantum Yield due to protein conformational
change has been reported for several other Class A
proteins, those which contain no tryptophan residues
and have fluorescence properties due to tyrosmne [28]
Thus 1t 15 likely that the hFABP tyrosine guenching,
due to energy transfer to PA-DPH, masks the confor-
mation-induced increase in tyrosine emission The re-
cent study of Schulenberg-Schell et al [38] shows that
the "H-NMR spectrum of bovine liver FABF 15 altered
upon free fatty acid binding, also suggestng conforma-
tional changes within the proten

When PA-DPH 1s prebound to hFABP and increas-
mg amounts of oleic acid are then added, a biphasic
effect on PA-DPH fluorescence 15 seen, namely an
mutial mcrease followed by a decrease 1n intensity with
additional oleate (Fig 7C) The mmtial increase levels off
at approximately equal concentrations of PA-DPH and
oleate A 50% decrease in PA-DPH fluorescence then
occurs at an oleate/ PA-DPH ratio of about 15 1,
suggesing, that PA-DPH has a sumlar affity for
hFABP as compared to oleate The mstial increase in
PA-DPH quantvm yield may be due to bindmmg of
oleate to a second hFABP binding site As mentioned
earher, the present results as well as those of several
other groups mdicate that hFABP can bind 2 mal of
free fatty acid per mol protein [27,34,35], and Keuper et
al [39] have proposed that liver FABP contains a single
binding site for the two fatty aads It 15 concewvable

that when oleate and PA-DPH are simultaneously bound
to hFABP, the quantum wield of the fluorophore in-
creases, perhaps due to increased hydrophobic interac-
tions with the oleate acyl chain Further addition of
oleate then displaces the fluorophore from the bmding
site, resulung m a decrease m PA-DPH fluorescence
Using the fluorescence titration method described by
Cogan et al [23] we estimate a K; of 03 pM for
PA-DPH binding to hFABP While such analysis as-
sumes an eguivalent intensity for FA-DPH hound to
one or both sites, the K; obtained 1s sumilar to the
values reported for native free fatty acid binding to
hFABP [27,34,35]

Competition studies suggest that oleate also displaces
PA-DPH from BSA, and further indicate that the native
free fatty acid mav have an average 4-fold greater
affimty for BSA than does PA-DPH since PA-DPH
ntensity 1s decreased by half at a PA-DPH / oleate ratto
of approximately 4 It 15 known that free fatty acd
binding affinities differ at each of the binding sites on
BSA [26] It1s likely that the quantum yreld of PA-DPH
also vanes withun the different sites, as suggested by the
non-hnear increase 1n mtensity when BSA 15 titrated
with PA-DPH (Fig 6A) Thus the suggested relative
affimty of oleate compared to PA-DPH 15 only a rough
estimate for an ‘average’ site, and the true relative
affimties undoubtedly vary at the different sites Never-
theless, the bmnding properties of PA-DPH and the
competiion with oleate suggest that PA-DPH most
hkely binds to the same siies as native free faity acids
on both hFABP and BSA The data also wndicate that
PA-DPH has a similar affinaty for hFABP as do natural
long-chain free fatty acids, while the average affimty for
BSA may be lower than that of aleic acid

These studies were conducied to assess the utility of
PA-DPH as a fluorescent free fatty acid analogue and
membrane probe The results indicate that propione
acid substitution of the phenyl group of DPH results in
minimal perturbation of the fluorescence properties
wotropic  solvenls PA-DPH binds 10 phospholipd
membranes, detects the hpid phase transiion ~ud seems
to probe a different region of the bilayer than ather
DPH probes Further, PA-DPH binds two phy:.ological
free fatty acad binding protens, BSA and hFABP, in a
manner similar to natural long-chain free fatty acids
Since PA-DPH combines both a hugh absorption coeffi-
cent and guantum wield relative to other commonly
used fluorescent free fatty acuds, 1t should prove tabe a
useful addition to the famuly of fluorescent long-chain
free fatly acid analogues
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