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Abstract . Mitochondrial uncoupling piotein (UcP) contains two tryptophans bu
lled m rraftMiienibiAiie cv-hehces Trp-173 at the matr ix end of fourth a-hehx and 
Trp-280 on the sixth a-hehx Howevei, the steach-state emission of isolated UcP 
exhibited piopeities unusual for cv-hehces maximum close to that of free t i j p -
tophan emission and low quantum ^ield of 0 04 The foimci suggests pre\ailing 
t r i p t o p h a n contacts with h\diophihc lesidues and confirms Trp-173 proximity to 
tin wate i/membiane interface and Tip-280 location near a water-filled nucleotide-
bmdmg-site ca\rt\ The latter might indicate that transmembrane segments aie not 
t iue ci-helices Measuied depolarization factor of 0 6 suggests also then breath-
nig' 

\ n a h s i s of UcP emission deca-^s measuied h\ trme-conelated-smgle-photon-
counting, \ielded components 0 4 0 6 ns 2 2 3 ns and 9 10 ns (oi alternativch 
0 1 1 5, 4 3 and 12 2 ns or 0 1 0 3 1 2 3 7 and 10 5 ns), \er\ similar to those of 
free t n p t o p h a n m watei where the longest component belongs to anionic foim 
Hence such an 'anionic1 confoimation must exrst rrr UcP perhaps as a conse
quence of charge-transfer complexes between Trp-173 & L\s-174 and Trp-280 & 
\ig-27G Morecner N-eth^lmalennicle modification, known to induce conforma
tional changes, prolonged the 10 rrs component, dec leased quantum yield to 0 03 
without changes in emission spectra while shghtl> shifting absorption to red and 
mc leasing tMOsme exposure to water 

K e y w o r d s : Int iamembiane t r i p t o p h a n s Integral membrane protcms Mito-
chonchial uncoupling piotein - Time-corrclated-smgle-photon-countmg 
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A b b r e v i a t i o n s : MOPS 4-nioipholmepiopanesulfome acid \ E M N-etln lmale-
nmde Oct\ lP()E oc Ulpentacmetlrvleno I c P uncoupling piot em 

Introduct ion 

T n p t o p h a n fhioiese enc o m proteins pienidos an mtimsie probe useful to under
stand some stiuc tuie/func tion lelationships \e\er t lu less the tunc1 íesohed emis
sion of piotein t r i p t o p h a n s is complex ( e g Beechcm and Brand 1985 Eftmg et 
al 1987 S/macmskict al 1988 Peng et al 1990 d r a b b e r t et al 1991 Kawata 
a i d Hamaguchi 1991 "\arle\ c t al 1991 Lakowic7 and Gľ\c/Miski 1992 Kim 
ct al 1993 Hasselbaeher c t al 1995 Ladohkm and Hollow av 1995) and has not 
been fulh understood This is also valid foi t ryptophans m membrane protems 
(eg F e n e n a and Yoi]o\skr-\hnerda 1989 Klemfeld 1989, Brgelow and Inesi 1991 
Ladohkm et al 1991 Lakcn et al 1991 Gonzalcv-Manas et al 1993, Rodrono\a 
et al 1995) It has been shown that a complex dec a'\ pa t te rn obser \ed e\en with 
a srngle Tip resrdue m a protein exists because of the excited state heteioge ne ih 
(Kim et al 1993) This might reflect a multi-set pattern of general eneig\ transfei 
on subpopulations of the> coirformational state>s of the given protein It rs argued 
on what is the pnrnaiv cause of the complex Trp emission dec a\ Is it a ground 
state hotel ogoneih gi\en b> a pi ton existence of the conformational s t a t e s 7 Or 
is it a prion existing e\or (hanging pat tern of multimodal eneig\ transfer of all 
kind (not onh Foistei ť\ pe) which proceeds during the lifetime of the excited Tip 
s t a t e ' Sonic well documented cases support rather the latter point of \iew (Kim 
e t al 1993) Consoquenth m the c ase of two- Iip-eontainmg piotems it is almost 
impossible to asenbe discietc dec a\ components to the paiticular lesidues unless 
additional effects cause a \ei\ specific" emission of one of them The situation m 
a (hnaniu piotem is somewhat analogical to th.it of fiee t n p t o p h a n m aqueous 
solution at pH 7 Tip exists in a foim of two different rotameis and the anionic 
loini producing a corresponding triple-exponential (mission dec a\ (Creed 1984a) 
Besides the major mHuonce of the conformational chnaimcs some othei spec lhe 
effe cts ma-\ contnbute to the nature of Tip emission For example the lrvehophobic 
eiiMionment leads to a blue-shifted Tip emission usualh for Tip located de c p h 
m the piotein eoio Moieenei ľip located in the legulai o-he he es usualh exhibits 
high quantum Molds (Bcechem and Brand 1985 Chabbert et al 1991) 

The uncoupling piotem (UcP) of brown adipose tissue mitoc hondiia is a 
model protoť\pc of an mtegial nrembiane piotem, suitable for stuches of strue-
tuie /function ielationshi])s (Klmgenl)eig 1990 Xedoigaaid and Cannon 1992 Jo/ok 
et al 1998) (_< P belongs to the gene fannh ofdnneiic imtoelionehial anion portc rs 
with homologous fuad sequences that deteinunc six tin n smembiane n-hohces pa 
monomei (Khugenbcig 1990) Ha\mg most of then s t r u e t m e embedded rrr the 
mcmbiane short cstosolit and ume h longei matrrx segments these e a m o r s reprc-
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sent typical mtegral membrane proteins The n-helical str uc t rue m a 50% propor
tion has been documented rn UcP b\ Rral et al (1990) I c P trarrslocatos anrons 
m a urnport mode (Je/ek and Ga ihd 1990) It foims a pur me nucleotide-sensitiye 
pathway with a strict specifiers to moncnalent umpolai anions (Je/ek and Gai 
hd 1990) including fatf\ acids Physiologically U e P p i o b a b h medrates fatt\ acrd 
cycling kvtclmg to H + umpoit arrel e orrsequenth, to the uncoupling of mitochon-
drra (Garlrd et al 1996 ležok et al 1997a b 1998) UcP corrtams two trypto
phans Trp-173 and Trp-280 Trp-173 rs located at the matr ix errd of the fourth 
Transmembrane n-helrx Trp-280 Ires rrr the middle of rts srxth rffWfsmembiane n-
holix that alrgns the nucleotide binding domain (Klmgenboig 1990 Mavrnger arrel 
Klmgenibeig 1992 Modrranskv et al 1997) The UcP mtiinsie fluorescence has be en 
bludred by \ rguerra et al (1992) but as shown m this stueh then data had to bo 
io-e\aluated 

In this woik we analyzed basic absoiption and steach-state emission proper-
ties of UcP intrinsic fluorescence whrch was also studied by the1 time-eoirelated-
smgle-photoneountmg Wo demonst iate that although located on o-hohcos UcP 
t r ip tophans possess propertres sinpiisingh smnlai to that of the free1 t n p t o p h a n 

M a t e r i a l s and M e t h o d s 

Che mrcals were purchased rnosth from Sigma (St Louis I S \ ) Hydroxy lapatite 
BIO-GEL HTP was fiom Bio-Rad (Richmond I S \ ) Oc tylpontaoxy ethylene was 
from Baehem Feme homikahon (Bubendoif Swit/oiland) Brown adipose tissue1 was 
excised frorrr Syrian hamsters cold-adapted for three1 weeks at 5°C 

Isolation of tin uncoupling piotein 

Isolation of I c P on In ehox\lapatrte was done without the1 lipid protection fiom 
blown adipose tissue nntoe hondrra (control or XEM-pre modified) oxtiaotcel with 
4 5% detergent oc tylpontaoxy ethylene (Oct \ lPOE) , in 20 nimol/1 Xa-MOPS 50 
m m o l / i r \ a 2 S O , 0 2 rmnol/1 X a - E D T \ pH G 7 followed b\ stepwise elution (levok 
and Fieisleben 1994) Purrty determined b\ staining reached oyer 90% as detected 
In S D S - P \ G E on sih oi-stained rmnigols (' Mighty Small II" Hoe-ferSci San Fian-
eiseo l S V) UcP was íee onstitutivoh acti \e m this foini (Te/ok and Frersbben 
1994 Garlrd et al 1996 le/ek et al 1997b) Moreoyer, UcP irrtactness m the de
tergent (retamed GDP brrrdmg capacity) usually lasts foi 1 or 2 clays at room 
tempera tme (Lm and Klmgenberg 1982) yylrreh allows qurto lorrg mcasurerneirts 

Absoiption spectia 

\bsorpt ion of LTcP m a detergent-mrcellar solution \yas measured fust on a Caiy 
219 ( \arran \ alton orr Thames UK) double-beam spectrophotometer for eyalua-
tron of quantum yields Samples m 0 5 x 0 5 e m fluorescence quaitz cuvettes yyerc1 
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tested foi absoibance ímmedrately after running the1 fluorescence spectra The elu
tion buffer yyrth 2% OctvlPOE yvas used as a blank The slits yveie set to 1 or 2 
nm foi scanning speed of 0 2 or 0 5 rrm/s, respectively Equal slits \yeie used foi 
the emission spectra (see below) The second mstiument yyas a diode-array u \ -
specfiophotornoter Spectromc 3000 (Milton Roy Rochester, USA.) 4 baselmo (cf 
above) yyas taken urrmediately before the measuiement The1 scan-time period y\as 
8 2 s Second deirvativo spectia we're1 obtained using the1 softyyaie package1 piovidod 
by Milton Roy 

Absorbarrce yalues from both mst iument s weie affected b \ the light scattering 
on the sample, pronounced as non/ero absorbarrce m the icgion above 400 run 
where Tr]) should hayc1 zero absorbarrce1 \ t 295 nm, light scattoimg represented 
men e than two thuds of the appaient signal Hence the light scattering contribution 
y\as simulated theoretically (Slrrh and Fasrnarr 1972) as folloyys 

OD = 10* AA; (1) 

whoio the constants V and M weie deterrrrrrrc el from the best fits of the theoret-
ic al e u n e s to the experimental tiaeos m the1 icgion 100 500 nm (foi Spec tiome s) 
and 300 400 nm (for Gary ) 4 fitting procedure using a Maiquaidt algoiithm yyas 
employed 

S(<ond dei motive absoiption foi deter mi nation of ti/rosme (iposiirt 

Absorbanee around 270 nm is clue to Trp arrd Tyr absoipfion while m piotoms 
usually the1 former exceeds the latter (Beechorn and Biand 1985) The1 s ta te of 
Ty i íesiduos can be evaluated by the second eleinative absoiption sj>c c tioscopy 
(Ragono et al 1984) estimating the heights bety\een the see ond-deny a t n e positne 
and nega tne peaks the aiithmetic sums at 285 \ s 288 nm (a) and 291 y s 295 
(b) flic la t io a / b is then a factor that reports the exposure of Tyr residue's to 
the water emrronrnent In model peptides and m some proteins the latio reaches a 
const ant value of about 2/3 (Ragono et al 1984) Higher Tvi oxposmes oi p io tem 
denaturatrorr increase this latio 

Stiadi/ state fluoiesci ru< 

Tiyptophan fluorescence can be exclusively excited at 295 nm or highe i waye-

lengths since1 tyiosme has yn tua lh no absorbanc e at 295 nm (Be cchem and Bland 

1985 Ciecd 1984a) Steady -state fluoiese eric c1 was measuied by a photon-e ounting 

mode on an SLM 8000D (SLM Ine I rbarra USA.) wrth a double grating ex 

citation monoclnoiriatoi Polarizers of Glan-Thompson-type were sot rn \ertrcal 

position (excitation) and m the 'magic angle1 (54 7°) (emission) Both excitation 

slits were sot at 2 nm and emission slits at 1 or 2 nm Vt the employed mtegiatioii 

constant of 10 s the daik counts were1 25 per s Collected spectia (step 1 rrrrr) were 

file:///yeie
file:///ertrcal


Tryptophan Fluoiescence of Mitochondrial Uncoupling Protein 161 

eoirectod for the mstrument response usmg the eyaluated collection function foi 

isotiopre fluorescence (Acuna arrd Lillo unpublished) This procedure was justified 

since it yielded results equal to the total fluorescence calculated from the polauzod 

emission (I±_ = 1^ + 2Ij_) and the correspondrng eoirections for Jy and Ij_ 

Quantum yield (Q) of UcP tryptophans yyas determined íolatrve to the solution 
of 50 i/mol/1 Tip in 10 nrmol/1 Trrs-HCl pH 6 9, for which a value of 0 14 yvas taken 
(Bishai of al 1967, Werner and Forster 1978) Necessary mtegials of the corrected 
photon-countmg emission spectia were calculated, so that Q yyas calculated as 
follow s 

0 14 A^' , / (Emission UcP) dA 
V(U<P Tip) - n~Fp j-TjJ ~ TTT \L) 

4(29-mn) / (Emission Tip) dA 

As discussed above, UcP absoibanco at 295 nm (-if ^ ,„„1) was the parameter most 
serrsrtryo to s>sterrrre error 

Time u solved flvorcse encr 

Trrrre resohed fluorescence rrrtorrsrty decays wore measuied oir an Ortoe 9200 
Xanosecond fluoi esc crie e spectrometer (EGirG Pimceton I S A ) A thyratron 
gated nitrogen ns-flash lamp (Edmbuigli Instrurrrents, Edinburgh UK) with a 
le'petrtron frociuene y of 50 kHz, operating at 5 5 k\ , yyas used as a light source 
The X2 bands 294 and 297 nm were selected by a single-giatmg monochiomatoi 
( lobm \ y o n Longjurrieau Fiance) sot at 295 nm slit 16 nm The excitation po-
larrzer yyas oriented vertically yylnle the emission polan/ei yyas set at 54 7° Tij) 
emission was selected using the1 cut-off filters 318 11111 01 irr sj:>ecific eases '345 
nm (Schott Glasyveiko Mamz Germany) A. bluo-poition of emission was selected 
by using a UG5 Schott flltei which t iansnnts light between 200 and 400 nm si
multaneously yyith a 318 n m ' cut-off filter It yyas compared to the íesults when 
usmg only a U360 Schott filter transmrttmg between 300 400 nm 

Emission yvas detected with a Phillips XP2020Q photomultiphei (Giomngcri 
Xot hoi lands), and the1 decay was resohed by a trme-amphtudo converter and an 
Oitec Model 6240B Multichannel analyvci with 0 105 ns per channel (255 channels) 
interfaced to a personal computei The decay furrctrorr was counted to a nrrrrimuin 
of 10,000 ideally 20 000 counts rn the jieak channel The background signal was 
10c01 clod separately wrth a sample of an ehrtion buffer containing 2% OctylPOE 
The mstiument rosjjonse function yvas recorded as a flash lamj) jmlso passed through 
a Ludox scatterei solution under the same eonchtrorrs but without the cut-off 01 
color filters Using a softyyaie developed bv P Lillo, data were fitted with model 
functions geneiated by convolution of the1 mst iument 1 espouse1 funetron arrd arr 11-

componont exporrential decay functrons The software rnyohed eorroctrorr for the 
stop iihotomiiltiphei 'color shift' The1 discietc M-exponcntial decay mode1! was 



162 Icvck et al 

accounted for as folloyvs 

I(t) = ^ J a , e x p ( - r / r , ) wrth ^ a , = 1 (3) 

The hfetrme components T, and amplitudes n, yyere obtanred frorrr best fits, judged 
by reduced \~ yyerghted losiduals, and an autocorrelatron function of the lesiduals 
The mean fluorescence lifetime (r) yyas taken as the fust older mean 

<r) = 5 > ( r , ) (4) 

and fiaetion contribution to the total intensity is gnen by 

/, = o , T , / ^ J a , r , ) (5) 

Steady-state amsotropi/ irnasviement 

The Azunn and McGlyrm (1962) procedure was used to obtain steady-state amso-
tiopy 

r = ( / M - J I /, U)I(I\ \ + 2 / , „ U) (6) 

where í = Iu\ / / / / / / , and indexes U and H clescrrbo the yertrcal arrd the hoiizontal 
orientation of polan/e is , when the positiorr of excitation polanzei is indicated by 
the fust irrdex (I , vertical, H horrzontal), and the1 omission jx)laii/ei by the secorrd 
index 

R e s u l t s 

Absoiption of native and N-cthtjlmaleimide-inodififd unt ouphnq protein 

Absoiption spectra of rratrve UcP1 (control) arrd UcP chemically modified with 
N-ethy Imaloumde (NEM) in a OctylPOE mrcellar solution weie ovaluated, thanks 
to the /e io absorbance of the detergent aboyo 220 nm Absorptron nraxrrrra yyere 
arourrd 270 nm (Fig 1) and at 214 218 rrrrr (not shown) The first absorption 
maximum of experimental spectia foi native UcP appealed either as a shoulder 
at 265 rrrrr or as a drstrrrct j>eak at 265-267 rrm, dependmg on the exterrt of hght 
scattermg With NEM-modrfied UcP, the absorption maxmrurrr was slightly reel-
shrfted and the drstrnct peak at 268 270 rrm was resolved (Frg 1) NEM binds to 
residues at the entry of the1 GDP-brndmg sito e avitv and is supposed to induce1 a 
major confor matronal change (Winkler arrd Klmgenberg 1992), whrle it pi events 
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Figure 1. Absorption spectia of control and NEM labeled uncoupling protein Spectia 
of uncoupling piotem m a micellar solution oi detergent OctylPOE yyere measured on a 
diode-ariay spectrophotometer (0 33 nm resolution) at 0 047 mg/ml (control) and 0 023 
mg/ml (NEM-labeled UcP) with regard to a iefeie-nce containing 2% OctvlPOE The 
bottom trace shows the absorption spectrum of 2% OctylPOE taken y s distilled water 
background The dotted lines represent calculated contribution of light scattering (cf 
Methods) 

GDP binding and gating This conformational change is reflected by the observed 
absorptron red shrft 

l h e dotted lines in Fig 1 illustrate the1 contrrbutron of light scattoimg calcu
lated ae c ending to Eq 1 The jirotom was a soure e of additional scatter mg aboye the 
ley el obtained yvith the sole dotoigont On the contrary scattermg on a detergent 
solution multiplied bv a determined coefficient matched the theoretical calcula
tions GDP as a UcP mhibitoi and liganel did not influence either the position of 
the absoiption maxrmurrr oi the piotem absorbarrce (not shown) as reyoaled using 
references eontarrring the same amount of GDP (30 oi 300 /miol/l, íespectivoly ) 

Seiond dei mative absorption of native and N cthylniule/rnidf modified UcP 

I c P contains 9 Tyr and 2 Tij) theiefoie a mmoi jiortion of absor banco at 270 nm 

may bo duo to tyrosines The state of Tyr resrduos yyas evaluated bv tire second 

dorryatryo absorptron sjjec trose oj)> Irr the ease of UcP the ratro a / b (cf Methods) 

was found to fall into a range between 1 0 2 (15 evaluations yvith 3 UcP prepara

tions) and yvith NEM mochfrcatron it slightly, nre reased to 1 3 2 5 (Frg 2) An a / b 
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UcP 
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Figure 2. Second derivatne sjiectra of uncoupling protein Second denvative of absorj) 
tion spectra are plotted for control and NEM-labeled UcP The parameters a and b (cf 
Methods) are indicated by arrows In the samples shown, the ratio a / b reached the mag
nitude of 1 05 and 1 87 in native arid NEM-labeled UcP, respectively 

íatio highei than 2/3 indicates aqueous suiroundrngs of UcP tyrosines Foi UcP it 
leflects the loe ation of Ty. r resrduos rrr the matrrx water-exposed segments In NEM-
I cP the mild increase rrr thrs ratro shows that the1 corresponding confoimational 
change is not extensive (denatmation-lrke) 

Stradij statí fluóre .si e in e of the urn ouphnq protein 

By usmg steady-state photoncountrrrg and omitting jiolarrzers, the data reported 
pioyioush ( \ iguerra et al 1992) could be confirmed with the1 maxrmum of the 
collected emission spectium of UcP tryptophans at 332 rrrrr (rrot shoyyrr) Howenor 
when y eitic ally polan/ed light was used foi excitation and the emission polarrzc3r 
was sot at the nragrc arrglo (54 7°) to count the true total rntensrty the nraxrrrrum 
of the corrected spoctrurrr yyas found at 343 rrm rrr eorrtrol (Frg 3) and at 345 
rrrrr rrr NEM-UcP (rrot slroyvn) The differerrce yyrth regard to the measurement 
wrthout jiolarrzers carr be duo to the exrstenee of Trp corrformers haying different 
lifetimes and spectial maxima Without counting the total fluorescence intensity 
amsotropy might enhance the contributron of the loyyer wavelength component It 
mrglit bo concluded that Tip emission m UcP is onlj slightly blue-shifted when 
compared vuth that of fiee tryptoplrarr at neutral pH yyhrch has a maxrmum at 
349 rrm (rrg 3) (Creed 1984a, Lakowrcz 1984 Beechem and Biarrcl 1985) However, 
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Figure 3. Emission spectrum of the isolated uncoupling piotem as compared yvith the 
spectium of fiee tryj)tophan Corrected emission sjiectra measured by steadv-state pho-
toncourrting with polanzers oriented at a "magic angle", 54 7° are shown for isolated UcP 
(solid line, 0 125 mg protem/ml) and 50 /tmol/1 tryptophan m 10 mmol/1 Tris-HCl, pH 
6 9 (dotted line) Maximum of UcP emission aj>pears at 343 nm for Trp emission at 349 
nm All slits yvere adjusted to 2 nm and the mtegiatioii time of photone ountmg was set to 
10 s The background given by light scattering on 2"A OctylPOE solution was subtracted 
fiom the measured spectrum and the difference was corrected for the spectral resjjonse of 
the mstiument (cf Methods) 

teurperature-denatuiated UcP rn OctylPOE exhrbrted a led shift to 350 nm (not 
shown) Theiefoie, the1 mtactnoss of the samples can be judged uporr frorrr then 
omission maxima, and this has been routinely used 

The ejuantum yield determined from two absorption arrd four corrected emis
sion spec t i a yyas calculated as 0 045 ± 0 004 for the first UcP sample and 0 041 ± 
0 001 foi the secorrd UcP sample Quantum yield drd rrot srgnrficairth change upon 
GDP brrrdmg Hovyoyer NEM-modified UcP exhibited a lower ejuantum yield of 
0 031 ± 0 003 This mdrcates the presence of addrtrorral modes of energy transfer 
or non-raehoactivo decay j)iocesses, arrd agam illustrates c onfor matronal changes 
resulting fiom NEM-modification 

Tyrosme fluorescence yvas studied using oxcrtation at 275 nm. while the net Trp 
spectra (exertatron at 295 nrrr) were subtracted from it The resulted rret tyrosme 
spec tra had maximum intensities loachmg 30-50% of the total emissron mtensrty at 
275 rrm excitatron. and exhrbrted red-shrfted maxima arourrd 310 nm (not shown) 
The usual Tyr omission maximum lies at 305 nm (Creed 1984b) 
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F i g u r e 4 . Decay kinetics of t i yp tophan emission of the isolated uncoupling p io t em 
Toj) traces contiol lower t iaces 0 8 mol/1 Xal added Top parrel shows the ms t iumen t 
lesjjonses emission decays y\ith the subt rac ted background and then best fits usmg the 
model of thiee-e-xponentials (solid lines) the middle and the b o t t o m panels show residuals 
of the two respectiye fits 
Tin excitation wavelength was set at 295 nm (slit 16 inn) with veit ieal polarization emis
sion yvas collected th iough a 318 nm cut off filter and a po lan / e i oiiented at 54 7° The 
ht of the contiol emission decay gaye the1 following pa i ame te i s evi 0 453 T\ 0 65 ± 0 01 
ns <\, 0 421 T2 2 96 ± 0 23 ns a 0 126 T , 8 6 ± 0 6 ns ( \ J = 1 37) The cont i ibut ions 
to the1 steady s ta te fluoiese one e wen1 11 VA 47 3 ' / and i l 2 ' / respectively The ht of 
the unque nchecl emission decay m the jiresence of 0 8 mol/1 Xa l yielded the following 
Ijaiameteis n , 0 941 r , 0 60 ± 0 02 ns a, 0 051 r . 1 83 ± 0 05 ns o 5 0 008 r 5 6 5 ± 0 2 
us with the s teady-s ta te cont i ibut ions of 27 GVe 45 6 ' / and 26 TA lespect ivrh and with 
\ " ol 1 33 when the baekgiound of light scattering on 2"A Oc t y l P O E was not subtiae tctl 
When the baekgiound of up to 3 0 ' / of jieak counts y\as sub t i ac t ed the lesulted fit gave 
o i 0 99 n 0 01 ± 0 01 ns a, 0 001 T, 1 3 ± 2 ns m 0 006, n 2 3 ± 0 2 ns with 
s teady-s ta te eont i ihut ions of 30 ' / 2 8CA and 67 4% lesjiee t iyeh and \" of 5 
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Table 1. Tyjncal tluee-exponential fits of the UcP fluorescence' intensity decay Typical 
fits of tiyptophau emission decay as selected fiom 8 measurements with contiol and 12 
measurements with NEM-labeled UcP Measurements were perfoimed as described m 
legend to Fig 4 When indicated Schott filtei UG 5 was used or cut off filter ( c/o ) 

345 nm" instead of the filtei that yvas used routinely the cut off filter 318 nm 

SAMPLE T\ T> Ti ct\ m o i \ 

Contiol two 
exponential 0.18 5.25 12 2 
model 

Contiol 0.66 ± 0 07 2.90 ± 0 23 8.60 ± 0 64 0 453 0 421 0 126 137 
c/o345 1.00 ± 0 36 2.35 ± 0 25 10.59 ± 0 46 0 239 0 594 0 167 2 04 
0 8 mol/1 Nal 0.18 ± 0 01 1.84 ± 0 05 6.46 ± 0 1 7 0 834 0 142 0 024 1 20 
backgind 
not subtr 
0 8 mol/1 0.43 ± 0 05 1.46 ± 0 11 3.71 ± 0 08 0 450 0 373 0 178 1 58 
Nal backgind 
subtracte d 
Contiol 
+ &DP 0.07 ± 0 01 2.21 ± 0 05 8.08 ± 0 16 0 892 0 083 0 024 158 

NEM-UcP 0.39 ± 0 03 2.49 ± 0 08 9.71 ± 0 24 0 198 0 369 0 133 127 
UG-5 0.40 ± 0 04 2.62 ± 0 11 10.46 ± 0 39 0 483 0 389 0 127 1 16 
0 8 mol/1 Xal 
backgid 0.27 ± 0 01 1.88 ± 0 04 7.42 ± 0 15 0 696 0 257 0 047 146 
not subtr 
0 8 mol/1 Xal 
backgrd 0.43 ± 0 28 1.75 ± 0 14 5.26 ± 0 20 0 384 0 497 0 118 160 
subtracted 

Time resolved fluori sec nee of the vniovplino protc in 

As shoyyrr m Fig 4 and Table 1, the decay of Trj;> ermssron in L cP is multiexpo-

ncntial Tvyo-exponential models were unsatisfactory to fit the data (Table 1), and 

the best fits were obtained using at least a tlnoe-comjronerrt exponentmi rrrodel (8 

measurements with 3 UcP jnepaiations) In those deconvolutrons, the first compo

nent {T\ ) rarrged between 0 3 and 0 6 rrs (fits yvith T\ < 0 2 ns yyere rgnored because 

of the time1 losolution of the mstiument) The secorrd component (T2) yyas betyyoon 

2 1 2 9 rrs The t h u d corrrjiorrerrt ("n) showed rrrore varrabrlrty among UcP samples 

and langed from 8 6 ns up to 9 0 rrs Wherr orrh the rod-portrorr of Trp ermssron 

was collected using the 345 nm cut-off filtei, rt was possible to r osoh o the decay 

into eomporrerrts of 1, 2 4 arrd 10 C rrs Probably states wrfh a shorter hfetrme arrd 

emission maxima beloyv 340 nm yyoie eliminated The decay jjattern drd rrot drfler 
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much m the presence of GDP (Table 1) \ \ ith UcP modified by NEM (Fig 5, Ta
ble 1 12 measurements), the yalue of Ty was between 0 4 0 5 rrs, T2 ranged between 
2 2 2 8 ns, arrd T3 yvas between 9 7 11 ns Note that r5 yyas slightly longer tharr rrr 
control UcP 

The proportrons of the drfferent components were srmrlar in all fits foi contiol 
and NEM-labeled UcP (Table 1) The shortest component had a minimum contrr-
butrorr to the steady-state1 emission The1 moan lifetime (r) was 1 8 2 6 ns and 2 2 9 
ns for contiol and NEM-Ue P respectrveh The slightly longer decay oxplarrrs the1 

lowei ejuantum yreld of NEM-modrfied UcP To verrfy the lack of a systemic orroi 
we also measuied decays in the presence of the "UG5" coloi filter that cuts off the 
yery-rcd tarl of Trp ermssron and strongly eliminates the second harmonre of the 
light source The obtarrred decay jrarameters were almost relentical (Table 1) In 
addition, decays of UcP ermssron (rrot shewn) which yielded identical components 
weie obtamed yyrth tyyo additional devices in Prague arrd using a domorrstratron 
unit of OB 900 Lifetime spectiorrreter of Edmburgh Instruments (UK) 

UcP emission decay 111 the presence of 0 8 mol/1 Nal was also characterrzed 
Under these condrtrorrs a Trj) populatron of about 2 /3 rs supposed to bo quenched 
(\ iguerra et al 1992), hence 111 the case of dynamic quenching, a hfetrrrre reduction 
by 66% would be expected Hoyvevcr due to jiossiblc hoterogemorty of the1 sample 
as reflected by the existence of 33% unquenchable emission, the expected reduction 
might be only up to 55% Indeed the decays 111 the piosonce of 0 8 mol/1 Nal yyere 
extensively shortened 111 both contiol and NEM-modified UcP (Figs 4 5 Table 1) 
When the baekgiound yyas not subtracted dec ony olutions (Tigs 4, 5) \relded T; 

of about 5 4 6 5 ns 111 contiol and 7 4 ns m the NEM-nrexlifiod UcP yyhrle T> yvas 
1 educed to 1 8 ns and 1 8 2 ns lospectiyeh When the background signal (roaelrrrrg 
up to 30% of the signal 111 quenched samples on the peak channel \ 2 was about 
1 6) was subtiac tod, the yalue of r j was 2 3 2 4 and 3 7 ns and that of Ti 1 3 0 7 
arrd 1 6 ns rospoetryeh (3 exjKrnnents contiol) yylnlo T-J was 5 3 01 5 7 rrs yvith 
the1 NEM-moclrhod I c P Thus a lifetime reduction 111 the control sample reached 
its upper limit, yyhereas 111 NEM-modified UcP only a lower hunt was at tained 

The1 ermssron decays wore also fitted usmg a model of four exponcrrtrals (r* to 
T\ Table 2) The yalue of r | yyas tentatiyoly assrgnod to 3 7 01 5 3 ns 1 e to match 
r j y allies obtained m the presence of rodrdo (rrr contiol arrel XEM-UcP, respec trvoh ) 
The1 resulted dec on\ olutions with T\ fixed at 10 5 ns gay e better \ 2 than yyas the1 

case1 of the three-exponentrals model (Table1 2) With only one component fixed 
(not shown) or wrthout any defined corrstramt r$ of 3 4 rrs and r* of 10 12 rrs 
wore obtarrred yyrth fits having \2 of 1 1 to 1 17 In conclusion, a complex combrned 
emission of two UcP tryptophans (which might also íofiect heterogenertv of then 
accessibility) can be resohed into four exponential components and one of them 
is always a long component of about 10 ns The proportronal reduction of t ins 
component at 0 8 mol/1 Nal indicates that thrs rs rrot arr artrfact 
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NEM- UcP 

in 

+Nal It^tKNtyr^hM 

F i g u r e 5 . Emission decay kinetics of the isolated NEM-labeled uncouplmg protein Top 
t iaces X E M - U c P loyyer t iaces 0 8 mol/1 Nal added Top panel shoyvs the ins t rument 
lesponses emission decays with subt rac ted background and the best fits usmg the model 
of three-exponentials (solid lines) the middle and the bo t tom panels show resrduals of 
the íes j jee tne fits 
Condit ions yyeie identical as described in legend to Fig 3 The fit of emission decay of 
Tip m NEM-labeled UcP gave the following parameters en 0 498 n 0 39 ± 0 03 rrs a2 

0 369 T, 2 49 ± 0 08 ns « 3 0 133 r? 9 7 ± 0 2 ns (\" = 1 26) the contr ibut ion to the 
steady state fluorescence was 8% 38 2% arrd 53 8 % respeetivel} The fit of the decay of 
the uncjuenehed port ion in the presence of 0 8 mol/1 Nal (background subt rac ted) yielded 
the following parameters cx\ 0 491 TJ 0 47 ± 0 07 ns rv> 0 407 r> 1 63 ± 0 07 ns CVÍ 
0 102 T-\ 5 8 ± 0 1 ns ( \ 2 = 1 82) the contr ibut ions to the s teady s ta te fluorescence were 
15 4% 44 7% and 39 9% respectively 
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T a b l e 2. T h e best fom exponential fits of the L e P t r y p t o p h a n fluorescence intensify 
decays T h e p a r a m e t e i s marked fix yveie mt ioduced as cons tants assuming the fouith 
component constant of 10 5 ns and the t h u d taken as a T->, yielded v\ith 0 8 mol/1 Nal 
X o i m a h / e d coefficients « aie listed m parentheses and percentages to the stcaeh-state 
c o n t u b u t i o n in square brackets 

SAMPLE 

Control 
Fust 
me asm c me nt 

Sec ond 
mi asuiement 

no constiamt 

NEM I cP 

no e onstiamt 

ň 

0 34 ± 0 01 
(0 266) 
[3 6%] 

0.08 ± 0 001 
(0 633) 
[6 5%] 

0.12 
(0 569) 
[4 7%] 

0.39 ± 0 009 
(0 482) 
[7 5%] 

0.02 ± 0 05 
(0 747) 
[1 7%] 

T* 

1.20 ± 0 13 
(0 314) 
[15%] 

1.22 ± 0 11 
(0 175) 
[33%] 

1.46 ± 0 4 
(0 233) 
[23%] 

2.57 ± 1 69 
(0 385) 
[39%] 

0.79 ± 0 18 
(0 100) 
[10%] 

Tf 

3.71 f i x 

(0 348) 
[51%] 

3.71 h x 

(0 157) 
[39%] 

4.3 ± 1 
(0 170) 
[49%] 

5.26 f i x 

(0 009) 
[2%] 

3.14 ± 0 34 
(0 114) 
[42%] 

Tí 

10.5 ' x 

(0 072) 
[30%] 

10.5 , , x 

(0 034) 
[20%] 

12.2 
(0 027) 
[23%] 

10.5 f , x 

(0 124) 
[52%] 

12.0 ± 1 4 
(0 033) 
[46%] 

\" 

1 37 

1 18 

1 17 

1 17 

1 10 

Amsotiopy of Tip i mission in tin uncoupling protein 

Fmission arrrsotropy of mtinrsrc fluorescence1 can íofoi to both the1 mobility of the 
protcrn and the segmental motion (Lakowicz 1984) Using a yiscous or frozen solu
tion rotatronal correlatron time1 [é) mcteases and becomes much hrglrer t h a n the 
fluoie se one e1 hfetrme of Tip Under those conditions in the absence of segmental mo
tion amsotiopy should approach the fundamental amsotiopy of the Trp (Valom 
and Weber 1977) But, if depolarr/atron is detected, it reflex ts the exrstence of seg
mental motion Indeed the results rcnealed only mtormedrate emission amsotiopy 
(Tig 6) of the Trp emission m UcP dissolved rn 80% glycerol at 0°C where (ep) 
of 66 kDa (drrrrer of two 33 kDa)piotein falls mto rmciosoeond rarrge Therefore 
such depolarrzatiorr reflects the presorrce of segnrcrrtal rrrotion or sorrrc rotatiorral 
freedom of Trjj located in the quasr-n-heheos The hmrtrrrg amsotrojn extrapolated 
frorrr the Perrrn plots obtanrod by varyrrrg temperature botyyoerr 0 and 30°C was 
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Figure 6. Peirm j>lots of emission anisotrojues of the uncoupling piotem tryptophans 
(•) Trp excited at 295 nm (V) Tip excited at 300 nm Reciprocal amsotropv 1/; of 
Tij) emission (measured at 342 nm slit 8 nm) excited at 295 oi 300 nm (slits 2 nm) m 
the isolated UcP dissohed m 80% glycerol and 20% of the isolation buffet yvas plotted 
against T/i] ratio of absolute tempeiature T (which was varied) and viscosity // Lmcai 
legiessions yvere extraj)olatcd to 0 at x axis and thcicbv yielded the limiting amsotrojjies 
/u oi 0 097 oi 0 117 foi UcP tryptophans at 295 or 300 nm excitation íesjHctivelv 

0 097 and 0 117 at exert atron 295 (Frg 6) and 300 nrrr (Fig 6) (slit 1 rrrrr) re 
sjKctrvely Note that the fundamental amsotrojn of hvv t ryptophan never reaches 
the theoretrcal hrmt of 0 4 but onh 0 232 at excitation 295 and 0 307 at 300 nm 
(\aleru and Weber 1977) This rs e xplamed by the exrstence of torsional valuations 
On this basis the axial depolaiization faetois (cl'D) calculated ac cording to Dali 
at al (1979) arrd Fane lough and Cantor (1978) reached values of 0 65 arrd 0 62 at 
295 arrel 300 rrm, resj)e ctrvelv 

D i s c u s s i o n 

Thrs paper íejjorts orr a prlot photophy sre al study of a rrroele 1 rntegral membrane 
protcrn, the uncoupling protorn It has been shown that tryptophans located m the 
ŕíŕííísmembrane segments might have j)roj)ertios rather srnrrlar to free t ryptophan 
irr vy<der at pH 7 lire hiding two lot amors of zvvitcrionie foini and the anionic foim 

A common structural feature of integial membrane protems consists m having 

J I L 
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Figure 7. Photophjsical map of the uncoujiling protein The model of transmembrane spanning was adopted fiom Klmgenberg 
(1990) and Miroux et al (1992) Uj>per side rejiresents the cvtosohc side of the membrane the bottom is the matrix side The 
numbeis indicate N-end and C-end position and the íesidues that terminate the quasi ev-hehces thereby being located at the 
vvater/hpid interface loni/able groujis aie maiked by + oi — signs Notice that according to this model the second fouith and 
sixth rranAniPinbrane a-hehx contain ty\o j)Ositiye charges each Both tryptophans Trp-173 and Tip 280 and nine tyiosme residues 
aie emj}hasi7ed At least four of the tyiosmes aie m the close neighboihood of Trj)-173 A putative water-filled cavity foimmg 
the binding site for purine nucleotides (Mavrnger and Klmgenberg 1992 Modnanskv et al 1997) should be located between all 
transmembrane segments namelv between the fifth and sixth o-hehx and the thud matux sectoi protiuding toward the cential 
hv drocaibon legion of the membrane For the1 purpose of simplicity Trp-280 is shown fiom the fiont view 
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a certain number of membrane spanning segments, closeh o-hehcal, intercepted by 
outer arrd rrmer hvdrophihc sognrerrts Most lrkeh, the rrtirismembrano helrces are 
in contact with each other and thrs determines the1 basic structure The existorreo 
of 50% cv-helrces in UcP rs also supported bv the interpret at rorr of rts Fourier-
transform infrared spectia (Rial et al 1990), which also indicated 30% J-structure 
7% ,^-turrrs and 7% unordered For UcP, a model of srx-menrbrano-spannmg a-

hehces (Klmgenberg 1990 Frg 7) has been partrallj yerrfied experrmentalh by 
side-spec lfic antibodies (Miroux et al 1992) Photophysicallv t ryptophan may have 
four different locations m an integral membrane protern rrr hydrophrhc segments 
eithei exposed or unexposed to water errv lionnrerrt and m the t ransmembrane n-
hehcos, either deeply embedded, or located near the yyater/hprd irrterface The Ue P 
contains just the two latter examples (Frg 7) Trji-173 at the yyater/hprd irrterface 
r e at the matrrx end of the fourth frcmsmombrane o-helrx and Trj>-280 located m 
the middle of the sixth transmembrane ci-holrx close to a cavity of the nucleotrdo 
binding site, identified among the fifth and sixth transmembrane ci-lrehx (Mavrnger 
and Klmgenberg 1992, Murdza-Inglrs et al 1994) and probably foi mod by most of 
the transmembrane o-heliecs (Modnansky et al 1997) In the UcP structure, there-
are also numerous Tyr resrduos located mostly in the watei-exposed segrrrerrts 
namely rrr the matrrx srde (Frg 7) Therr extramembrarrous location aircl prevading 
exjiosure to water environment wore confirmed by revoahng a qrrrto mtensrve, rod-
shiftc el tyrosine ermssron of Uc P and by the1 second dorrv ative absorptron of Líc P 
vrilclrng an a / b ratro hrglror than 2/3 

In paiticular the obser y eel fluorescence of UcP t r jp tophans was charae terr/ed 
l) by only a slight blue-shift when compared to free1 t ryptophan, rr) by low quantum 
vie Id and m) by a quite high depolairzatrorr factor The last two pioperties are ox-
pen tod for Tip located in the 'breathing transmembrane loops Then dynamics 
rs enhancing noniachative decay jiroccsse-s and rs reflected by the observed axral 
depolarrzatron factor of 0 6 But, rnstead of a blue-shift expected foi lntrarrrom-
btanous t ryptophans the corieetod maximum of isotiopie emission was found at 
343 nm Hence both Trjvl73 arrel Tip-280 should have picyailing contacts with 
hy chophilic residues, and both should be located close to water accessrble sjiace 
Irr the ease erf Trp-280, rt i effects the oxisterrce of the above mentioned water-filled 
cavrtv Mor coy or the obtamod low quantum yield of 0 04 and 0 03 in intact and 
NEM-modified UcP lespectivoh, corrtradrcts to loeatrorrs of Trp rrr the íegular 
o-hehces that usually exhibit much hrglror cjuarrtum yrelds (Bcochem arrd Brand 
1985, Chabbert et al 1991) Also, the low ejuantum yreld could orrgmate frorrr the 
presence of varrous resrduos participating m the overall quenchmg A low ejuan
tum yield was also íepoitod by Kawata and Hamaguchr (1991) irr the ease1 of the 
constant fragment of immunoglobulin 

The prevrous report of \ i g u e n a et al (1992) suggested a very drffererrt ae-
cessrbrlrty of the two LIcP tryptophans On the basrs of fluoroscence-quenclung-
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resolved spectroscopy they suggested the exrstonco of arr lochdo-mac cossible1 and 

denatuiation-resrstarrt Trjj rosrdue1 and of a second Trp residue1 responsible for the1 

remaining 60% of total fluoioscene o that was ejuenchod by iodide1 and was sensi

tive to derraturatron Because of rts locatrorr rrr the membrane center Trjv280 has 

been assigned to the jiutatiyo rodide-inacc ossiblo lesidue while the jmtativo íodido-

aeeessible resrdue1 wrth a higher cjuarrtum yrold has been ascrrbod to Trji-173 Con

trary to thrs our measurements (lo/ok and Uibankova unpublished data) with 

the single-Tijvcontammg mutants of UcP (Tlji-173 or Trp-280 exchanged for Ala) 

showed that both t ryptophans are quenched by rodrde and that Trj> 280 rs actually 

moio accessible1 

Also time1 resohed fluorescence of UcP vrelded decays that could bo fitted by 

the three exponential components accidentally smnlai to those rojiortod for free 

tryptophan m water at j)H 7 In the latter case the shortest 0 5 rrs arrd the1 3 rrs 

component were ascribed to the two rosjiective lotameis of zwitteiiomc Trj) (0 5 

ns with a maximum at 330 nm, and 3 ns with a maximum at 315 rrrrr) and the 

10 ns component was assigned to anionic Tip (Creed 1984a Beechenr and Brand 

1985) It can bee1 spoerrlatod that in a flexible protein Trj) residue connected by the 

two peptide bonds lcproscnts the two conforniers identical to rotamers oxrstrrrg m 

the zvvitter ionic form of fieo tryptophan Thrs could load to the presence of smnlai 

components (0 3 0 5 ns and 2 3 ns) in the UcP Tip ermssron decay Also a state1 

similar to the state of anionic free1 t r ip tophan might be present m I c P clue to the1 

possrblo existence of charge -transfer e orrrplexos between Trp-173 arrel Lys-174 and 

rrji-280 arrel Arg-276 The1 election of the1 indole ling m the1 excited state can be1 

inoi o easily a t t i acted by the jiositive1 chaigeof Lvs-174 ( Arg-276) and consequently 

the radiation decay fiom sneh a state is delayed This might explain the existence1 

of the longest component of the l c P Tip emission den ay Note that lifetimes longer 

than 7 ns have been íepoited rather rarely for piotem t ivptophans (Bcvcheiii and 

Biand 1985 Schaueito and Gafni 1989 Peng et al 1990) The exceptionally long 

(16 ns) lifetime erf phosphoghcoiato mutaso Tij) has boon interpreted orr tiro basrs 

of statu rnteiactions between Tij) arrd a secorrd residue like1 Hrs Arg or Lvs that 

j iei tmbs both giound and excited states of the elnoinophoie (Schaueito and Gafm 

1989) The longest component in UcP Tij) omission decay was delayed even more 

upon (hemic al mochfrcation wrth NEM This modification known to create c on

for matronal changes rn I c P , caused further doe revise m the1 ejuantum y reld and led 

to an inciease m the avoiage lifetime without any change nr omission spoctrurrr 

The IC fore thrs e conformation change should bo considered as ejuite weak, contiarv 

to the pioposal that it is a diastie change (Winkler arrd Khrrgorrberg 1992) Thrs 

is further confirmed by the only slightly altered exposure of Tyr residues to water 

domed from the1 second derivative absorptron (Frg 2) 

Irr general the preferred rntei protatron of t ryptophan emission den ay s m pro

teins includes rather an a priori existing ever-ehangrng pat tern of multimodal en-



Tryptophan Fluorescence of Mitochondrial Uncoupling Piotem 175 

orgy transfer of all kinds, proceodmg elurrng the lifetime of the excited Trj> state 
(Krm ot al 1993) It is rrot rrocossary to corrsrdor the corrtmuous drstrrbutron of 
lifetimes as in the case of the ground state mrcrohe lterogenerty, wdien the rrrter-
conversrorr rate between conformatrons rs of the same order of magmtude as the 
excrted-stato decay rate (Alcala ot al 1987 Szmaemskr et al 1988) Wrth our nrodel 
example of an rrrtegral membrane protom rt could be demonstrated that trypto
phan residues, m spite of being located in the piesirmed ei-hehces might exhibit 
pioperties of the two zwrterromc lotamois and the arrronrc form of free t ryptophan 
The most lrkoly reasorr for the latter is the presence of charge-transfer complexes 
Therefore we descrrbod another example supporting the pornt of y row of Kim ot 
al (1993) 
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